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Abstract

Cement kiln dust (CKD) has been used in combination with ordinary Portland cement
(OPC). 1t has also been shown that this generally results in a reduction in strength. In
some cases hydration is retarded. The objectives of this study were to use nano-
calicum carbonate (CC) and metakaolinite (MK) particles in cement systems
containing OPC and CKD to improve its hydration, strength, and pore structure.
Calorimetry results showed that both the addition of the CC and MK particles
significantly accelerated the hydration of the system. The addition of CC and the MK
particles were generally effective in improving the strength of the system. Analysis of
AC impedance measurements suggested that CC or MK addition resulted in a
refinement of the pore structure of the system. Results from X-ray diffractometry
measurements and SEM imaging were in general agreement with results obtained

from the other testing techniques.
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Chapter 1

Introduction

1.1 Portland Cement and Cement Kiln Dust

Concrete, the engineering building material of choice, consists of Ordinary Portland
Cement (OPC), coarse and fine aggregate, and water. There are three main reasons
that concrete is the most widely used engineering material. Firstly, it has a high
resistance to damage that can be sustained due to water and fire (unlike both steel and
wood structures). The second reason is that it can be molded into as many shapes as
can be imagined. And the third main reason is due to the fact that it is one of the

cheapest and most readily available building materials (Mehta and Monteiro, 2006).

Approximately 11 billion metric tones of concrete are consumed around the world
every year. Naturally, with all this concrete production also comes a lot of waste. One
type of waste is produced during the manufacturing of the OPC used in concrete. The
waste comes in the form of a dust. This dust is called Cement Kiln Dust (CKD) and it
is accumulated as raw materials are put through a kiln during the process of cement
manufacturing. It has been estimated that the cement plants around the world generate
around 30 million tons of CKD every year (Dyer et al., 1999). The exact composition
of the dust varies just as the composition of the cement varies from plant to plant.
Opverall, the CKD can be composed of a mixture of calcined (materials heated to high
temperatures to change its physical properties to be used as a cementing material) and
uncalcined feed materials, fine cement clinker (a cement material which appears
during the cement manufacturing process that has not yet been ground down to the
finer particle size of OPC), fuel combustion by-products, and condensed alkali

compounds (compounds containing sodium or potassium) (ASTM D5050, 2008).
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It has been suggested that CKD is responsible for significant financial losses suffered
by the cement industry; its collection and disposal are among the costs that have
contributed to these losses (Konsta-Gdoutos and Shah, 2003). Clearly, finding ways
to make use of the CKD would not only be financially beneficial but would also cut
down on disposal and hence, the negative impacts that disposal can have on the local
environment. One solution would be to fecycle the CKD directly back into the kiln
during cement production. However, direct recycling of CKD has been known to
cause damage to kiln refractories; in addition, it causes an unfavored clinker phase to
be formed during the firing of the kiln (during cement manufacturing) which is
attributed to the effect the high alkalinity contents of the dust have on the nature of
the clinker phases (Shoaib et al., 2000). Another intuitive solution to this problem is
to recycle the CKD and use it in combination with the OPC to make concrete; this is
especially relevant in these times when the recycling of materials and the use of
sustainable materials should be among the priorities of building designers. However,
one disadvantage associated with the replacement of OPC with CKD is that it appears
to be responsible for decreased early and advanced age compressive strengths (i.e.
early and overall strength development) (Bhatty, 1984). On occasion it has been
known to increase cement paste setting times. Loss in early strength and increased
setting times both translate into an undesirably longer amount of time necessary

before formwork on construction sites can be stripped.

In order to counter slow setting and reduced strength, an accelerator would need to be

used in addition to the CKD and OPC. Calcium carbonate, CaCOs, which in cement

chemistry nomenclature is abbreviated as, CC (where C= CaO and C= CO,), has
been used in the past as an accelerator in cement systems. Nano-calcium carbonate,
(which will be referred to as nano-CC or simply ‘CC’ for the remainder of the
discussions) are particles of calcium carbonate with a maximum particle size of a few
nanometers. In recent studies, its addition to cement systems has improved the
strength and accelerated the setting times of systems containing the following: 1)

OPC, 2) mixes containing OPC and ground granulated blast furnace slag (GGBFS, a
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by-product in iron and steel manufacturing), and 3) OPC and fly ash (a by-product of
pulverized coal) (Sato and Beaudoin, 2006,2007). The research showed that 10% and
20% additions of the nano-CC to the OPC greatly accelerated the early hydration and
strength of all three systems. In addition, it was found that the larger the amount of
nano-CC that was added, the greater the accelerating effect that was observed. It was
suggested that the reason for this accelerating effect was due to the small particle size
of the nano-CC, which was believed to have acted as a nucleation site (a site that
enables the growth of C-S-H (calcium silicate hydrate) nuclei to take place resulting
in an acceleration of the cement hydration process). For the reasons mentioned, it was
thought that the nano-CC could be used in conjunction with the OPC+CKD mix to
possibly aid in accelerating the hydration process and improve its strength
development. There appears to be, to the author’s knowledge, no research conducted
to determine whether adding nano-CC to a cement mix that has already been partly

replaced by CKD is beneficial with regard to strength and its hydration process.

In the past, natural pozzolans (materials that when finely ground and used in
combination with calcium hydroxide and water exhibit cementitious properties) such
as metakaolinite (MK) have also been shown to increase the strength of OPC. For
example, Malhotra (1987) showed that the use of 10% of a natural pozzolan increased
the overall strength of OPC paste. Another study showed that when MK was added to
OPC, it promoted a decrease in the porosity, and the formation of a finer pore size
distribution of the cement paste (Guneyisi et al., 2008). For the current work, it was
thought that using MK in combination with the OPC+CKD and the
OPC+CKD-+nano-CC mixes might benefit their respective strength developments and
microstructures. To the author’s knowledge no research in the past has combined
OPC, CKD, and MK nor OPC, CKD, MK, and nano-CC.
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1.2 Research Objectives

The objectives of the research were to:
1. Determine the effects of the addition of nano-CC on the replacement of
OPC with CKD and/or MK with emphasis on:
-early hydration (first 24 hours),
-strength development, and strength-porosity relationship (at 1, 3, 7,
28 days of hydration),

through the use of calorimetry, strength, and porosity measurements.

2. Use A.C. impedance methods (from 0-24 hours) along with porosity (at 5,
8, 16, and 24 hours) and mercury instrusion porosimetry measurements (at
8 hours) as a means of further investigating early-age hydration behavior
of the binary, ternary, quaternary systems containing CKD. Supplement
the interpretation of the‘ AC impedance spectra (at early ages) using
physical measurements:

- for example: pore size distribution and porosity of the mixes.

3. Assess, to the extent possible, the influence of CKD composition on the
early hydration kinetics of the cement systems under study. The CKDs
selected had the following specific characteristics: Bath CKD (high in
chloride and low in alkali); Alpena CKD (high in sulfate and high in
alkali); and Ashgrove CKD (high in alkali). Employ investigative tools
such as X-Ray Diffraction (XRD) spectroscopy and Scanning Electron
Microscopy (SEM) to further understand the development of the
microstructure and its contribution to engineering performance of the

systems studied.

4. Assess the compatibility of MK in cement systems containing CKD; as

MK has been shown to be an excellent supplementary cementing material.
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Meeting these objectives is expected to provide a better understanding of the
combined effects of the materials studied on the early strength development and
hydration kinetics. In addition it should aid in further investigating the varying effects
that the materials have on the cement systems in terms of microstructural descriptions
such as: porosity, pore structure, conductivity of the pore solution, and pore size
distribution. It should also aid in optimizing the quantities of the CKD, MK, and

nano-CC that might serve as effective replacements or additions to OPC.
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Chapter 2

Literature Review and Background Information

2.1 Introduction to OPC

Portland cement is defined in the American Society for Testing and Materials,
(ASTM) Standard C150 as a hydraulic cement (meaning it reacts with moisture) that
is produced by pulverizing clinker that consists of calcium silicates usually containing
one or more of the forms of calcium sulfate as an inter-ground addition (ASTM C150,
2007). Clinker is made up of solid particles, produced after a raw mixture of materials
is heated to high temperatures as part of the cement manufacturing process. During
this process, chemical reactions take place between raw materials of limestone and
clay in the cement kiln. This produces the four primary compounds of OPC:
tricalcium silicate (C3S), dicalcium silicate (C,S), tricalcium almuniate (C;A), and
tetracalcium aluminoferrite (C4AF). When water is added to OPC, the C;A hydrates
immediately; this can cause pre-mature setting of the cement paste. For this reason,
gypsum (chemical formula: CaSO4-2H;0) is added to the cement paste so that it
reacts with the C;A. This reaction produces needle-like crystals called ettringite
(Taylor, 1997). The chemical formula for each of the main compounds found in OPC
can be seen in Table 2.1-1. These compounds make up around 90% of the cement
mass. Gypsum and other minor compounds make up the remainder of the mass.
Alkalis (compounds which contain sodium or potassium) in OPC are present due to

the addition of the clay components that are in the raw mix and added coal (Mehta

and Monteiro, 2006).
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Table 2.1-1: Primary compounds in OPC with their corresponding chemical formulas

Compound Chemical Formula
CsS 3Ca0-Si0,
C,S 2Ca0-Sio,
C:A 3Ca0-Al,0,

C.AF 4Ca0-AlL,O5Fe,0;

2.1.1 Hydration of OPC

OPC is a manufactured powder that requires water to be added for it to bind sand and
rock in concrete. When water is added to OPC it undergoes a chemical reaction,
referred to as hydration, that leads to the formation of products that possess setting
and hardening characteristics (Mehta and Monteiro, 2006). The hydration reactions of
OPC compounds are exothermic. The data from the heat of hydration can be used to
characterize the setting and hardening behavior of cements (Mehta and Monteiro,
2006). A calorimeter is commonly used to measure the heat given off by a sample of
cement paste as it hydrates. A typical output curve for OPC at a water/cement ratio of
0.5 can be seen in Fig. 2.1-1. The data used in Fig. 2.1-1 was collected during this
study. In this figure, the y-axis displays the heat of hydration measured in calories of
heat /gram of sample/ hour (cal/g/hr) while the x-axis displays the time after the
sample has been mixed. It should be noted that details on calorimetry are discussed

further in Chapters 4 and 5.

It can be seen from this figure that the data initially peaks within the first few minutes
of hydration (see “1” on Fig. 2.1-1). This first peak is thought to be due to the heat of
solution of aluminates and sulfates (Mehta and Monteiro, 2006) and the initial
formation of ettringite (chemical formula: C3A-3CaSQ4-32H,0). Ettringite is formed
when C;A and gypsum react, it is part of what is termed the AFt phase group (the ‘t’

stands for tri, as in containing three molecules of calcium sulfate) (Taylor, 1997).

The third peak (see “3” on Fig. 2.1-1) is typically associated with the reaction of C;A

and it has been suggested that it corresponds to the renewed formation of ettringite
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(Pratt and Ghose, 1983). It is the second peak (see “2” on Fig. 2.1-1) that is of great
interest in cement science. Initial setting of OPC occurs during the ascension of peak
2. It is during this period when the OPC begins to stiffen and solidify. The second
peak itself, occurring typically between four and eight hours, is due to the heat of
rapid formation of Ca(OH), and hydratea silicate phases, due to the reaction between
CsS and C,S, whose chemical formula is assumed to be approximately C;S;H;
(Taylor, 1997). It should be noted that the stoichiometry is approximate because its
chemical composition varies depending on the OPC’s age, temperature, and
water/cement ratio (Sato, 2002). The common notation refers to C3S;H; as C-S-H;
and it should not be interpreted to mean that it follows any particular structure. Also
mixed in with the C-S-H are hydrates in the AFm phase group (the ‘m’ stands for
mono, meaning their composition is made up of only one molecule of calcium
sulfate). They are considered poorly crystalline and can be intimately mixed with the
C-S-H (Taylor, 1997).

Heat (cal/g/hr)

0 5 10 15 20 25 30 35 40
Time (hrs)

Fig. 2.1-1: Typical output curve for the hydration of OPC with w/c=0.5.
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De Silva and Glasser (1990) suggested that peaks 2 and 3 were not actually the result
of two exothermic reactions, but of an exothermic one and an endothermic one. They
proposed that what is perceived as two separate peaks is actually one broadened peak
due to the exothermic reaction of the formation of C-S-H with a superimposed
endothermic dip resulting from the reaction during which AFt changes to AFm:

giving the illusion of two separate peaks.

Interpretations aside, it is agreed upon that at this point where the second peak occurs
the OPC has completed solidifying and begins to harden. The time at which the
second peak occurs depends on the compounds present in the mix as well as the
water/cement ratio. As this time to the second peak becomes shorter (i.e. the peak
shifts to the left), the mix is setting faster; as this time lengthens (i.e. the peak shifts to

the right), the mix is setting more slowly.
2.2 Introduction to CKD

The CKD, as was mentioned earlier, is a waste by-product produced during the
manufacturing of cement. It is estimated that the cement manufacturing plants around
the world generate around 30 million tons of CKD every year (Konsta-Gdoutos and
Shah, 2003). Shoaib et al. (2000) provide a useful description of how CKD is formed.
During cement manufacturing, a mixture of limestone, shale, clay, and sand are
ground together. This mixture is fed through a kiln at high temperature which fuses
the materials together. Small-sized balls called clinker and fine solid particles of the
raw material and semi-finish dust then form in the kiln. It is during the cement plant’s
drying process that CKD is generated. Approximately 12% of the mass of the
materials fed into the kiln exit as dust (Shoaib et al., 2000).

The CKD can be composed of a mixture of calcined and uncalcined feed materials,
fine cement clinker, fuel combustion by-products and condensed alkali compounds
(ASTM D5050, 2008). Physically, the dust looks like a powder that is usually slightly
darker or lighter in colour than OPC. The chemical compounds found in the CKD
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vary from plant to plant. Because CKD is a by-product of OPC, it naturally contains
some of the compounds present in OPC such as calcite (CaCO3) which is a filler used
in OPC. The actual chemical composition of the CKD depends on both the raw
materials used in the production of the cement as well as the type and source of
carbon-based fuel used to heat the materials in the kiln (Siddique, 2006). The alkalis
present in the CKD come from the clay compounds that are present in the raw mix as
well as the coal used in the cement manufacturing process (Mehta and Moneiro,
2006). The exact chemical compositions of the CKDs used in the current work will be

discussed in Chapter 3.

Effectively replacing OPC with CKD in combination with CC (and in some cases in
combination with MK) is the ultimate goal of the research that will be presented. It
should be noted that there are a few other ways in which CKD is currently being re-
used such as: in soil stabilization (as way of improving soil strength), in waste
treatment (used for solidifying and stabilizing waste), and in asphalt pavement (as a

replacement to reduce asphalt cement requirements) (Siddique, 2006).

2.2.1 Previous Research on Cement Systems Containing CKD

Studies have been conducted on the use of CKD over the last three decades. Research
has been performed on the use of CKD with cement systems (i.e. OPC or OPC mixes
containing other supplementary cementing materials (SCMs) such as fly ash, a by-
product of pulverized coal, and ground granulated blast furnace slag, GGBFS, a by-
product of smelting iron or steel). The studies have focused on compressive strength

measurements and the hydration process.

2.2.1.1 CKD Addition: Effect of on Strength Development of
Cement Systems

The effect CKD addition has on the compressive strength of cement systems has been

researched in the past. It has been found to decrease early and later age strength. The
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research conducted by Shoaib et al. (2000) showed that the compressive strength of
OPC decreased with increasing quantities of CKD present in the mix. Replacements
of 10%, 20%, 30% and 40% of OPC with CKD resulted in a decrease in compressive
strengths throughout its hydration (1, 3, 6 months). The higher the amount of OPC
that was replaced with CKD the greater the decrease in compressive strength that was
observed. This is in agreement with experiments conducted by Bhatty (1984) where
the replacement of 10%, 15%, and 20% of OPC with CKD generally lowered strength
values as the percentage of CKD increased. This decrease was generally attributed to
the replacement of cement clinker, which is mainly responsible for strength
development. In addition, the larger amounts of chloride present in the CKD resulted
in a sort of crystallization of the hydration products. This resulted in an opening of the
pore systems, which led to a reduction of strength. The increased abundance of alkalis
and sulfates in the mix (due to the CKD) was also thought to be a reason for the
decrease in strength. Siddique (2006) suggested that an increase in these compounds
(the alkalis, sulfates, and chlorides) affect the amount of C-S-H and aluminate
hydrates, which leads to the formation of considerable amounts of hydrated sulpho-

aluminates and chloro-aluminates, which causes softening of the mix.

However, research conducted by Bhatty (1984) showed that a CKD with high
amounts of potassium chloride (KCl), an alkali chloride, at a replacement percentage
of 20% had a higher compressive strength than replacements with 10% or 15%. It
was suggested that KCI might behave similarly to calcium chloride (CaCl,), which is
known to increase concrete strength especially at 1 to 3 days of curing (Bhatty, 1984).
Bhatty (1985) also showed that cement mixes containing a CKD with a high sulfate
composition developed higher strengths when compared to CKDs with less sulfate
present. The research conducted involved compressive strength testing on mixes
containing 10%, and 20% replacements of CKD for 1l-inch cement cubes at a
water/solids ratio of 0.45 with testing conducted at 1, 7, 28, 90, and 365 days. The
results showed that mixes that contained higher amounts of sulfate and free lime

(CaO) developed higher strengths.
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The effects of the water/cement ratio on the strength development of concrete and
cement pastes containing OPC and CKD have also been investigated. In the research
conducted by Al-Harthy et al. (2003) seven mixtures were tested with CKD
replacement percentages of 5%, 10%, 15%, 20%, 25%, and 30%. Three water/cement
ratios were used: 0.7, 0.6, and 0.5. Mixtures containing lower percentages (5%) of
CKD produced compressive strengths close to the control mix. This was especially
true at a lower water/cement ratio of 0.5. It was concluded that a lower water/cement
ratio might aid in lowering the detrimental effects caused by the replacement of OPC
with CKD. |

In addition to the possibilities of decreased strength there is another concern in using
CKD to replace OPC in concrete. Increased alkali-aggregate reactions (reactions
where aggregates in the concrete react with the alkali hydroxides in the mix which
leads to expansion and cracking) and chloride corrosion of reinforcing steel due to the
increased alkalis and chlorides in the CKD are possibilities. It was thought by Bhatty
(1984) that these negative impacts caused by the addition of the CKD might be
controlled by the addition of fly ash or slag. In this study mixes were cast as one-inch
cubes with a water/solids ratio of 0.5 using five different types of CKDs: some low in
alkali and chloride and others higher. Mixes were made with 10% CKD and 10%
(and later with 20%) of fly ash, as well as 10% CKD with 10% (and later with 20%)
of slag. The mixes containing fly ash were generally weaker than mixes containing
simply OPC and CKD. Fly ash mixes that contained CKDs with low alkali contents
faired better than those with higher alkali contents. And fly ash mixes containing
CKDs with high alkali and high chloride contents generally faired worse than mixes
containing other CKDs. In general, the mixes that contained high amounts of chloride
present in the CKD used with fly ash caused a lower overall gain in strength as
compared with the CKDs that did not contain an abundance of chloride. As for mixes
that contained slag, they tended to have higher strengths than those containing fly ash.
They also produced higher strengths than mixes that contained simply CKD and
OPC. In addition, increased amounts of slag tended to increase the strength of the
CKD and OPC mix.
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Konsta-Gdoutos and Shah (2003) researched the possible use of CKD as an activator
for granulated ground blast furnace slag (GGBFS). They suggested that CKD’s high
alkali and sulfate content could make it an activator for pozzolanic materials. A
pozzolanic material is one which when combined with calcium hydroxide (CaOHy)
and moisture, chemically reacts to form compounds that possess cementitious
properties. Four different CKDs were used in the mixes whose proportions were
follows: 100% OPC, 50% OPC+ 50% slag, 50% CKD+50 % slag. They measured the
compressive strength of mixes of cylindrical mortar specimens (75 x 150 mm) at 7,
28, and 56 days. The strengths for all mixes that contained CKD were always lower
than the OPC or OPC+slag mixes. The CKD of the CKD+slag mix that was the
weakest lacked adequate quantities of lime for a pozzolanic reaction to occur. The
CKD of the CKD+slag mix that was the strongest was composed of fine and
uniformly distributed particles that provided a higher surface area and promoted an

intense reaction to take place.

Other additives such as sodium hydroxide (NaOH) have been added to mixes
containing CKD and fly ash in hopes that it would add to the alkali concentration of
the mix (in addition to those provided by the CKD) and activate the fly ash with the
objective of improving compressive strengths. Wang et al. (2004) added NaOH (2%
and 5%) to pastes containing 50% CKD and 50% fly ash at a water/solids ratio of
0.52. They found that at a temperature of 38°C the addition of 2% NaOH to the 50%
CKD, 50% fly ash mix resulted in the highest compressive strength value (of 27
MPa). However, it was thought that the higher curing temperature might have been
the dominant variable (over the effects of the added NaOH) that was responsible for

the increase in strength.
2.2.1.2 CKD Addition: Effect on Hydration of Cement Systems
The substitution of OPC with CKD has been known to have varying effects on its

hydration. Siddique (2006) reported that an addition of 5% CKD to an OPC paste
slightly retarded its setting time. Heikal et al. (2002) found that when 2.5% CKD was
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added to a mix containing OPC and slag (at both 70%/30% and 50%/50% proportions
of OPC and slag), it increased the setting time of the mix. The CKD used in that

research was high in both sulfates and chlorides.

Konsta-Gdoutos and Shah (2003) also researched the effects on the hydration of
mixes containing simply OPC and OPC with 50% slag, and then with 50% slag and
50% CKD: using five different CKDs. Firstly, they found the addition of the slag
increased the setting time of OPC by 50 minutes. Secondly, they found that the slag
and CKD mix whose CKD contained a high amount of sulfate decreased the setting
time; whereas the four other CKDs which, were low in sulfate, all had increased
setting times. Thirdly, the hydration of the slag and CKD mix whose CKD content
was high in chloride showed an earlier peak in the heat evolution curve which
indicated that its hydration was accelerated by this CKD. The mixes with the other
CKDs, which all had lower chloride contents, showed delayed peaks in their heat
evolution curves. This conflicts somewhat with research conducted by Bhatty (1984).
The results there showed that samples containing 10%, 15%, and 20% replacements

of CKD decreased the setting time even for the CKD high in chloride.

To the author’s knowledge, there has not been any research conducted which
combined OPC, CKD, and nano-CC and/or MK. Background information on CC is

discussed next.

2.3 Introduction to the Use of Calcium Carbonate in Cements

Limestone, which is mainly composed of calcium carbonate (CC), can occur in the
form of a dust that is produced in quarrying operations. It poses disposal and
environmental problems (Ramachandran and‘ Chun-mei, 1986). It is used as a
common replacement to OPC so as to reduce the amount necessary for concrete
applications. Originally, the aim behind using CC as a replacement to OPC was
simply to replace a valuable material (the OPC) with a less valuable material (the

CC); however, as further research was conducted, there were indications of positive
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effects that the CC had on the OPC in terms of its hydration and strength (Sato and
Beaudoin, 2007). |

Standards in several countries allow for certain concentrations of limestone to be
present in the OPC. ASTM C150 allows for up to 5% of the cement paste used in
concrete to be made up of limestone so long as it is naturally occurring, finely
ground, and contains at least 70% by mass of one or more of the mineral forms of
calcium carbonate (ASTM C150, 2007); this has only been the case since the year
2004. The Canadian Standards Association (CSA) has allowed OPC to contain a
maximum of 5% of limestone since 1983 (CSA, 2008). In addition, the CSA Standard
A3001-08, defines a “Portland-limestone cement” as a product obtained by blending
Portland cement and limestone (CSA, 2008). This standard allows for a proportion of
5% to 15% of limestone to be present in the Portland-limestone cement where the CC
content must be at least 75% by mass (CSA, 2008). The British / European Standard,
BS EN 197-1, also specifies a “Portland limestone cement”. There it can contain from
6% to 35% of ground limestone (BS EN, 2000). Countries such as South Africa and
Mexico both allow up to 35% limestone addition; while, New Zealand and Brazil

allow up to 15% and 10% additions of limestone, respectively (Hooton et al., 2007).
2.3.1 Previous Research with Calcium Carbonate and Nano-Calcium Carbonate

2.3.1.1 The Effect of Added CC on the Compressive Strength of
Cement Systems

The addition of CC has been known to increase the compressive strength of mixes
made with OPC and cement mortars. Research conducted by Soroka and Setter

(1977) showed that the addition of finely ground limestone (10%, 20%, 30%, and

40%) in combination with OPC, and a 1:2.75 ratio of cement to sand, improved its
compressive strength. In general, compressive strengths improved as the fineness and
amount of limestone increased. They attributed the increase in strength to an increase

in the mix density, and lower air content that is associated with the use of fillers such
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as limestone. Ingram and Daugherty (1991) reported that a 7.5% addition of CC
resulted in an increase of compressive strength of OPC at one day after mixing. They
mention that this ratio of carbonate to the amount of C;A in the system might give
more of the monocarboaluminate species, which is known to add strength to cement.
Péra et al. (1999) concluded that cylinders (20 mm x 40 mm) of OPC paste with CC
percentages of 10%, 20% and 40% (although they had lower compressive strengths
than the control mix) faired well in comparison with the controls. A replacement of
10% had values nearest to the compression strengths of the control mix at all ages (7,
28, and 60 days). Soroka and Stern (1976) also conducted research that involved the
addition of ground limestone and reagent grade quality CC (i.e. pure CC) (added in
percentages of 10%, 20%, 30%, and 40%) in combination with OPC and sand (with
cement to mortar ratio of 1:2.75). They found that strength improvements of the
mortar cubes were mostly seen in the early ages of cement hydration rather than at
later stages (such as at 28 and 90 days hydration). This is characteristic of strength
development when the hydration of cement is accelerated. The reagent grade CC,
with higher specific surface values, showed a more pronounced effect on the early
stages of strength development. They suggested that fine fillers such as CC act as

crystallization nuclei, or seeds, for accelerating the hydration of cement.

2.3.1.2 The Effect of CC Addition on the Hydration of Cement
Systems

The addition of CC to C;S and OPC systems is known to accelerate the hydration
process. Ramachandran and Chun-mei (1986) studied the effects of the addition of
CC on the hydration of C3S. C;S is known to be responsible for strength development
in OPC. An understanding of the effects the addition of CC had on the hydration of
CsS is the first step in attempting to understand why CC aids in strength development
of OPC. The idea that the CC acts as a nucleation site (a site that enables a reaction to
take place) for hydration products, was first suggested by Soroka and Stern (1976).
This idea was also discussed by Ramachandran and Chun-mei (1986). Their research

showed that the main calorimetry peak shifted toward earlier times for C3S mixes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

with added CC. The time to reach the peak also decreased with increasing CC
concentrations (5%, 10%, 15%, 20%): indicating hydration was accelerated. Research
conducted on OPC pastes with added CC indicated the same accelerating effects
observed with the C;S pastes. Péra et al. (1999) reported research on the effects of CC
on the hydration of OPC. The results showed that the rate of heat evolution curves for
the hydration of the mixes containing 50% CC indicated the hydration was

accelerated by an hour.

Ramachandran and Chun-mei’s (1986) microhardness data showed an increase in
hardness of CsS paste as the concentration of CC increased. They attributed this to the
fact that the CC may add strength by contributing to the bonding of the C-S-H
particles during hydration. They also showed that the density of samples containing
CC increased as the hydration progressed as compared to the density of samples
without added CC. Pore size distribution curves for the samples showed that for up to
7 days, the sample containing 15% CC exhibited a structure with more fine pores as
compared with the mix without added CC. They suggested that the pores were being
filled with the fine-sized, high surface area particles of CC. Scanning electron
microscopy (SEM) imaging was performed on samples of C3S with 50% CC at 1 day
and 28 days hydration. It could be seen in these images that fibrous particles of C-S-H
grew on both the C3S and the CC particles. They concluded from this that it was
possible that the CC was acting as a nucleating agent. From this they were able to
also conclude that the accelerating effect. of CC may be related to its nucleating

effects.

2.3.1.3 Previous Research on Cement Systems Containing nano-
Calcium Carbonate Particles

It is clear from past research that CC additions have aided in accelerating the
hydration and improving the early strength development of cement systems. As was
mentioned earlier, it is the belief that the CC’s fine particle size and high surface area

provide it with the means of behaving as a nucleation site for the growth of hydration

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

products such as C-S-H. Research conducted by Sato and Beaudoin (2006) took this
idea further by using nano-calcium carbonate (nano-CC), (particles of calcium
carbonate with a particle size distribution indicating a range of particle sizes of
around 50-100 nanometers) in cement systems. This provided the cement systems

with an even finer carbonate addition having an increased surface area.

Sato and Beaudoin (2006) conducted research on samples of OPC, and OPC with
10% and 20% additions of both micro-sized and nano-sized CC. Both the micro-CC
and nano-CC accelerated the hydration of the OPC. However, it was the nano-CC that
greatly accelerated the hydration. From the heat of hydration curves (results from
calorimetry measurements) it could be seen that the nano-CC halved the time to the
major peak of the heat of hydration curve of OPC. In addition, it was observed that
the accelerating effect increased with increasing concentrations of both micro and
nano-CC that were added. They also conducted experiments on mixes with 50%
OPC, 50% slag (and others with 50% fly ash in another study (Sato and Beaudoin,
2007)) with 10% and 20% additions of micro-CC and nano-CC. The additions of the
10% and 20% micro-CC had a very small accelerating effect (based on the
calorimetric curves) on the hydration of the mix as compared with the significant

effect that was observed with the additions of nano-CC.

Sato and Beaudoin’s (2006, 2007) microhardness testing results indicated that the
addition of the nano-CC had a greater impact than the micro-CC in improving the
hardness of the OPC/slag and OPC/fly ash mixes. It was suggested that the reason for
greater improvements seen when using nano-CC as compared to micro-CC was due
to the smaller particle size of the nano-CC particles that may have acted as nucleation
sites. Early and longer-term strengths of OPC/slag and OPC/fly ash mixes were both
remarkably improved with the addition of 20% nano-CC.

The positive impacts of nano-CC addition on accelerating hydration times and

improving strength of OPC supplementary cementing materials (slag and fly ash)

provided the basis for its use in this research. It was thought that the nano-CC might
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also have the same positive effects on mixes containing OPC and CKD. It follows
that one of the objectives of the research that will be presented in the chapters that
follow is to determine if these positive results can be extended to the OPC-CKD

system.

2.4 Introduction to the Use of Metakaolinite in Cement Systems

Metakaolinite (MK) is a natural pozzolan. A pozzolan is a material which when
combined with calcium hydroxide (CaOH;) and moisture, chemically reacts to form
compounds that possess cementitious properties. It is a commonly used
supplementary cementing material. It has an amorphous composition (a solid
compound without a defined crystalline structure) and high surface area (Lagier and
Kurtis, 2007). It is produced by the calcination of pure or refined kaolin clay at the
temperature between 650°C and 850°C; this is followed by grinding the material to an
average particle size of approximately 1 to 2pm (Sato, 2006). Ranges for the chemical
composition of MK used in this study were provided by the manufacturing company

and can be seen in Table 2.4-1.

Table 2.4-1: Typical chemical composition of MK ( % by mass).
S|02 A|203 Cao Fezo3 Mgo 803 Nazo K20
52-53 42-43 0.02-0.1 0.5-1 0-1.0 0-0.1 0-0.05 0.4-15

2.4.1 Previous Research on the Use of Metakaolinite in Cement Systems

2.4.1.1 The Effect of MK Addition on the Strength and Pore
Structure of Cement Systems

The addition of MK to concrete has been shown to improve its strength and pore
structure. Research conducted by Guneyisi et al. (2008) concluded that the addition of
MK (in 10% and 20% additions by mass of OPC) to OPC at two different

water/cement ratios (0.35 and 0.55) increased their compressive strength values
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substantially. Strength increased with increasing concentrations of added MK. Early-
age effects of the MK on the paste’s strength and pore structure refinement was
described by Poon et al. (2001): higher compressive strengths and pore structure
refinement of samples were attributed to MK’s high initial reactivity. Similar results
were found by Malhotra (1987). This research showed that the use of 10% of a
natural pozzolan increased the 28-day strength of OPC paste. Guneyisi et al. (2008)
also found substantial improvements in strength at later hydration times, for example
at 120 days. They argued that the increase in concrete strength was due to the
improvement of the bond between the cement paste and the aggregate particles as
well as the increased density of the cement paste. The density of the samples
improved due to the ultra-fine particles of the MK filling the voids in the hydrated

cement.

Guneyisi et al. (2008) also studied the microstructure of samples containing MK.
Mercury intrusion porosimetry was performed on samples, without coarse aggregate,
to determine the porosity and pore size distributions of the mixes at 120 days
hydration. It should be noted that mercury intrusion porosimetry will be discussed in
detail in Chapters 4 and 5. The results showed that for similar pore sizes the pore
volume of the samples without MK was higher than those with MK. Also, the
samples containing MK had lower total porosities with increasing amounts of MK
and finer pore size distributions as compared to those without MK. This was in
agreement with research conducted by Khatib. and Wild (1996) who found that the
addition of MK to OPC lead to a refinement of the pore structure.

2.4.1.2 The Effect of MK Addition on the Hydration of Cement
Systems

The addition of MK to cement systems has been known to accelerate its hydration.
During the hydration process, the MK reacts with Ca(OH), (which is produced during
the hydration of the calcium silicate phases in the cement, (Lagier and Kurtis, 2007))
to form C-A-S-H and aluminate phases, C;ASHg and C,AH;3 (Rojas and Cabrera,
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2002). It is believed that the formation of the C-A-S-H during the hydration process
reduces the total porosity and refines the pore structure which ultimately improves the
strength of the cementitious matrix (Khatib and Wild, 1996). Justice and Kurtis
(2007) conducted calorimetry measurements on samples containing OPC and OPC
with an 8% addition of MK (composed of both a medium and high surface area
material). They found that the MK had an accelerating effect on the hydration of the
OPC which increased with the increasing surface area of the MK. Lagier and Kurtis
(2007) suggested that the MK had a catalyzing effect on cement hydration. The
reason for this may be becausé the MK pfovided well-dispersed sites for nucleation of
hydration products. This was an argument for the addition of nano-CC to OPC mixes

discussed in section 2.3.1.2.

There has been no research reported on the effects of the addition of MK to an
OPC+CKD mix. The objective is to add MK to the OPC+CKD system as well as the
OPCH+CKD+CC system to benefit from possible positive effects on porosity and
strength. The high reactivity and surface area of MK and the previous synergism
obtained with CC addition to OPC systems containing slag and fly ash support an

investigation of ternary and quaternary systems containing this pozzolan.
2.5 Statement of Original Research Conducted in this Study

Previous research has included investigation of the hydration and strength
development of OPC and CKD with and without other SCMs such as slag and fly ash.
No studies have included additions of nano-CC or MK. In addition, studies have not
yet been conducted on the effect such combinations have on the early-age
microstructure development, for example porosity, etc. In brief, the early-age
behavior of these systems as quantified by calorimetry, compressive strength data,
porosity, and electrical impedance measurements have not been performed on ternary

and quaternary mixes containing combinations of OPC and CKD with CC and/or
MK.
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The original research reported in this study used calorimetry to investigate the early
age hydration of OPC-CKD systems containing the additives described. Also,
calorimetry measurements provided an indication of the action of the various
additions on the relative rate and extent of hydration during the first 24 hours. In
addition, 1-28 day compressive strength determinations with corresponding porosity
measurements were obtained to investigate the longer term effects CC and MK
additions had on these pafameters. Further, AC impedance spectroscopies,
corresponding porosity measurements, and mercury intrusion porosimetry pore size
distributions over the first 24 hours of the hydration process were obtained. These
methods provide estimates of the early-age porosity, pore size distributions, pore
- solution conductivity, and the overall early microstructure development of the mixes.
This research is intended to serve as an initial means of gaining insight and
understanding into characterizing the OPC-CKD systems behavior at early ages. This
initial research could potentially lead to a more detailed understanding of these OPC-

CKD systems and provide useful information for CKD selection and use.
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Chapter 3

Background Information on the Cement Systems Selected for Study

3.1 Materials and Sample Proportions

Three different CKDs from three different cement plants were chosen for the
investigation. These were Bath CKD (supplied by the Lafarge Bath Cement Plant in
Bath, Ontario), Alpena CKD (supplied by the Lafarge Alpena Cement plant in
Alpena, Michigan, U.S.A), and Ashgrove CKD (supplied by The Ash Grove Cement
Company in Chanute Kansas, U.S.A.). These three CKDs were chosen based on the
fact that their chemical compositions were all quite different as will be described in
section 3.2. The nano-calcium carbonate, which will be de-noted as ‘CC’ for the
remainder of the discussions, was provided by READE in Riverside, Rhode Island,
U.S.A. The MK was supplied by Engelhard Corporation in Iselin, New Jersey, U.S.A.
The OPC was provided by cement manufacturing company St-Lawrence Cement
(Holcim Ltd.) in Mississauga, Ontario, Canada. Originally a batch of OPC from the
year 2005 was used in the mixes. The supply of this OPC became depleted as the
project progressed. A batch of St-Lawrence OPC from the year 2008 was used for
mixes containing Ashgrove CKD and MK. Eighteen different mixes, all with a
water/solids ratio of 0.5, were tested in all aspects of the research. Mix identification
and the corresponding constituents proportions (in parts) can be seen in Table 3.1-1.
CKD, as indicated in the table, was used as a replacement to OPC. MK was then used

as a replacement to CKD. CC was used as an added supplementary material.
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Table 3.1-1: List of mixes and solid constituents.

[Mix Tdentification

£005 OF L GO

1 0P 1 - — -
10PC, 0.1 CC 1 - - 0.1
10PC, 0.2CC 1 - - 0.2
0.7 OPC, 0.3 Bath 07 | 03 | = -
0.7 OPC, 0.3 Bath, 0.1 CC 07 | 03 - 0.1
0.7 OPC, 0.3 Bath, 0.2 CC 0.7 | 0.3 — 0.2
0.7 OPC. 0.3 Alpena 07 | 03 | - -
0.7 OPC, 0.3 Alpena, 0.1 CC 0.7 0.3 - 0.1
0.7 OPC, 0.3 Alpena, 0.2 CC - 0.7 0.3 - 0.2
OPC 2008 St-L 1 - - -
0.7 OPC, 0.3 Ashgrove 0.7 0.3 - --
0.7 OPC, 0.3 Ashgrove, 0.1 CC 0.7 0.3 - 0.1
0.7 OPC, 0.3 Ashgrove, 0.2 CC 0.7 0.3 - 0.2
0.7 OPC, 0.15 Ashgrove, 0.15 MK 0.7 0.15 0.15

0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1 CC 0.7 0.15 0.15 0.1
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.2 CC 0.7 0.15 0.15 0.2
0.7 OPC, 0.3 MK 0.7 - 0.3 -
0.7 OPC, 0.3 MK, 0.1 CC 0.7 - 0.3 0.1

3.2 Raw Materials Analysis: XRD

The purpose of this section is to identify the general composition of the raw materials.
It is important to establish the composition of the materials so that their behavior in
the various experiments can be better understood and explained (for example, in

Chapters 6, 7, and 8 where the results of the experiments are discussed).
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X-ray diffractometry (XRD) is a well-known method that is used to identify the
crystalline compounds (solids in which atoms are structured in a regular and repeating
pattern) within a material. The raw materials are sieved using a 275 pm” micro-sieve
and placed onto the sample holder and then into the XRD instrument (see Fig. 3.2-1).
This technique was used to aid in identifying the phases present within each of the

raw materials: the 2005 OPC, 2008 OPC, Bath, Alpena, and Ashgrove CKDs.

i

Fig. 3.2-1: The XRD Instrument.

For the purposes of this research, a qualitative analysis was performed. The
abundance of the compound identified was output as a percentage of the relative
crystalline quantities found within the sample. The abundance was then assigned to
be “Low”, “Medium”, “High”, or “Very High” based on where the percentage fell
within the ranges shown in Table 3.2-1. These ranges were arbitrarily assigned for
comparison purposes. If it appeared that a certain compound may be present, but only
in extremely small amounts, it was assigned as “Trace”. Compounds found within the
samples and their corresponding chemical formulas, for information purposes, are

presented in Table 3.2-2. The results from the qualitative XRD analysis for 2005
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OPC, 2008 OPC, Bath CKD, Alpena CKD, and Ashgrove CKD are presented in
Tables 3.2-3, 3.2-4, 3.2-5, 3.2-6, and 3.2-7, respectively.

Table 3.2-1: Percentagé ranges

and assigned values.
Assigned Value | Percentage Range |
Low 0-10%
Medium 10-30%
High 30-70%
Very High >70%

Table 3.2-2: Compounds and their

Table 3.2-4: XRD results for 2008 OPC.

Compound Assigned Category

Calcite Medium
CsA Low
C.AF Low
CsS High

C,S Medium
Gypsum Low
Bassanite Low

chemical formulas. Table 3.2-5: XRD results for Bath CKD
Compound Chemical Formula Compound Assigned Category
Bassanite 2CaS0y4 (H0) Calcite Very High
Bayerite Al(OH), Quartz Medium
C.S 2Ca0-Si0, Syvite Low
CsA 3Ca0-Al;0, Table 3.2-6: XRD results for Ashgrove CKD
CsS 3Ca0-Si0, Compound Assigned Category
C,AF 4Ca0-Al,05Fe, 04 Lime High
Calcite CaCOg Calcium Sulfite Trace
Calcium Sulfate CaSO0, Bayerite Medium
Corundum A0; Table 3.2-7: XRD results for Alpena CKD
Gypsum CaS0,-2H,0 — e e
— e Com.pou nd Assngneq Category
- Lime High
Por'tlanlec'a Ca(QH)z Caloite High
Potassium Silicate K4§|O4 Boriondie Cow
Quartz S0, Calcium sulfate Trace
Sylvite KCI Quarz Low
Potassium silicate | Possible trace amounts
Table 3.2-3: XRD results for 2005 OPC Corundum Low

Compound Assigned Category
Calcite Low
CaA Low
C.,AF Low
CsS High

C,S Medium

Gypsum Low
Corundum Low
Quartz Low
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The results from the XRD measurements showed typical cement compounds were
found in the OPCs. The Bath CKD contained the highest amount of CC. Alpena CKD
contained high amounts of both CC and lime. Ashgrove CKD did not contain any CC.
It also did not contain high amounts of lime. Ashgrove CKD was known to be more
amorphous by nature and might therefore prove to be a more reactive CKD
contributing to strength development; as ill-crystallized materials are known to have
good bonding properties (Feldman and Beaudoin, 1976). It is important to note that,
as mentioned earlier, only crystalline structures can be identified through XRD
measurements. This means that amorphous compounds go undetected by the XRD

instrument.

Oxide analysis data for all three CKDs were also collected. This type of analysis
determines the concentration of certain compounds using an X-ray fluorescence
(XRF) machine. Noteworthy results are mentioned here while the complete data sets
for each of the CKDs can be seen in Table 3.2-1 in the Appendix. An automated
Bruker AXS S4 Pioneer XRF was used in the analysis for Ashgrove CKD. The work
was performed by the Institute for Chemical Process and Environmental Technology
(ICPET) at the National Research Couhcil, Canada (NRC). The results showed that
the Ashgrove CKD contained a high amount of the alkali potassium oxide, K;0. A
previously performed oxide analysis on Alpena CKD showed that it contained a high
amount of sulfate. Lastly, an oxide analysis on Bath CKD showed that it contained a
high percentage of chloride. This was verified by performing a chloride titration,
which showed that it contained approximately 1% of chloride (which is a high

percentage of chloride for a cementitious material).

3.3 XRD Analysis of Samples at 8 Hours Hydration

XRD measurements were also performed on a selection of mixes at eight hours
hydration. These measurements provided further characterization of the samples after
they had begun to harden as well as reférence information for the discussion of

experiments presented in later chapters. Each sample was ground using a mortar and
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pestle, passed through the micro-sieve, placed in the sample holder, and then placed
into the XRD instrument. Ideally, a sample from every mix would have been tested.
This was not feasible. Therefore eleven sémples were chosen. The following is a list
of the samples tested and any noteworthy rcsults (plots of the XRD output data can be
seen in Fig. 3.3-1 and Fig. 3.3-2):

1) 2005 OPC: A dominant presence of calcium hydroxide, Ca(OH); and C;S
was found. There is a possibility of the presence of some gypsum and
potassium sulfate.

2) 2005 OPC, 0.1 CC: Results showed that the presence of Ca(OH), is even
more dominant than the control OPC, while that of CsS is reduced. This

means that C3S is being consumed; therefore indicating an accelerating effect
of the CC particles.
3) 0.7 OPC+0.3 Alpena: A significant amount of gypsum was present. This was

expected due to the high amount of sulfate that was detected by the oxide
analysis of the raw Alpena CKD. In addition, there appears to be an even
more intense presence of Ca(OH), than in the previous two mixes; this
indicates that the Alpena CKD has an accelerating effect on the hydration of
the OPC.

4) 0.7 OPC+0.3 Alpena+0.1CC: There appeared to be a reduced intensity of

Ca(OH), present when compared with the previous mix which did not contain
any added CC. Also, there was a greater amount of C3S present indicating a
slower rate of hydration. This result was not expected and will be cross-
checked with the calorimetry measurement results of Chapter 6.

5) 0.7 OPC+ 0.3 Bath: No gypsum was detected in this mix. In addition, the

intensity of Ca(OH), was only slightly less than those identified in the Alpena
CKD mix. A similar intensity of C3S was seen in this mix as compared with
that in the Alpena CKD mix. Quartz and some alumina gel may also be

present.
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6) 0.7 OPC+0.3 Bath+0.1CC: A reduced intensity of Ca(OH), was seen with the

added presence of the CC. Some quartz was also detected. Similar amounts of
CsS were seen in this mix as compared with the previous mix.

7) 2008 OPC: Compared to the results of the 2005 OPC, the presence of
Ca(OH), was significantly greater while the presence of C;S was less; this
indicates that it may hydrate faster than the 2005 OPC. Also, there appeared to
be a possibility of some potassium sulfate (K;SOj) in this sample.

8) 0.7 OPC+0.3 Ashgrove: Compared with the Alpena and Bath CKD mixes
(without CC) the presence of Ca(OH), is much less. The presence of C;S is

comparable to those found in the Alpena and Bath CKD mixes. Its hydration
may be slower with respect to that of Alpena and Bath CKD mixes. In
addition, gypsum and quartz appear to be present.

9) 0.7 OPC+0.3 Ashgrovet+0.1 CC: The added CC appears to have accelerated

this mix. This was evident in the increased intensity of Ca(OH); and the

decreased intensity of C3;S. There is the possibility of the presence of the

calcium carboaluminate hydrate i)hase C4ACHy,.

10)0.7 OPC+0.15 Ashgrove+0.15 MK: When compared with the previous mix,

there appeared to be an increase in the presence of the Ca(OH),. The C3S
intensities were similar. This may indicate an accelerated hydration. There
was the possibility of the presence of another calcium aluminate hydrate,
C4AH,3 which forms when a pozzolan, such as metakaolinite (MK), is present
in the mix.

11)0.7 OPC+0.15 Ashgrovet+0.15 MK+0.1CC: The addition of the CC to the

above mix showed similar intensities of the Ca(OH), peak while the C;S
peaks were significantly less intense: indicating that the CC addition to the

mix containing MK accelerates the hydration even more.
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0.7 OPC, 0.3 Alpena, 0.1CC

(] A A

p 0.7 OPC, 0.3 Alpena

f 0.7 OPC, 0.3 Bath, 0.1CC
[ J
A A
v T 4c acl A A
| 0.7 OPC, 0.3 Bath
£

2005 OPC

T T T ¥ T T T T T

10 15 20 25 30 40 45 50 55 60

35
20 (deg.)
o K;SO, e Ca(OH), a CsS OCC e Gypsum v Quartz
Fig. 3.3-1: Output data from the XRD testing of control, Bath CKD, and Alpena CKD

mixes.
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Fig. 3.3-2: Output data from the XRD ‘teszing of Ashgrove CKD and MK mixes.
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3.4 Selection of SEM Images of Raw Materials and Cement Systems at 8 Hours
Hydration

This section serves as additional background information on the raw and hydrated
materials. A selection of unhydrated and hydrated cement systems (in particular at 8
hours hydration) will be shown and discussed. A Hitachi S-4800 Field Emission
Scanning Electron Microscope, as seen in Fig. 3.4-1, was used to obtain the SEM
images. Samples were ground to a powder and placed on an aluminum stub covered
in carbon tape (which secured the powder to the stub). The samples used in the SEM

imaging were the same as those used in the XRD measurements.

Fig. 3.4-1: The Hitachi S-4800 Field Emission Scanning Electron Microscope.

Before discussing SEM images of hydrated cement systems it is useful to first view
images of the raw materials. Fig. 3.4-2 and Fig. 3.4-3 show images of raw CC and
MK, respectively. Dimensions have been drawn onto Fig. 3.4-2 to indicate the
relative size of the CC particles. The dimensions, although they may be difficult to
view on the image, read as follows: 92.4 nm, 119.5 nm, 85.9 nm. Note the contrast in

the appearance of the structured CC and amorphous MK.
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Fig. 3.4-3: SEM image of MK particles.
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Fig. 3.4-4 a) and b) show SEM images of raw 2008 OPC particles and the OPC after
8 hours of hydration, respectively. As can be seen in Fig. 3.4-4 b) the growth of
hydration products (C-S-H) has begun.

Tah

t Ll 1 1
20.0um

IRC
b) OPC hydrated for 8 hours

Fig. 3.4-4: a) SEM image of raw 2008 OPC particles b) OPC hydrated for 8 hours
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Fig. 3.4-5 shows an image of an OPC+ 0.1 CC mix that has hydrated for 8 hours. This
image shows that hydration products have begun to form around the CC particles.
Note the differences in the images shown in Fig. 3.4-2 (the unhydrated CC particles)
and Fig. 3.4-5. This may suggést that the CCis acting as a nucleation site, promoting

hydration. It would be in agreement with the XRD results.

Yoy
SO0

Fig. 3.4-5: SEM image of OPC with added CC particles, hydrated for 8 hours.

Raw Alpena CKD, OPC+Alpena CKD hydrated for 8 hours, and OPC+Alpena
CKD+0.1 CC can be seen in Fig. 3.4-6, Fig. 3.4-7, and Fig. 3.4-8, respectively. It
appears as though there are some crystalline materials present in this CKD. As will be
seen in later images, its appearance is in contrast to Ashgrove CKD. It is interesting
to note the hydration product growth in Fig. 3.4-7 and compare this with what appears
to be more hydration growth present in Fig. 3.4-8. This could be due to the addition
of the CC, which has accelerated the hydration of the system.
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3 S 14

Fig. 3.4-8: SEM image of OPC+Aena CKD+0.1 CC hydrated for 8 hours.

An image of raw Ashgrove CKD can be seen in Fig. 3.4-9. The image of this raw
CKD looks highly irregular and amorphbﬁs in nature. It does not appear as though it
contains structured crystalline materials as was seen in the image in Fig. 3.4-6 (the
raw Alpena CKD). An image of OPC+Ashgrove CKD hydrated for 8 hours can be
seen in Fig. 3.4-10. In this image hydration products are visible. An image of

OPC+Ashgrove CKD+MK can be seen in Fig. 3.4-11.

The XRD results indicated that the partial replacement of the Ashgrove CKD with
MK possibly accelerated its hydration. However, unlike the clarity that was seen with
growth on CC particles, it is difficult to determine visually from Fig. 3.4-11 if more
hydration products are present as compare(i with Fig. 3.4-10 where there was no MK
present in the mix. This is likely due to the fact that both the Ashgrove CKD and MK
are both amorphous and are therefore difficult to distinguish. Therefore, it can only be
speculated (on the basis of SEM evidence) that the MK particles act as nucleation

sites.
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Fig. 3.4-10: SEM image of OPC+Ashgrove CKD hydrated for 8 hours.
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Fig. 3.4-11: SEM image of OPC+Ashgrove CKD+MK hydrated for 8 hours.
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Chapter 4

Theory and Objectives: Calorimetry, Strength, Porosity, AC
Impedance, and Porosimetry Measurements.

4.1 Calorimetry Measurements
4.1.1 Objectives of Calorimetry Measurements

The objective of the calorimetry measurements was to determine how the varying
amounts of CKD, CC, and MK affect the hydration kinetics of OPC at early ages. It
will be shown that these materials when combined to form binary, ternary, and
quaternary systems, accelerate or retard the early-age cement hydration. All 18
systems listed in Table 3.1-1 were examined in the calorimeter. The rate of heat
development curves were compiled in order to compare their respective hydration

processes; sample preparation and testing are described in Chapter 5.

4.1.2 Background Information on the Use of Calorimetry in
Cement Science

A calorimeter, the apparatus used for calorimetry measurements, is a device used to
measure the amount of heat ’of a chemical reaction. The use of calorimetry is a
common and helpful first step in cement research when little is known about how the
materials will physically interact and behave when combined. In this case, the
calorimeter was used to measure the rate of heat development during hydration (the
process whereby a solid forms as the result of cement powder reacting with water) in
the first 24 hours. The physical and chemical properties of the cement systems affect

the heat they produce while undergoing hydration.
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The calorimeter instrument, itself, is made up of a series of channels. The channels
are vertical cylindrical openings that extend down into the machine. They are paired
off to include one sample channel and its corresponding reference channel. The
sample being tested (the contents of which contain a measured amount of solids
mixed with the appropriate amount of water) is placed in the sample channel and the
reference sample (typically an appropriate amount of small glass beads) is placed in
the reference channel. The reference sample can be thought of as a baseline to which
the heat given off by the sample that is hydrating is compared. Also, the reference
sample serves as a means of eliminating noise that may be in the system. Heat flow
sensors, which are imbedded directly underneath the bottom of the channel, measure

the heat given off by the sample.

The heat measured by the calorimeter is generally output in milliWatts, mW. The
reason it is in mW is because the heat flow sensor measures a voltage signal which is
proportional to the heat flow. The data is conventionally converted from mW to
cal/g/hr (calories of heat produced./ gram of solids within the sample / hour). Typical
output data for a sample of OPC with a water/cement ratio of 0.5 was shown in

Fig.2.1-1 of Chapter 2.
4.2 Strength and Porosity Measurements
4.2.1 Objectives of Strength and Porosity Measurements

There were three objectives for the strength and corresponding porosity
measurements. The first objective was to investigate the effects the CKD, CC, and
MK addition in varying concentrations had on strength development of OPC at 1, 3,
7, and 28 days after mixing. The second objective was to measure the porosity
changes of the cement systems during hydration. The third objective was to produce
strength-porosity curves to compare and analyze the mixes. The latter eliminates time
from the comparison and provides more basic information about the nature of the

microstructure as it relates to strength development (Ramachandran et al., 1981).
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Beaudoin and Feldman (1975) showed that the compressive strength for various
cement systems (some with added fly ash and others containing various silica
contents) when plotted versus the respective porosity values on a semi-log plot,

produced a family of straight lines each with different slopes (see Fig. 4.2-1).
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Fig. 4.2-1: Compressive strength versus porosity for various cement systems

(Beaudoin and Feldman, 1975).
4.2.2 Background Information on Strength Tests

Compression testing is a technique used for evaluating the engineering performance
of concrete, mortars, and cement paste. During this procedure a machine is used to
apply concentric loading to a specimen until its ultimate strength is reached. The
common engineering equation (Eq. 4.2-1) was used in order to calculate the sample’s

compressive strength.
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= A (4.2-1)

where: 6= engineering stress, MPa
P= concentrically applied load, N

. 2
A= cross-sectional area of the cube, mm~.

For the current work, cement cubes that measured two inches by two inches by two
inches were used. A broken piece of a cube from each mix was saved after the
compression testing for porosity measurements. ASTM C-109 was followed in the
preparation of the cubes. The sample preparation and compression measurements will

be discussed further in Chapter 5.
4.2.3 Background Information on Porosity Measurements

Porous materials, such as hydrating cements, tend to have a heterogeneous
microstructure, with a wide range of particle and pore sizes (Sereda, 1972). During
the hydration of cement a pore system (as well as solids) is produced (Nagaraj and
Banu, 1996). One of the most important characteristics of a pore system is its porosity
(Kumar and Bhattacharjee, 2003). It is known to be one of the main factors that
determine strength (Odler and Robler, 1985). Porosity is defined as in Eq. 4.2-2:

M (4.2-2)

—_r
¢ vV,

where: ¢= porosity
V= volume of the pores in the sample, m’

V= total volume of the sample, m’
The pore structure of the cement paste is known to govern several properties of

mortars and concrete such as the physical and chemical resistance, temperature

resistance, and thermal conductivity (Rostasy et, al, 1980).
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Porosity and strength are inversely proportional for cement paste. As the hydration of
cement progresses, the amount of hydration products increases. The growth of
hydration products closes the available void pore volumes which leads to a decrease
in total porosity. This leads to an increase of the compressive strength over time
(Shoaib et al., 2000). Also, it has been found that for a given porosity, the strength of
a cement paste is known to increase with increasing amounts of hydrate phases

present (Odler and Robler, 1985).

A piece of the broken cement cube, as mentioned earlier, was saved on each day of
the compression testing and placed into a glass container filled with isopropanol. It is
known that, by solvent exchange, submersing a cement sample in isopropanol stops
the sample from hydrating further. There are important reasons for the use of
isopropanol. The composition of the hydrated cement (C-S-H) can be modeled as a
layered system. If the sample had been submerged in water, some water would move
into the interlayer regions. This would cause the porosity measurement to be
inaccurate as interlayer space is considered part of the solid and not as pore space.
Isopropanol does not move into the interlayer regions of the sample. When a sample
is submerged in isopropanol it stops hydrating and therefore the degree of hydration
remains constant. Each saved piece was used for porosity measurements to correlate
the sample’s compressive strength value with porosity. It was ideal to use the same
sample for both the compression and the porosity measurements as this produces the
most accurate strength-porosity correlation. The method used in the porosity
measurements can be performed on a sample of any size or shape. Further details are
given on how to calculate the porosity later in Chapter 5, section 5.2, where the
experimental set-up and mass measurements (precursors to the porosity

determinations) are explained so that the porosity calculation can be understood.
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4.3 AC Impedance Measurements

4.3.1 Objectives of AC Impedance Measurements

The objectives of the AC impedance measurements were to further understand and
quantify the microstructural development of the cement systems at early-age (from
zero to 24 hours). Microstructural descriptions for example, early-age porosities, pore
size character, and pore solution conductivity, can be extracted from impedance
spectra. It was expected that this data would be useful in assessing the relative merits
of the CKDs and the efficacy of the CC and MK additions.

4.3.2 Background Information on AC Impedance Spectroscopy

AC impedance testing (formally referred to as Alternating Current Impedance
Spectroscopy, ACIS) is a non-destructive testing technique primarily used for
electrochemical investigations. This technique has been used as early as the 1950s in
researching the properties of ceramics (Gu et al.,, 1993). It is an ideal testing
technique to use for early-age cement samples. The reason for this is because the
testing can be performed while the sample remains cast in its mould. This way the

sample is able to continue the curing process undisturbed while undergoing testing,

The impedance of a sample is measured. The result, depending on the type of sample,
can then be interpreted in different ways to determine the sample’s properties. For
example, the pore size character (i.e. whether it is a narrow or broad pore size
distribution) and the conductivity of the pore solution can be estimated from the data.
In order to understand and interpret the output data, background information on

impedance principles are first introduced.
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4.3.3 Introduction to the Concept of Impedance

Impedance is a term that is applied to the variable that relates voltage and current
when both are time dependent (this is the case in an Alternating Current, AC,

system). Voltage and current are related to impedance as in Eq. 4.3-1:
v(t) =i(t)- Z; (4.3-1)

where: v(t)= voltage applied to the system, V
i(t)= current, A

Z1= total impedance, Q

The total impedance, Zr is associated with the combined effects of resistors,
capacitors, and inductors that may be in the system. Resistance is a measure of the
sample’s ability to oppose current flow; capacitance is a measure of the sample’s
ability to store an electric charge; and inductance is a measure of the sample’s ability

to generate an electromagnetic field.

4.3.4 Application of AC Impedance Measurements of Hydrating Cement
Samples

In this section, a set of example output data obtained from AC impedance
measurements will first be presented and then explained in further detail. Prior to
testing a cement sample using AC impedance, a set of electrodes is cast into the
cement sample mould. A potential difference is applied to the two electrodes which
induces a current through the sample. The output data represents the sample’s
response to the electronic signal. Data is collected using computer software and is
presented on a complex plane. Real values are displayed on the x-axis and imaginary
values are displayed on the y-axis. An idealized example set of output data obtained
from the testing and an image of a cement sample with its cast-in electrodes are

presented in Fig 4.3-1.
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Cast-in Electrodes

—— Data

7"
A Beginning of low

HF‘XI frequency data arc

Cement Sample

> 7 A.C. signal

Fig.4.3-1: An example set of output AC impedance data and a sample being tested.

A typical impedance plot output for a cement sample, as can be seen in Fig 4.3-1,
contains a semi-circle, or arc, on the left hand side followed by the beginning of
another semi-circle on the right. Z’ and —Z”’ represent the real and imaginary values
of impedance, respectively. The negative imaginary values are plotted on what is the
conventional positive y-axis; the reason for this is to present a visually simple set of
right side up arcs (otherwise, the semi-circles would appear inverted). The first arc is
a result of high frequencies being swept and is therefore called the High Frequency
Arc (HFA). The second arc appears when the lower frequencies are being swept. The
HFA is attributed to the cement paste’s impedance behavior (Gu et al., 1994) and is
therefore the most important part of the output data. The intercept of the HFA with
the Z’ axis (on the left hand side of the first arc) and the diameter of this arc will be of

great importance and will be discussed later.
In order to fully understand the output AC impedance data, a physical cement model

and the idea of an equivalent circuit for cement paste can be introduced and are

explained in subsequent sections.
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4.3.5 Introduction to the AC Impedance Response of Electrical Elements

A combination of electrical elements, both resistors and capacitors are used to model
the data output from the AC Impedance measurements of a cement system. The
following symbols are used to represents resistors, capacitors, and the A.C. signal in

any electric circuit that will be presented:

s L

Resistor Capacitor A.C signal

A circuit, termed an equivalent circuit, is modeled so that its impedance fits the data
obtained from the testing. By fitting the data to the equivalent circuit, various
physical parameters from the cement system can be estimated and interpreted. Those
details will be described in the next section (4.3.6). The AC impedance response of
resistors and capacitors will first be described so that the response of the equivalent

circuit can be better understood.

Sato (2002) provides an explanation of the response of the electrical elements. When
an alternating current is applied to a resistor, its impedance is simply equal to the
magnitude of the resistor itself (see Fig. 4.3-2 a)). This is due to the fact that the
magnitude of a simple resistor is constant. However if the signal is applied to a
capacitor, whose value is dependent on frequency, the magnitude of the impedance is
as defined in Eq. 4.3-1. A graphic representation of its response can be seen in Fig.
43-2b).

| Z |= 4.3-1)

1
wC
where: |Z|= magnitude of impedance, Q

o= angular frequency of the applied current, rad/s

C= capacitance, F (farad)
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Angular frequency, o, is defined as being equal to 2nf, where ‘f’ is the frequency of

the applied current measured in hertz, Hz.

Later, in section 4.3.6 in a derivation of the total impedance of the cement system, the

capacitance will be defined as a vector as in Eq. 4.3-2.

)
Z,=— 4.3-2
e T 0 (4.3-2)
The —j is a vector indicating that the direction of the capacitance’s impedance

response is along the negative y-axis (which is in the direction of the —Z’’ axis in a

complex plane). Mathematically, ‘j” has a value of v—1 . Physically, ‘j’ indicates that
the phase shift of current to voltage is out by 90 degrees. It should be noted that a
phase shift is a time lag between the peak values of the sinusoidal wave functions of

current and voltage.

When a resistor and capacitor are combined in parallel the resulting impedance
measurement is as in Fig. 4.3-1 ¢). As can be seen in this figure, the resulting data
output of the resistor and capacitor in parallel displays a semi-circle. Along with the
modeling of the equivalent circuit, and a model of the cement system, the
mathematical reasons for the semi-circular data output due to the resistor and

capacitor in parallel will be described in section 4.3.6.
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By AN iy Al Al
A A A
1] Value of impedance
C depends on frequency
' I VA 3 VA
: R —> Z > | R >
a) resistor b) capacitor ¢) resistor and capacitor

in parallel
Fig.4.3-2: The AC impedance response for a) a resistor, b) a capacitor, c) a resistor
and capacitor in parallel.

4.3.6 AC Impedance Modeling and Equivalent Circuits of Cement
Samples

The microstructure and pore solution chemistry in a hydrating cement sample are
mainly responsible for impedance behavior (Gu et al., 1993 (II)). The impedance is
dependent on the resistance and the capacitance in the sample. Solids, liquid, and a
solid-liquid interface are key elements. A model of these phases introduced by Xie et
al. (1993) can be seen in Fig. 4.3-3. The resistance in the sample is due to the solids,
liquid, and the solid-liquid interface; while the capacitance in the sample is due to the
solid-liquid interface. In order to calculate the total impedance of the system, the
contributions of impedance due to the total resistance in the system (due to the solids,
liquids, and the solid-liquid interface) and due to the capacitance (due to the solid-

liquid interface) must be summed.

soliddiquid interfaces

Y\

solid solid

liquid
Fig. 4.3-3: A schematic of solids, liquid, and the soua-tiquid interfaces of a cement

paste after Xie et al., 1993.
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Xie et al. (1993) developed a physical and mathematical representation for cement
paste. The model represents a saturated cement paste sample subjected to an applied
voltage. As seen in Fig 4.3-4 a), it was modeled using N electrical elements with a
width of Ax. The white cubes represent solid particles, and the liquid is represented as
the black spaces between the cubes. The elements are connected in series as seen in
Fig 4.3-4 b), and summed from 1 to N. Fig 4.3-4 c) represents the solid-liquid
interface within the sample. The ionic composition of the solid-liquid interface is
different than that of the liquid due to the surface adsorption on the solid. It was
suggested by Xie et al. (1993) that when the sample is subjected to an A.C. voltage, it
causes the separation of opposite charges within the solid and solid-liquid interface:
this can also be seen in Fig 4.3-4 c). This separation of opposite charges results in a
capacitance behavior. Due to the ionic composition and microstructure of the solid-
liquid interface it has a different electrical resistance than the liquid alone. This is
accounted for in the electrical model that Xie et al. (1993) developed which can be
seen in Fig 4.3-4 d). In this model Rg and Ry, represent the resistance in the solids and
liquid, respectively, in parallel. While Ry and Cy represent the resistance and
capacitance of the solid-liquid interface, also placed in parallel. To re-iterate, the
reason the second set of electrical elements (R¢ and Cy) are required is due to the fact
that the resistance and ionic composition of the solid-liquid interface differs from that

of the liquid in the sample.
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Solid
Liquid ; ~
— T
|~
ax
7N
&
a) b)

RS Rf
||
bl

RL Cf
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®

e)
Fig. 4.3-4 a-e): The cement paste model and corresponding equivalent circuits
developed by Xie et. al (1993).
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The equivalent circuit for the entire sample is simply the summation of the N
electrical elements as seen in Fig 4.3-4 ¢). Xie et al. (1993) further explain that the

total impedance, Zt, can now be calculated based on the model as follows:
7n=7\+Z, (4.3-3)

where: Z,= total impedance of the parallel circuit containing Rg and Ry,

Z,= total impedance of the parallel circuit containing R¢ and Cr

The derivation of terms Z; and Z; lead to the origin of the semi-circles that are seen in

the AC impedance output data. The derivations of Z, and Z; are discussed next.

The impedance of a resistor is simply equal its resistance. This is due to the fact that
resistance is not time dependent and so its contribution to the voltage is the same in a
D.C. (direct current) or A.C. circuit. This simply means that Zt of Eq. 4.3-1 (the
generalized equation of impedance) can be interchanged with a total resistance, R (in
this case R the equivalent resistance due to Rs and Ry, in parallel). When calculating
the total impedance, Z;, in the cement sample due to Rg and Ry in parallel summing

for all N elements the following equation is used:
1 (1 1
— s i
Zl Z[RS RL ) (43-4)

Which can be re-arranged to:

N
ll
,MZ

|
|
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Rs is considered to be substantially larger than Ry, which causes the value of 1/Rg to

approach zero in Eq. 4.3-4 leaving simply:

Z = Z(RL )i = NR, (4.3-5)

Calculating the impedance Z, is more complicated and this is due to the fact that the
impedance of a capacitor is dependent on frequency, meaning it is time dependent.

Xie et al. (1993) expressed the impedance across a capacitor, Z¢ as follows:

Z, _-J
aC (4.3-6)

where: -j= a vector indicating the direction of the capacitance’s impedance is

in the direction of the -7’ axis.

This means that the total impedance Z; is as seen in Eq. 4.3-7:

N 1 4.3-7)
Z, =Z .
= —+jaC;
R, i
This can further be expanded to:
i “C, R 4.3-8
& 1+(a)C Ry ‘Tr@c,ry|
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And further expanded again to:

NR, NwC,R,’
, = J —— S . (4.3-9)
1+(wC;R,)* " 1+(wC,R,)
Eq. 4.3-3 (Zr= Z,+Z,) then becomes:
NR, . NoC,R,’
Z.=NR, (4.3-10)

+ 7~ J 2
l+(a)CfRf) 1+(a)CfRf)

Sato (2002) simplified this equation by letting R;= NRy, R;= NR¢, C4= C¢/N, and Eq.
4.3-10 becomes:

R wC,R,’
=R + 2 7 d°*2
T T Y @C,R,)? Y14 (aC,R, )’ (4.3-11)
Xie et al. (1993) set Z’ and Z’’ as follows:
R + R, 7" = deR22
' 14+ (wCR,)? 1+ (aC,R,)?

then Eq. 4.3-11 becomes:

(Z'—(R] +%D2 +(z'} {%‘Jz (4.3-12)

Xie et al. (1993) explain further that Eq. 4.3-12 is now in the familiar form of the
equation of a semi-circle having a radius of Ry/2, a center of (R}+Ry/2, 0). This is

illustrated in Fig 4.3-5 a) along with the corresponding equivalent electric circuit seen
in Fig. 4.3-5 b).
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_Z"
A
C
R, i}
R,
z ()
— Ry ——— > @
R R+R,
a) b)

Fig 4.3-5: a) Graphical representation of the fesulting AC impedance response due

to the equivalent circuit shown in b).

Electrodes are cast into the sample mould for AC impedance measurements. The
contact between the electrodes and the hydrating cement produces an additional
capacitance behavior as well as an additional resistance. This results in another arc
that appears on the right hand side of the HFA. This was mentioned in section 4.3.4
and was shown in Fig. 4.3-1. The information provided by this second arc is generally
not used and therefore needs no further discussion. However it was important to
mention it due to the fact that the beginning of this second arc can be seen in the

output data.
4.3.7 The Depression Angle Parameter

The images in Figs. 4.3-1 and 4.3-5 a) assumed the arcs to be perfect semi-circles
with their diameters running along the positive Z’ axis. The equivalent circuits have
been derived based on these assumptions. This response is rarely observed; in reality,
the arc is depressed clockwise below the Z’ axis by an angle termed the depression

angle, ¢ 4ep, as can be seen in Fig. 4.3-6.
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— Data
zZn - - - Depressed HFA
A
Ri+R;
> Z

Fig. 4.3-6: Graphical representation of the depression angle.

As can be seen in this figure, the value for R, is still measured along the Z’ axis (and

is therefore no longer equal to the diameter of the semi-circle represented by the
data).

The depression angle parameter, n, (a unit-less number physically meaningful
between zero and one) is defined in Eq. 4.3-13 (see Skalny and Mindness, 1995,

section authored by Gu et al. for the origins of this equation):

2 ]
n=1-24, (4.3-13)
T

Physically, the depression angle is related to the roughness and heterogeneity of the
interface within the sample (Sato, 2002). As the roughness within a sample increases,
the depression angle increases as well. As a sample becomes smoother, the depression
angle decreases. A depression angle parameter equal to one represents a perfectly
smooth sample (as the depression angle would be zero in this case, and the arc’s

diameter would lie on the Z’ axis).
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Several causes of the depressed semi-circle have been reported in the past. Gu et al. II
(1993) suggested that the depressed arc could be attributed to an uneven current
distribution at the interface. In another study, Gu et al. (1993) reported results that
related the depression angle to the pore size distribution of a sample. The testing
involved conducting AC impedance measurements on samples of cement paste and
porous glass. The results showed that the depression angle for cement paste (which
had a broad pore size distribution) had a large depression angle as compared with the
depression angle of the porous glass (which had a narrow pore size distribution).
They concluded that a broad pore size distribution results in a wide spread of
relaxation times (the length of time for the dipoles of ions inside the pores of the
sample to orientate to follow the A.C. signal) which corresponded to a large
depression angle, and therefore a small depression angle parameter, ‘n’. It follows
that a narrow pore size distribution would result in a reduced spread of relaxation
times. This would in turn result in a small depression angle, or a large value of the

depression angle parameter ‘n’.

Further to this, Gu et al. (1993) suggested that when the AC signal is applied to the
system, the dipoles of ions adsorb to the solid-liquid interface of the micropores. This
means that the solid-liquid interface, which until now was described as behaving as a
perfect capacitor (and was modeled as such in the equivalent circuit of Fig. 4.3-4 b))
actually has a resistance associated with it. In order to accurately model the solid-
liquid interface, a resistor is added in parallel to the capacitor of Fig. 4.3-4 b). This
new combination of the added resistor with the capacitor is displayed using a new
element termed a CPE (Constant Phase Element). The CPE is commonly represented

in electrical circuits with the following symbol:

NN
7/

An updated equivalent circuit that includes the CPE is shown in Fig. 4.3-7. The
impedance of the CPE is defined with the following equation:

P (4.3-14)
C(jw)"
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CPE

W el e

Fig. 4.3-7: The CPE within the model of the equivalent circuit.

The origin of Eq. 4.3-14 can be seen in Skalny and Mindness (1995), in the section
authored by Gu et al. It was the circuit in Fig. 4.3-7 that was used to fit all of the
output data from the AC impedance testing in the current work. Further details on the
parameters that were estimated by fitting the equivalent circuit to the data are

described in section 5.3.2.

4.4. Mercury Intrusion Porosimetry

The objective of the mercury intrusion porosimetry was to measure the pore size
distribution of six samples thét had each hydrated for 8 hours; so that their mean pore
sizes, 1,, could be calculated. Naturally, it would have been ideal to measure all 18
mixes using this technique; however for practical reasons it was not feasible to do so.
This data will be examined later in section 8.6, It is useful when used in conjunction
with AC impedance and porosity measurements. It should be noted that a second set
of porosity measurements (the first set were measured in conjunction with
compressive strength hydration times as was previously discussed) were made for
each mix at hydration times of 5, 8, 16, and 24 hours which will be further discussed

in section 5.4.
4.4.1 Background Information on Porosimetry Measurements

In general, the purposes of using mercury intrusion porosimetry can be to determine

the pore size distribution, apparent volume, or true volume of solid materials. This
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technique involves placing a small sample (typically of a mass between 0.5 gand 1 g)
into a glass penetrometer cell. The cell is a glass tube with an opening in which the
sample is placed. The sample is immersed in liquid mercury. The contents of the
penetrometer cell are then subjected to increasing pressure: first a low pressure
analysis (exerting pressures from zero to approximately 15 psi (103 kPa)) is done
followed by a high pressure analysis (15 psi to approximately 55,000 psi (103 MPa)).
The output data combines data from both to form a seamless set of data. Computer
software is used to collect data of the volume of mercury that penetrates into the
pores of the sample at a corresponding pressure. An output for OPC hydrated for 8

hours can be seen in Fig. 4.4-1.

70
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20 4

Intrusion volume (%)
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0 e i T i T

1000.000 100.000 . 10.000 1.000 0.100 0.010 0.001

Pore diameter (pm)

Fig. 4.4-1: A typical pore size distribution curve for (OPC hydrated for 8 hours)
measured using mercury intrusion porosimetry.
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The collected data is used to calculate a sample’s mean pore size diameter. The

following equation is used:

Z b
Z Pi

where: p;= intrusion volume (%) for a given pressure, 1

v, =

(4.4-1)

1= pore diameter, um, for a given pressure, i

It should be noted that there are some limitations when it comes to measurements
performed by a mercury intrusion porosimeter. Some of these limitations have been
published by Beaudoin (1979). It is possible that at high pressures that the intruded
mercury damages the pore walls which could lead to an inaccurate representation of
the distribution. In addition, it is possible that some pores could be too small for the
mercury to penetrate. In this study the water to solids ratio was 0.5 where the
limitations are minimal. Further details on the mercury intrusion porosimetry

apparatus used in this study are discussed in section 5.5.
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Chapter 5

Experimental: Apparatus, Sample Preparation, and Testing
Procedures

5.1 Calorimetry Measurements
5.1.1 The Calorimetry Apparatus

A Thermometric TAM Air Isothermal ¢ight-channel Calorimeter (which can be seen
in Fig. 5.1-1) was used to conduct the calorimetry experiments. The calorimeter
consists of slots, or channels, in which the samples were placed. At the base of the
channel there is a heat measuring device that measures the amount of heat the sample
emits over time. The data is collected using a program called PicolL.og Recorder in
mW and then is converted to calories of heat/gram of solids in the sample/hour
(cal/g/hr). It was later viewed by using a program called PicoLog Player (both
programs are by Pico Technology Limited) and then transferred to Excel for graphics

purposes.

Fig. 5.1-1: The thermometric TAM Air Isothermal Calorimeter.
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5.1.2 Sample Preparation and Testing

Samples containing 5 grams of material prepared at a water/solids ratio of 0.5 were
used. The appropriate solid amounts of each mix were measured and placed in 30 mL
plastic containers. Water was added using a pipette (a device used to draw precise
amounts of liquids, see Fig. 5.1-2a)). The contents were mixed for approximately 30
seconds or until the contents appeared thoroughly mixed. Plastic caps were then
tightened onto the containers (as can be seen in Fig. 5.1-2 b)). They were placed
immediately inside the channels of the calorimeter so as to capture as much data of
the heat of hydration as possible. Heat flow data was collected each minute for the

duration of the test. The test ran for a period of 24 hours as the important information

regarding cement hydration can be obtained within this time period.

a)

b)

Fig. 5.1-2: a) The pipette used to measure precise amounts of liquid, b) the sample

container with screw-on cap in which samples are placed.
5.2 Strength and Porosity Measurements

5.2.1 Sample Preparation for Strength Tests

ASTM C-305 was followed in the mixing process for production of the cement cubes.

The mixing bowl was placed in the Hobart mixer as seen in Fig. 5.2-1. First the water
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was weighed out on a balance and then it was added to the mixing bowl. The
appropriate amounts of solid materials (OPC, CKD, CC, MK) were added to the
water and the contents were mixed for one minute at a slow speed. The mixer’s speed
was then increased to a medium speed for 30 seconds. After this, the mixer was
stopped and left to stand for 1.5 minutes. During the first 15 seconds of this time
interval, any mortar that had accumulated on the sides of the bowl was scraped down
to the bottom of the bowl. Finally, mixing the contents for one minute at medium

speed completed the mixing process.

Fig. 5.2-1: The Hobart Mixer used in the mixing process.

ASTM C-109 was followed for the casting and strength measurements of the cement
cubes. Brass moulds (see Fig. 5.2-2) with three compartments were used to cast the
cement cubes. These moulds were wiped with a layer of Vaseline petroleum jelly so

that the cement cubes could later be easily de-moulded.
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Twelve cubes were cast (three vcube‘s for each testing day) for each cement mix to
allow for testing throughout the stages of the hydration process (1, 3, 7, and 28 days).
The casting process began with adding a one-inch thick layer of the cement mix to all
three compartments of the mould. The cement was then tamped (with a rubber
tamper) 32 times in each cube compartment in four rounds in ten seconds. The order
of the rounds can be seen in Fig. 5.2-3. In this figure, the rectangular shapes indicate
the orientation of the tamper as it hits the cement and the numbers indicate the
numerical order in which the cement was tamped. This process was repeated with

another one-inch thick layer of the mix.

After the tamping process was complete, the cement mixture was leveled using a
metal straight edge and any excess mortar was wiped clean from the mould. The
moulds were then placed in a humid room to cure. The humid room was kept at a
relative humidity of not less than 95% and a temperature of 23.5 +/- 1.7 degrees
Celsius (following ASTM C-511, 2003). After 24 hours the cubes were de-moulded,
and properly labeled according to its particular mix for easy identification. The cubes
were then placed back in the humid room to continue the curing process. On each
testing day, three cubes for each mix were removed and tested in compression as

described in the next section.

Fig 5.2-2: The brass cube mould in which the mixes were cast.
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Fig 5.2-3: The order of tamping for rounds 1 to 4.
5.2.2 Strength Test Procedures and the Testing Apparatus

A computer controlled Instron compression testing apparatus was used for the
compression testing of the cement cubes. The Instron testing apparatus can be seen in
Fig. 5.2-4 a). Testing of three cubes was conducted after they had cured for the
following hydration times (in days): 1, 3, 7, and 28. In order to test a cube, the cross
head of the Instron was raised and a cube was placed on the loading cell (as seen in
Fig. 5.2-4 b)). Before the testing began the surfaces of the cube in contact with the
cross head and loading cell were smoothed by rubbing it against these contact
surfaces. When conducting compression tests on cement cubes it is important not to
place the surface of the cube which was face-up in the mould (i.e. the face that is
exposed in the mould) in contact with either the cross head or loading cell. The reason
for this is due to the fact that it is the least smooth of all its surfaces. After placing the
cube on the loading cell, the cross head was lowered to a height that was just above
the cube. The load was zeroed to ensure that at time zero no force was exerted on the
cube. Then, the computer program, Partner Version 7.1e WC (materials testing
software made for Windows) was programmed to do the remainder of the testing. The
program was set-up to apply a force rate of 1.2 kN/second (a common force rate used
for cubes of this size) until the cube’s ultimate strength was reached. The program
output the compressive strength of each of the three cubes in MPa, which was then

averaged.
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After testing the three cubes to their ultimate strengths, a broken piece from one of
the cubes was saved and placed in a glass container filled with isopropanol. The
purpose of this was to stop the hydration of the cement piece so that it could be used
later in porosity testing. This way, correlations could be made between the
compressive strength of the cement and its porosity. The porosity testing procedure is

described in the next section.

Fig. 5.2-4: a) The Instron Testing Apparatus, b) a cement cube placed within the

cross head of the Instron testing apparatus.

5.2.3 Porosity Apparatus and Measurements (at 1, 3, 7, and 28 days)
The set-up for the porosity testing can be seen in Fig. 5.2-5. It consisted of a balance
placed on a metal stand. A container of isopropanol was placed directly below the

balance. A wire basket was hung from a hook on the base of the balance (which

allowed samples to be weighed below the balance).
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Each cement sample was submerged in a glass container filled with isopropanol for
five days. It was assumed that after this amount of time, all of the pores within the
sample were completely saturated with isopropanol. The sample was then taken from
the glass container and blotted with a paper towel soaked in isopropanol; this
technique is known as surface drying the sample and is used to absorb any excess
isopropanol on the surface of the sample. The sample was then placed on the digital
balance to measure its mass. This mass was termed the Wet Mass, m,,. The next step
was to weigh the saturated sample while it was submerged in isopropanol. In order to
weigh the sample while it was submerged, a wire basket was submerged in the
container of isopropanol and was hung from the bottom of the balance. The saturated
sample was placed inside the wire basket and its mass was measured. This mass was
termed the Submerged Mass, ms. The sample was then taken and placed in a vacuum
oven for two days until it was completely dry. Using a vacuum oven allowed the
sample to dry in an air-less atmosphere which prevented the sample from reacting
with air to form excess calcium carbonate (a process known as carbonation). Once the
sample was dry, its mass was then measured on the balance; this mass was termed the

Dry Mass, mg.

Digital Balance
Metal Stand ——»

Container Filled with

Isopropanol
Suspended Wire
Basket

Fig. 5.2-5: The set-up for the porosity testing.
In summary, three mass measurements were made: the Wet Mass, my, the Submerged

Mass, mg, and the Dry Mass, my. According to mathematician Archimedes, when an

item is submerged, the mass of the displaced fluid, mgis, is directly proportional to its
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volume. From this knowledge, the following set of calculations can be made to

determine the sample’s porosity:
The mass of the displaced fluid can be calculated by:
n’ldisp =m, —Mmy (52-1)

The volume of the displaced fluid, Vgisp, can then be calculated by:

v o M (5.2-2)

where: pgisp= the density of the displaced fluid in g/cm3
And the volume of the displaced fluid is equal to the total volume of the sample:
=V, (5.2-3)

In order to calculate the volume of the pores, the mass of fluid in the pores, m,,, must

first be calculated:
m, =m, —m, (5.2-4)

Then the volume of the pores is simply:

V, =— (5.2-5)

p disp

And so the porosity of the sample can then be calculated by dividing Eq. 5.2-5 by Eq.
5.2-3 (as was shown in Eq. 4.2-2.)
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Recall Eq. 4.2-2: v
p
= 4.2-2
? Vi ( )
where: ¢= porosity
V,= volume of the pores in the sample, m’

V= total volume of the sample, m>
5.3 AC Impedance Measurements

5.3.1 The AC Impedance Testing Apparatus

A Solartron 1260 Impedance/Gain Analyzer machine (as seen in Fig. 5.3-1) was used
for the AC impedance testing. This machine was connected to a computer-based data
acquisition system. The data from the testing was collected using the ZPlot software
package and viewed using the ZView package (both software packages were products
of Scribner Associates, Inc. and were developed specifically for AC impedance

measurements).

Fig. 5.3-1: The Solartron 1260 Impedance/Gain Analyzer.

An in-circuit test module (which is a device used to output the current provided by
the machine) was connected to the Solartron 1260 and then to the sample being tested
by the means of two clips. These clips were attached to the electrodes that were cast

into the sample mould during the process of mixing and casting the cement sample. It
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can be noted that the process of sample preparation is discussed in detail in the next
section. Two grounding clips were attached to the module (by the means of wires).
When the testing began, the two clips were attached together. This provided a shield
against external electromagnetic noise. The module, samples clips and grounding

clips can be seen in Fig. 5.3-2.

The ZPlot software controls the different types of variables such as the output
frequency, the current amplitude, and the voltage amplitude. The Solartron 1260 can
be set to output either a Voltagev and measure the current to calculate the impedance;
or it can be set to output the current and measure the voltage to calculate the
impedance. In all testing that was performed, the machine was set to apply a voltage.
Running the ZPlot software causes the Solartron 1260 to create a potential difference
between the clips attached to the sample’s electrodes; this induces a current between

the two clips, which runs through the sample.

Module

Sample Clips

Grounding Clips

Fig. 5.3-2: The module, samples clips and grounding clips.
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5.3.2 AC Impedance Sample Preparation and Sample Testing

The samples for AC impedance testing were cast in plastic cylinders 10 cm long with
an inner diameter of 0.96 ¢cm and an outer diameter of 1.30 cm. This meant that the
cross sectional area of each sample was 0.72 cm?. The plastic cylinder was slit at each
end in order to facilitate the installation of the electrodes. Each electrode was made
by soldering a small stainless steel circular plate (which measured 0.74 cm in
diameter) to an electrical wire. After the soldering process, the electrodes were
soaked in acetone to remove any grease or dirt that may have accumulated on the
electrode as a result of the soldering process. The cement mix was prepared by
measuring the appropriate amount of solid materials; and water was added using a
pipette at a water/solids ratio of 0.5. The contents were then hand mixed and poured
into the plastic cylinder. The mix was cast in three steps and vibrated after each one
in order to ensure the removal of any air bubbles. The cylinder was capped with
stainless steel plates (measuring 1.15 ¢cm in diameter). The ends of the cylinder were
then wrapped in parafilm wax and secured in place with tape. An image of a cement
mix cast in a plastic cylinder with electrodes protruding can be seen in Fig. 5.3-3.
Next, the sample was wrapped in a wet kimwipe and placed in a plastic container.
This ensured that the sample did not dry out during the testing period. The ends of the
electrodes were pushed through two small holes in the plastic container to connect

with the clips connected to the Solartron 1260 testing device.

Fig. 5.3-3: A cement sample cast in a plastic cylinder with electrodes protruding.
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The first test was conducted immediately after connecting the clips to the electrodes
(this first test was considered ‘time zero’). The test was set-up to sweep through the
frequencies of 1 MHz to 0.1 Hz. The output current started at the highest frequency
and decreased to the final lowest output frequency. The software was set-up to
perform a test (and sweep through the frequencies) once every hour after time zero
for 24 hours. It should be noted that the sample remained cast in the plastic cylinder

throughout the testing.

After testing a cement sample, AC impedance data was output and viewed using the
ZView software. This software was then used to fit the data from the HFA using the
equivalent electric circuit that was shown in Fig 4.3-6. After the fitting process, the
ZView software output estimated values for parameters Ry, Ry, C4 and n. The results

will be discussed in Chapter 8.

5.4 Porosity Measurements at early ages (5, 8, 16, 24 hours)
(Note: The collected data is used in conjunction with AC Impedance

measurements)

5.4.1 Porosity Sample Preparation
(Note: The Apparatus and Testing Procedures were explained in the Strength

and Porosity Measurements section 5.2.3 on page 67.)

Samples for porosity measurements were made to correlate with AC impedance
testing. These samples were hand mixed in a plastic container then covered with a
plastic cap until the desired hydration time. Samples were hydrated for periods of 5,
8, 16, and 24 hours. At the specified hydration time, the sample was taken from the
plastic container and placed in a glass container filled with isopropanol to stop the
sample’s hydration process. The sample was stored in the isopropanol until its
porosity could be tested. The procedure used in the porosity measurements was the
same as was conducted for the compression testing samples. It should be noted that

the data from these porosity measurements were plotted and fit with a trendline in
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order to obtain estimated values for all other hydration times (i.e. 0-4 hours, 6-7

hours, 9-15 hours, and 17-23 hours): this will be discussed in Chapter 8.

5.5 Mercury Intrusion Porosimetry
(Note: The collected data is used in conjunction with AC Impedance

measurements. )

5.5.1 Mercury Intrusion Porosimetry Apparatus and Sample
Measurements \

(Note: There is no sample preparation for the porosimetry measurements
because a piece of sample was simply taken from the porosity samples and

measured using the technique.)

The objective of the testing, as was described in section 4.4, was to obtain the pore
size distribution of six mixes in order determine their mean pore sizes (the selection
of samples and the rationale for the selection will be discussed in Chapter 8). A
Quantachrome PoreMaster GT mercury intrusion porosimeter was used in the

porosimetry measurements. This instrument can be seen in Fig. 5.5-1.

The specimen consisted of a piece of sample that was hydrated for 8 hours, and
originally used in the porosity measurements (in section 5.4.). A sample whose mass
was between 0.5 g and 0.7 g was placed inside the penetrometer cell and inserted into
the machine. The sample was then immersed in liquid mercury. Pressures from zero
to approximately 55,000 psi were applied on the contents of the penetrometer cell.
This caused the liquid mercury to intrude into the sample’s pores. Data for the
sample’s pore size distribution was recorded using PoreMaster for Windows 5.10
computer software. Plots for the pore size distributions for the six samples can be
seen in Fig. 8.7.1.1-1 of the Appendix. The values determined for each sample’s

mean pore size are presented and discussed in section 8.6.
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Chapter 6

Results and Discussion: Calorimetry Measurements

6.1 Introduction

Calorimetry measurements were obtained for all 18 mixes. The calorimetry results are
explained in four sections: first the results from the Alpena CKD mixes, followed by
those of the Bath CKD mixes, and then those of the Ashgrove CKD, and Ashgrove
CKD with MK mixes. Interpretation of the calorimetry curves involves observing the
time (t,) when the peak value of the heat of hydration occurs. As this peak shifts to
lower times, it is interpreted to mean that hydration and setting of the sample have
accelerated. Peak shifts to higher times, is interpreted to mean that the hydration and

setting of the sample have been retarded.

The results from the calorimetry measurements of the control mixes and mixes
containing Alpena CKD, Bath CKD, Ashgrove CKD, and Ashgrove CKD with MK
are shown in Figs. 6.2-1, 6.3-1, 6.4-1, and 6.5-1, respectively. The values for the t, for
each mix are shown in Tables 6.2-1, 6.3-1, 6.4-1, and 6.5-1. The results are discussed

in the sections that follow.
6.2 Alpena CKD

The additions of 0.1 and 0.2 CC (as can‘be see in Fig. 6.2-1) both decreased the time

to reach the peak, t,, for the OPC mix. The t, decreased from 8.5 hours to 5.7 hours
with the addition of CC. It decreased further to 4.8 hours with the addition of 0.2 CC.
This improvement is in agreement with the XRD results (Chapter 3, section 3.3) and
with past research (Sato and Beaudoin, 2006, 2007). The substitution of 30% Alpena
CKD slightly retarded the hydration of this mix as compared with the OPC mix
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(which was in disagreement with the XRD results presented in Chapter 3 which
suggested Alpena may accelerate the hydration of OPC). Alpena CKD is high in
sulfate. Therefore this effect is in agreement with results obtained by Heikal et al.
(2002). The addition of 0.1 CC to this mix decreased t, from 8.9 hours to 5.5 hours.
The value of t, decreased even further with the addition of 0.2 CC to 4.7 hours. This
shows that adding CC to the OPC+Alpena CKD mix increased the rate of its reaction.
The addition of the CC appears to have a positive effect in accelerating the hydration

of all these mixes.

Heat (cal/g/hr)

0 i T T T T T ‘ T T T T
0 2 4 6 8 10 12 14 16 18 20

Time (hrs)

12005 St-L. OPC

e 1 2005 St-L OPC, 0.1 CC

mmmenans . 2006 St-L OPC, 0.2 CC

e (), 7 2006 St-L OPC, 0.3 Alpena
e (), 7 2005 St-L OPC, 0.3 Alpena, 0.1 CC

memmms (0.7 2005 St-L OPC, 0.3 Alpena, 0.2 CC
Fig. 6.2-1: Calorimetry results for control mixes with mixes with Alpena CKD.
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Table 6.2-1: Values for t, for control and Alpena CKD mixes.

Mix tp

(hrs)
OPC 8.5
1 OPC, 0.1 CaCO3 5.7
1 QOPC, 0.2 CaCO3 4.8
0.7 OPC, 0.3 Alpena CKD 8.9
0.7 OPC, 0.3 Alpena CKD, 0.1 CC 5.5
0.7 OPC, 0.3 Alpena CKD, 0.2 CC 4.7

6.3 Bath CKD

The substitution of 30% Bath CKD in the OPC mix (as can be see in Fig. 6.3-1)
actually showed an improvement in the value of t, (it went from 8.5 hours to 6.3
hours as seen in Table 6.2-1). This is likely due to the fact that the Bath CKD has a
high chloride content which is in agreement with results obtained by Bhatty (1984).
The 0.1 and 0.2 additions of CC resulted in further decreases in the t, times down to
4.9 hours and 4.3 hours, respectively. Once again, the CC additions have accelerated

the hydration of the mixes containing CKD and OPC.
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Fig. 6.3-1: Calorimetry results for control mixes with Bath CKD.

Table 6.3-1: Values for t, for control and Bath CKD mixes

Mix tp
(hrs)
OPC 8.5
1 OPC, 0.1 CaCO3 5.7
1 OPC, 0.2 CaCO3 4.8
0.7 OPC, 0.3 Bath CKD 6.3
0.7 OPC, 0.3 Bath CKD, 0.1 CC 4.9
0.7 OPC, 0.3 Bath CKD, 0.2 CC 4.3
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6.4 Ashgrove CKD

Ashgrove CKD is high in alkali and amorphous compounds therefore it was
considered likely to be a very reactive CKD. As can be seen in Fig. 6.4-1, the
substitution of Ashgrove CKD to the OPC mix reduced the t, from 8.5 hours to 7.3
hours (see Table 6.2-1). Its hydration was accelerated less than was seen when
Alpena or Bath CKDs were substituted for OPC. This was also indicated by the XRD
results. As was the case with both the Alpena and Bath CKDs, the 0.1 and 0.2
additions of CC to the OPC+CKD mix aidéd in reducing t, times from 7.3 hours to
5.4 hours and 4.8 hours, respectively. This is also in agreement with the XRD results.
Once again, the addition of the CC to the CKD+OPC mix has shown to further

accelerate the hydration process.

5 +w

45 {8}
4 i

3.5 ]

Heat (cal/g/hr)
N
[4)]

hY
1.5 \\\
S .
1 i \\
0.5 ‘}
0 T T
0 5 10 15 20
Time (hrs)
1 oo ~2008 St-L OPC
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4 0.7 2008 St-L OPC, 0.3 Ashgrove CKD, 0.2 CC

Fig. 6.4-1: Calorimetry results for mixes with Ashgrove CKD.
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Table 6.4-1: Values for t, Ashgrove CKD mixes

Mix tp
(hrs)
OPC 8.5
0.7 OPC, 0.3 Ashgrove CKD 7.3
0.7 OPC, 0.3 Ashgrove CKD, 0.1 CC 5.4
0.7 OPC, 0.3 Ashgrove CKD, 0.2 CC 4.8

6.5 Ashgrove CKD with MK

The hydration time for the mix with a 30% replacement of OPC with MK showed it
accelerated hydration of OPC from 8.5 hours to 5.6 hours. This acceleration is in
agreement with research conducted by Justice and Kurtis (2007). The addition of 0.1
CC to this mix reduced its t, time even further to 4.6 hours, effectively halving the
hydration time of the original OPC mix. This shows that MK and CC may both be
contributing to the acceleration process. This may be a result of adding a large

amount of nucleation sites where reactions are able to take place.

It was expected that the substitution of the Ashgrove CKD with MK would aid in
further accelerating its hydration due to its fine particle size. However, the
replacement of 15% Ashgrove CKD with MK increased the t, time from 7.3 hours
(see previous Table 6.4-1) to 8.1 hours (see Table 6.5-1). However, it is important to
note that hydration was still accelerated when compared with the control OPC mix.
The addition of 0.1 and 0.2 CC to this mix aided in greatly reducing the t, time: from
8.1 hours to 5.3 and 4.4 hours respectively for each CC addition. The results showed
that for OPC+Ashgrove CKD+CC mix when the CKD is substituted with MK aids in
further reducing the t, time. The mix containing 0.3 Ashgrove CKD and 0.1 CC
(without MK) had a t, value of 5.4 hours (Table 6.4-1) and when MK was added to
this mix a t, time of 5.3 hours was observed. Also, the addition of 0.2 CC to this mix
reduced the t, time further to 4.6 hours. This indicated that it is the combination of
both the MK and CC together that aided in accelerating the hydration of the
OPC+Ashgrove CKD mix. This was also in agreement with the XRD results.
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Fig. 6.5-1: Calorimetry results for mixes with Ashgrove CKD and MK.

Table 6.5-1: Values for t, Ashgrove CKD with MK mixes

Mix tp
(hrs)
OPC 8.5
0.7 OPC, 0.15 Ashgrove CKD, 0.15 MK ‘ 8.1
0.7 OPC, 0.15 Ashgrove CKD, 0.15 MK, 0.1 CC 5.3
0.7 OPC, 0.15 Ashgrove CKD, 0.15 MK, 0.2 CC 4.4
0.7 OPC, 0.3 MK 5.6
0.7 OPC, 0.3 MK, 0.1 CC 4.6
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6.6 Summary of Calorimetry Results

The promising results of the calorimetry measurements showed that early-age
hydration was accelerated with the addition of CC to OPC+CKD mixes. This was in
agreement with past research that suggested that the CC accelerated the hydration of
cement systems. It was the combination of having both MK and CC present in the
Ashgrove CKD mixes that greatly aided in accelerating the hydration process. It is
possible that having both of these fine materials, with large surface areas, present
added a great number of nucleation sites where reactions are able to occur. This may

account for the accelerating effect.
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Chapter 7

Results and Discussion: Strength and Porosity Measurements

7.1 Introduction

The strength results will be discussed first as a function of time and second as a
function of porosity. The data for both the collected compressive strength and
porosity measurements are presented in Table 7.2-1 and 7.2-2 of the Appendix. The
results for the compressive strength of the mixes versus time are plotted in Fig.7.2-1
and Fig. 7.2-2. Trendlines were used to fit the compressive strength versus porosity
data plotted as a semi-log function. The fit equation along with its corresponding
regression value, R%, can be seen in the Appendix in Table 7.2-3 (it should be noted
that some outliers were omitted from the fitting of the data). Fig. 7.3-1, Fig. 7.3-2,
Fig. 7.3-2, and Fig. 7.3-4 display the results for the compressive strength versus

porosity results.
7.2 Strength vs. Time

7.2.1 Results for Controls, Alpena CKD, and Bath CKD Mixes
The addition of 0.1 CC to the OPC mix resulted in compressive strengths similar to
those of the OPC. The addition of 0.2 CC appears to have lowered its strengths. This
is not what was expected to occur according to indications by Sato and Beaudoin
(2006, 2007).
The substitution of Bath and Alpena CKDs for OPC resulted in lower compressive

strengths at all ages. The larger amount of chloride present in the Bath CKD may be

one of the reasons its strength was substantially reduced. Past research indicated that
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CKDs high in chloride resulted in a sort of crystallization of the hydration products;
which leads to an opening of the pore system, causing a reduction of strength (Shoaib
et al., 2000). Re-call that Alpena CKD was high in sulfate. There were conflicting
reports as to whether a CKD high in sulfate was beneficial or detrimental to OPC
strength. Siddique (2006) reported a decrease in strength, while Bhatty (1985)
reported an increase. In the current work, the trend seemed to follow the conclusions
of Siddique (2006). Sulpho-aluminates (which are known to be responsible for
reductions in strength (Siddique, 2006)), due to the presence of the high sulfate

content may have reduced the strength of the Alpena mix.
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Fig. 7.2-1: Compressive strength results for control, Alpena, and Bath mixes.
The addition of 0.1 CC to the Bath CKD showed compressive strengths that were

relatively close to those without any CC. It appears that the detrimental effects due to

the high chloride content of this CKD could not be countered by the addition of CC.
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The addition of 0.1 CC and 0.2 CC improved the overall strength of the Alpena CKD
mix at 28 days. The mix containing no CKD had a 28-day compressive strength of
31.2 MPa, while the OPC+CKD mixes with 0.1 and 0.2 CC additions had 28-day
strengths of 33.0 MPa and 34.5 MPa, respectively. This shows that the CC addition to
the Alpena CKD aided in its overall strength development at later ages.

7.2.2 Strength vs. Time: Results for Ashgrove CKD with MK

The addition of Ashgrove CKD in the OPC resulted in a decrease in its strength as
can be seen in Fig. 7.2-2. This may be due to the large presence of alkalis in this
CKD. Shoaib et al. (2000) reported that the presence of alkalis in the cement causes
the microstructure of the C-S-H phases to become more heterogeneous and lower the
compressive strength. It should be noted, however, that the strength of the OPC
decreased much less with the substitution of Ashgrove CKD than with the Bath or
Alpena CKDs. The reason is likely due to the composition of the Ashgrove CKD.
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Fig. 7.2-2: Compressive strength results vs. time for Ashgrove CKD and MK.
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The Ashgrove CKD mixes with MK and CC faired extremely well. The addition of
CC alone to the Ashgrove CKD mix did not aid in its strength development.
However, the substitution of Ashgrove CKD with MK showed higher strengths than
the OPC mix at 7 days (37.3 MPa vs. 30.2 MPa) and 28 days (52.9 MPa vs. 50.7
MPa). Although the addition of 0.1 CC to that mix lowered its strength values
somewhat, they were still an improvement over the OPC mix with higher
compressive strengths at 7 days (34.0 MPa) and 28 days (51.3 MPa). The OPC with a
30% substitution of MK proved to be stronger than the OPC mix at 7 days (40.5
MPa) and at 28 days (52.2 MPa). A 0.1 CC addition to this mix resulted in the highest
compressive strength of all the mixes at 28 days, i.e. 54.3 MPa.

It is clear that the substitution of CKD with MK was advantageous. The combination
of MK and CC could also be advantageous when it comes to strength development of
OPC, and OPC with CKD mixes. The fine particle sizes of these additives may have
increased the available nucleation sites for reactions to take place. Further, as was
suggested previously by Guneyisi et al. (2008), the small particles of MK might have
filled the void spaces of the hydrated cement causing the microstructure of the matrix
to become denser leading to enhanced strength. Likewise, Ramachandran and Chun-
mei (1986) suggested that the pores could be filled with fine-sized high surface area
particles of CC thus aiding in strength development.

7.3 Strength vs. Porosity

Conventionally, strength versus porosity plots are plotted with the log-scale of the
compressive strength on the y-axis and increasing porosity values are plotted along
the x-axis. Plotting strength versus porosity provides a way of looking at the data
without time being a factor. Removing the time variable allows other trends to be
observed such as the relative strengths at a given porosity and what that might mean

with regard to the intrinsic strength of the solid matter.
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7.3.1 Results for Controls, Alpena CKD, and Bath CKD Mixes

Trendline curves for the compressive strength versus porosity for the Alpena CKD,
and Bath CKD mixes (along with the control mixes) can be seen in Fig. 7.3-1 and
Fig. 7.3-2, respectively. In general, at lower porosity values, the strength values
appear to be converging. This may indicate that the intrinsic characteristics of the
solids in the mixes may be somewhat similar as hydration progresses. It also implies
that at later ages (i.e. at decreased porosity) systems containing Alpena and Bath
CKDs may have strengths approaching those of OPC. In order to investigate this

further, a “zero porosity” strength value was calculated by setting the porosity of the

trendline equations equal to zero.

100
©
o
£
s
o
c
£
7]
6
10 T T T Y T T
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Porosity
1 1 0PC 4 wsemess | OPC, 0.1 CC
D w1 OPC 0.2 CC 5 w0 7 OPC, 0.3 Alpena

3 wesmmmen() 7 OPC, 0.3 Alpena, 0.1 CaCO3 G =m0 7 OPC, 0.3 Alpena, 0.2 CaCO3

Fig 7.3-1: Compressive Strength vs. Porosity for Alpena CKD mixes.
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Fig 7.3-2: Compressive Strength vs. Porosity for Bath CKD mixes.

The zero porosity values for the OPC, OPC+Bath CKD, and OPC+Alpena CKD were
776 MPa, 802 MPa, and 450 MPa, respectively, as can be seen in Table 7.3-3. The
range of values shows that the strength values for the OPC+CKD mixes may be
indeed approaching that of the OPC: perhaps more so for the Bath CKD mix.

The addition of CC to each of the OPC+CKD mixes caused zero porosity strength
values to increase. For the OPC+Alpena CKD mix, the addition of 0.1 CC nearly
doubled the strength value to 752 MPa; while the addition of 0.2 CC produced a
strength value of 3027 MPa. It is known that as porosity decreases, better bonding
develops between high density, well crystallized and poorly crystallized materials:
consequently resulting in higher strength values (Beaudoin and Feldman, 1975). It
was proposed that optimum blends of poorly crystalline and crystalline material can
yield maximum strength values. CKDs are known to be less crystalline materials as
compared to OPC. This may be the reason such high values were seen when 0.2 CC

was added to the OPC+Alpena CKD mix.
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In the case of the Bath CKD mixes, the 0.1 concentration of CC showed a much
improved strength value (2666 MPa) over the 0.2 CC concentration (849 MPa). It
could be that for this particular CKD the 0.1 CC addition provided the optimum
mixture of well crystallized materials and poorly crystallized materials. This may
mean that, on its own, the Bath CKD perhaps needed only a small concentration of

additional crystallized materials to improve its intrinsic strength.

Table 7.3-3: Zero porosity strength values for controls, Alpena CKD and Bath CKD

mixes.

Mix Zero Porosity
Strength (MPa)

QOPC 2005 776

OPC, 0.1 CC : 89

OPC, 0.2CC 113

0.7 OPC, 0.3 Alpena 450

0.7 OPC, 0.3 Alpena, 0.1 CC 752

0.7 OPC, 0.3 Alpena, 0.2 CC 3027

0.7 OPC, 0.3 Bath 802

0.7 OPC, 0.3 Bath, 0.1 CC 2666

0.7 OPC, 0.3 Bath, 0.2 CC 849

7.3.2 Strength vs. Porosity for Ashgrove CKD, and Ashgrove CKD with
MK mixes

The strength versus porosity curves for Ashgrove CKD, and Ashgrove CKD with MK
mixes are presented in Fig. 7.3-3 and Fig. 7.3-4, respectively. Visually, these plots are
much different from those seen for the Alpena and Bath CKD results. They show a
much broader range of porosity for the measured strengths. The curves, as can be
seen in Fig. 7.3-3, are generally parallel and not converging as observed for the
Alpena CKD and Bath CKD results. ‘The strength values, at a given porosity, for
example at 0.25, in decreasing order are as follows (without the mix with 0.2 CC

which does not seem to follow the general trend): OPC> OPC+Ashgrove CKD
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>0OPC+Ashgrove CKD+CC. This indicates that the OPC may have a denser matrix
that perhaps becomes less dense with the addition of the Ashgrove CKD.
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Fig 7.3-3: Compressive Strength vs. Porosity for Ashgrove CKD mixes.

In order to further verify this, the zero porosity strength values were calculated and
can be seen in Table 7.3-4. The addition of Ashgrove CKD to the OPC resulted in a
decrease of the zero porosity strength value (from 86 MPa to 67 MPa). The reason for
this may be due to the fact that Ashgrove CKD is known to be highly amorphous. The
addition of 0.1 CC and 0.2 CC increased the zero porosity strength value dramatically
to 130 MPa and 2312 MPa, respectively. Once again, the addition of the structured
CC particles to the amorphous Ashgrove CKD demonstrated that better bonding is
likely to occur at lower porosities. This was shown previously by Beaudoin and
Feldman (1975).
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Table 7.3-4: Zero porosity strength values for Ashgrove CKD mixes.

Mix Zero Porosity
Strength (MPa)

OPC 2008 St-L 86

0.7 OPC, 0.3 Ashgrove 67

0.7 OPC, 0.3 Ashgrove, 0.1 CC 130

0.7 OPC, 0.3 Ashgrove, 0.2 CC 2312

As for mixes containing Ashgrove CKD and MK lines 1, 2, 3, and 6 seem to be
converging (see Fig. 7.3-4) as porosity values decrease. At a particular porosity, for
example 0.2, their projected strengths would all be within close proximity of one
another. Four of the highest overall compressive strength values of the Ashgrove
CKD and Ashgrove CKD with MK mixes were obtained with those mixes. Both of
these facts point to the idea that these mixes, on a microscopic scale may have
behaved in a similar manner. Their zero porosity strength values are as follows: 86
MPa, 105 MPa, 89 MPa, 192 MPa, respectively, as can be seen in Table 7.3-5. These

values, being relative close proximity of one another, further suggest that their

microstructures may be similar.
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Fig 7.3-4: Compressive Strength vs. Porosity for Ashgrove CKD with MK mixes.
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Table 7.3-5: Zero porosity strength values for Ashgrove CKD with MK mixes.

Mix Zero Porosity
Strength (MPa)

OPC 2008 St-L 86

0.7 OPC, 0.3 Ashgrove 67

0.7 OPC, 0.3 Ashgrove, 0.1 CC 130

0.7 OPC, 0.3 Ashgrove, 0.2 CC 2312

0.7 OPC, 0.15 Ashgrove, 0.15 MK 105

0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1 CC -89

0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.2 CC 55

0.7 OPC, 0.3 MK 440

0.7 OPC, 0.3 MK, 0.1 CC 192

7.4 Summary of Strength and Porosity Results

The replacement of OPC with Ashgrove CKD resulted in the highest compressive
strength values as compared to those obtained when Alpena and Bath CKDs replaced
the OPC. This could be due its high alkali content and the fact that Ashgrove CKD is
highly amorphous. It is possible that these two factors led to it being a more reactive
CKD. The addition of CC alone to the CKD mixes improved the 28-day compressive
strength of the Alpena mix. Further improvement was realized with increasing
amounts of added CC. This result was expected for mixes with Bath and Ashgrove
CKDs; however it was not the case. The high chloride content of the Bath CKD may
have been far too detrimental for the CC to compensate in its strength development.
As for the OPC+Ashgrove CKD mixes, the strength was generally on par with the
OPC throughout the hydration period. The added CC resulted in lower compressive
strengths. They, however, followed the values of the mix without added CC very
closely throughout the hydration process.

The substitution of Ashgrove CKD with MK showed a great improvement in
compressive strengths over the Ashgrove CKD alone. The results showed that the
combination of MK and CC was more advantageous than with CC alone, when it

came to strength development of OPC and OPC with Ashgrove CKD mixes.
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The strength versus porosity curves showéd that mixes containing Alpena and Bath
CKDs generally followed a trend of converging toward similar compressive strength
values as porosities decreased. This was further demonstrated by calculating zero
porosity strength values. The Ashgrove CKD mixes showed that CKD and CC
addition lowered strength values at a given porosity. However, zero porosity strength
values showed that the intrinsic strengths of the OPC+Ashgrove CKD+CC might be
higher than without added CC. It was suggested that the addition of the structured CC
particles to the amorphous, poorly crystalline, Ashgrove CKD provides better
bonding at lower porosities. This principle was suggested in another study (Beaudoin
and Feldman, 1975). Curves for strength versus porosity for the added MK and CC to

mixes with Ashgrove CKD revealed relatively higher strengths at lower porosities.
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Chapter 8

Results and Discussion: AC Impedance Measurements

(with corresponding Porosity and Mercury
Intrusion Porosimetry Measurements)

8.1 Introduction

This chapter discusses the results from the following experiments: AC impedance
measurements, with corresponding porosity and mercury intrusion porosimetry
measurements. First the collected data for the porosity measurements will be shown
and then the results from the AC impedance testing will be discussed along with the
porosity and mercury porosimetry measurements. The porosity measurements that
correspond with the AC impedance testing were measured at 5, 8, 16, and 24 hours.
These measurements can be seen in Table 8.1-1 of the Appendix. Trendlines using
Excel software were used to fit the data to an appropriate mathematical equation that
could be used to appropriately describe the results. This equation was then used to
produce a set of data that allowed the porosity values at all other times (i.e. porosity
values that occurred at times between those that were physically measured in the lab)
to be approximated and used in plots with the AC impedance data. The fit equation,
regression values, R?, and fit data can be seen in Tables 8.1-2 a) to ) of the Appendix

while plots of the data are presented in section 8.2.

For the AC impedance results, presented in section 8.3, an idealized set of the output
data from the actual testing will be displayed and discussed. The equivalent circuit
from Fig. 4.3-7 was used to estimate values for ‘n’, R;, and R;, based on the
reasoning provided in section 4.3.6. It was observed that the equivalent circuit fit
appropriately fit the raw data. Plots involving the parameters ‘n’, Ry, and R, will be
discussed in the sections thereafter. Tables 8.3-1 a) to r) show all the compiled data

for values of ‘n’, Ry, and R, and the error values as calculated by the software, can be
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seen in the Appendix. Data for the mean pore size diameters, r,, for the six samples
that were tested using mercury intrusion porosimetry are presented in section 8.6.1.

This data is used for correlation plots in conjunction with R, and porosity values.

8.2 Porosity values at 5, 8, 16 and 24 hours

The results from the porosity measurements performed at 5, 8, 16, and 24 hours are
presented in Fig. 8.2-1, Fig 8.2-2, Fig. 8.2-3, and Fig. 8.2-4 for Alpena, Bath, and
Ashgrove CKDs, and Ashgrove CKD with MK mixes, respectively. The main
purpose of plotting porosity versus time is to ensure that porosity decreases with time:
which, as can be seen in all figures, was generally the case. An appropriate trendline
was used in fitting the curve so that it can be used in conjunction with the AC
impedance data. The trendline fit equation, the regression value, R?, along with the fit

data can be seen in Table 8.2-1 of the Appendix.
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Fig. 8.2-1: Porosity vs. time for the control and Alpena CKD mixes.
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Fig. 8.2-4: Porosity vs. time for the Ashgrove CKD with MK mixes.

8.3 AC Impedance Output Data

Measurements were taken for each cement sample: once at time zero, immediately
after the sample was mixed, and then once every hour for the next 24 hours. This
meant that 25 AC impedance curves were produced for every mix (there were a total

of 18 mixes, meaning 450 curves were produced).

The original results from the AC impedance measurements of each mix displayed a
set of arcs of which the high frequency arcs (HFAs) grew with time. For simplicity, a
representational set of output curves are presented in Fig. 8.3-1. In this figure the
curve t; represents data at an arbitrary time during the hydration process. Each curve
thereafter occurred an hour after the one preceding it. The place the arc first cut the Z’
axis, (Ry), the width of the arc (R»), and the angle with which the arc was depressed

below the Z’ axis all varied from mix to mix.
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Fig 8.3-1: A set of representational AC impedance output data curves.

To re-iterate, the size of the HFA grew overtime. This result is in agreement with
research conducted by McCarter and Brousseau (1990) who found that the HFA of an
OPC paste grew as the sample hydrated. The time at which the first arc appeared
varied from mix to mix. This is in agreement with past research (Xu et al., 1993). For
this reason, the output AC impedance data was carefully examined for each mix to
determine the time where the arc was ﬁrst‘ visible. Then the equivalent circuit and
ZView software were used to fit the data in order to estimate values for R;, Ry, and
‘n’. Data for the fitted values of Ry, R2, .“n’, can be seen in Table 8.3-1 a) to r) of the
Appendix. It should be noted that the values for C4, which represents the capacitance
due to the solid-liquid interface, although were estimated in conjunction with

parameters Rj, R;, and ‘n’, were not used or analyzed for this research.

8.4 The Depression Angle Parameter |

As was mentioned in Chapter 4, section 4.3.7, research conducted by Gu et al. (1993)
is instructive on how to interpret the depression angle parameter versus porosity
curves. They reported that a broad pore size distribution results in a wide spread of

relaxation times (the length of time for the dipoles of ions inside the pores of the
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sample to orientate in order to follow the A.C. signal) which corresponds to a large
depression angle, and therefore a small depression angle parameter, ‘n’. It follows
that a narrow pore size distribution would result in a reduced spread of relaxation
times. This would in turn result in a small depression angle, or a large value of the
depression angle parameter ‘n’. A plot of the results for the depression angle

parameter versus porosity can be see in Fig, 8.4-1.
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Fig. 8.4-1: The depression angle parameter vs. porosity for the various cement

systems investigated.

The values of ‘n’ increased as porosity increases, as can be see in Fig. 8.4-1. From

this it can be concluded that the depression angle decreases as porosity increases. This
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suggests that the pore size distribution narrows as the population of large pores
increases (with the increase in porosity). Generally, the occurrence of a narrow pore
size distribution can occur in different size ranges for different paste systems and
hydration times. Therefore, the interpretation of the data relies on previously

documented pore structure investigations.

8.4.1 2005 OPC vs. 2008 OPC

The ‘n’ values for 2005 OPC and 2008 OPC are relatively close, with those of the
2005 OPC being only slightly higher, as can be seen in Fig. 8.4-1. This indicated that
they behaved in a similar manner and is in agreement with the conclusion from the
oxide analysis (discussed in Chapter 3) that there is no discernable difference in the
cement compositions. This meant that relative comparisons between the samples,

whether made with 2005 or 2008 OPC were possible.
8.4.2 Substitution of OPC with CKD

In general, the OPC mixes containing CKD (without other additives) had lower
values of ‘n’ than the other mixes. This is observed by locating the following samples
in Fig. 8.4-1: 0.7 OPC+0.3 Alpena, 0.7 OPC+0.3 Bath, and 0.7 OPC + 0.3 Ashgrove.
This indicated that these mixes had a broader pore size distribution. The order of this

trend for the mixes with OPC and CKD is the following: Ashgrove>Bath>Alpena.

8.4.3 Addition of CC to OPC or OPC with CKD

Adding CC to the mixes increased the value of ‘n’ (therefore decreased the value of
the depression angle) when added to mixes containing simply OPC or mixes made up
of OPC and CKD. Adding 0.2 CC to a mix containing simply OPC (see the position
of curves for samples 2005 OPC and OPC+ 0.2 CC in Fig. 8.1-1) resulted in an
increase in the value of ‘n’. It was more effective in increasing the value of ‘n’ than

the 0.1 CC addition (see curve for sample 1 OPC + 0.1 CC).
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Additions of both 0.1 and 0.2 CC to the mixes of OPC and CKD increased the value
of ‘n’ (and therefore decreased the value of the depression angle). Here it was the 0.1
CC addition that was more effective in increasing the value of ‘n’. This can be seen in
the figure by comparing the curves for the following mixes: 0.7 OPC+0.3 Ashgrove
and 0.7 OPC+0.3 Ashgrove CKD+0.1 CC (and +0.2 CC). The same is true for CKDs
Bath and Alpena. The general trend for mixes containing OPC and CKD (in
decreasing order) for the increase of ‘n’ with regard to adding CC, was first mixes
that contained Ashgrove CKD, then those containing Bath CKD, followed by those
containing Alpena CKD. The corresponding decrease in the depression angle
indicates that CC promotes a finer pore structure. This behavior of CC has been

documented in published results (Ramachandran and Chun-mei, 1986).

8.4.4 Addition of MK to OPC or OPC and CKD

It is apparent that for a given porosity, adding MK increased the value of ‘n’ (and
therefore decreased the depression angle). An example of this can be seen for a
porosity value of ¢= 0.37, ‘n’ for 0.7 OPC+ 0.3 Ashgrove was equal to 0.56 while
replacing half of the Ashgrove CKD with MK (see sample 0.7 OPC+0.15
Ashgrove+0.15 MK) resulted in a value for ‘n” of 0.64. For a given porosity, a 30%
substitution of OPC with MK (see samples 1 2008 OPC and 0.7 OPC+0.3 MK)
significantly increased the ‘n’ therefore significantly reduced the depression angle.
The reason is likely the result of the mixes containing both a narrower and finer pore
size distribution as past research has suggested (Guneysisi et al., 2008, Khatib and
Wild, 1996, and Poon et al., 2001).

8.4.5 Addition of CC to OPC and MK

Adding CC to a mix containing OPC and MK resulted in a decreased value of ‘n’ and
therefore a broadening of the pore size distribution. This is the opposite effect that

adding CC had on the results for mixes that contained simply OPC or OPC and CKD.
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This showed that the addition of the CC to the OPC+MK mix did not aid in further

refining its pore structure.
8.4.6 Summary of the Depression Angle Parameter Results

The substitution of OPC with CKD resulted in decreased ‘n’ values which
corresponded to a broadened pore size distribution. The addition of CC or MK was
effective in refining the pore structure of the mixes containing OPC and CKD. The
addition of both CC and MK together to an OPC and CKD mix did not show further

refinement of the pore structure as compared to when they were present separately.
8.5 The High Frequency Arc Parameter R,

Studying the results from HFA parameter R,, aids in the general characterization of
the mixes during early-age hydration. In Chapter 4, the parameter R; was set to equal
NRy (the resistance due to the pore solution, or liquids, of the cement paste). Xie et

al. (1993) define R, with the following equation:
Ax 1
fﬂ—gf;: (8.5-1)
where: Ax= the width of the N electrical elements (as was first described in
Chapter 4, Fig. 4.3-3 a)), mm.
S,= the area of the liquid phase, mm?
o)= the electrical conductivity of the liquid phase, Q'm™
Xie et al. (1993) define S; with Eq. (8.5-2):

S, =(-w,)s (8.5-2)

where: Y=the area fraction of the solid phase

S= the area of the solid element normal to the electric field, mm?
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From this Eq. 8.5-1 can be re-written to:

R, = e (8.5-3)

The value for (1- ;) would be equal to the fraction of the liquid phase or its fraction
of pores, i.e. its porosity. This means that 1/R;, would be directly related to the
sample’s porosity. And recalling that R; was directly related to Ry, (from Chapter 4
where R; was set to equal NRy) it follows that 1/R; is directly related to the sample’s
porosity. Following the same logic, 1/R; is also directly related to the conductivity of
the pore solution, o;. The pore solution conductivity is dependent on the
concentrations of charge carriers in solution. Hydrated ions contribute significantly to
the magnitude of the conductivity. It is reasonable to assume that the conductivity of
the pore solution is fairly constant during the first ten hours of hydration and that any

increase or decrease of conductivity thereafter is not excessive (Taylor, 1997).

The equivalent circuit for the AC impedance output data were used to estimate values
for Ry. Then, 1/R; values were plotted versus porosity. These results can be seen in
Fig. 8.5-1. The values for 1/R; increase with porosity, as can be seen in Fig. 8.5-1, for
all the cement systems and is fairly linear for porosity values greater than around
0.35. This is consistent with what was previously mentioned, i.e. when the
conductivity of the pore solution is constant, 1/R is directly related to porosity. It also
follows the assumption that the conductivity of the pore solution is constant for the
first ten hours. This also agrees with Eq. 8.5-3 (recalling that Rlb and R are also
directly proportional). It is important to note that porosity within a cement sample

decreases with hydration time and is thus inversely proportional to time.
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Fig. 8.5-1: 1/R; vs. porosity for the various cement systems investigated.

8.5.1 The Effect of the Addition of CC to OPC

The addition of 0.1 CC increased the 1/R; values and hence the pore solution
conductivity of the OPC control sample (see curves for samples 1 2005 OPC and 1
2005 OPC+ 0.1 CC). These results are intermediate to those obtained for the OPC+
Ashgrove CKD+MK and the OPC+MK systems.
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8.5.2 The Effect of CKD and CC Addition to OPC

In general, the substitution of OPC with CKD increased its pore solution
conductivity. For the mixes containing Alpena CKD or Bath CKD, additions of CC
decreased the conductivity of the pore solution. Conductivities for Ashgrove CKD

mixes containing added CC increased its conductivity slightly.
8.5.3 The Effect of the Addition of MK to OPC and OCP+CKD Mixes

A 30% substitution of MK in OPC (see mixes 2008 OPC and 0.7 OPC+0.3 MK)
resulted in a very low conductivity at porosity values less than 0.35. In this region of
porosity values, the curves are generally non-linear. An increased concentration of
hydroxide (OH") molecules in the pore solution could be responsible for the non-
linear result (Taylor, 1997). The addition of CC to the OPC+MK mix (see sample 0.7
OPC+0.3 MK+0.1CC), resulted in slightly higher values of conductivity. Replacing
half of the MK with Ashgrove CKD (see 0.7 OPC+0.15 Ashgrove+0.15 MK) resulted
in another increase in the conductivity of the mix. The addition of CC to this mix
significantly increased its conductivity (see mixes 0.7 OPC+0.15 Ashgrove
CKD+0.15 MK+0.1CC and +0.2 CC).

8.5.4 Summary of the Results for the High Frequency Arc Parameter R

The pore solution conductivity increased when: 1) OPC was substituted with CKD, 2)
MK replaced part of the CKD in the OPC-CKD mix, 3) CC was added to the OPC-
CKD-MK mix, and 4) CC was added to the OPC-MK mix. The pore solution
conductivity decreased when: 1) MK was substituted for OPC in the OPC mix, and 2)
when CC was added to the OPC-CKD mix.
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8.6 The High Frequency Arc Diameter R;

R, was first described in Chapter 4 as being the resistance due to the solid-liquid
interface within the cement system. As was mentioned in section 4.3.7, graphically R,
is measured between the points where the depressed high frequency arc first cuts the
Z’ axis (at R;) and where it cuts the axis'on the right hand side of the arc (as was seen
in Fig. 4.3-5). R, values were estimated by using the equivalent circuit to fit the
output AC impedance data. The HFA for each measurement grew as the sample
continued to hydrate, as was seen in section 8.3. This in turn meant that the values for
R; also grew over time as the sample hydrated. This is in agreement with conclusions
Xie et al. (1993) had drawn in past research. Generally, R, increases as both the
porosity decreases and the hydration progresses (Xu et al., 1993). It is for this reason
that R, is a good indicator of the progress of the hydration process. Values for R,
were plotted versus 1/P and can be seen in Fig. 8.6-1. R, values increased, as can be
seen in this figure, with increasing values of 1/P; this is in agreement with past
research that has shown a linear dependence of R; and 1/P when the pore solution
conductivity is constant (Xu et al., 1993). The assumption that the pore solution
conductivity was constant will be further verified and discussed in section 8.7. In
order to compare the curves, it was assumed that for greater 1/P values, for which
data was not collected, the projected path of the curve would continue the trend as
indicated by the data that was collected. It remains to be seen in the results whether

R; is a good indicator of comparative overall strength development.
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Fig. 8.6-1: R, vs. 1/P for the various cement samples investigated.
8.6.1. The Effects of the Substitution of OPC with CKD
The substitution of OPC with Alpena and Bath CKDs produced higher values of R,

this indicated that a finer pore structure may be formed. The substitution of OPC with
Ashgrove CKD decreased the values of R;,

8.6.2 The Effects of the Addition of CC to OPC-CKD mixes
For the Alpena CKD, the addition of CC to the mix had a significant effect in

increasing R, in the early stages of hydration. From highest to lowest R, values the

order is as follows: 0.7 OPC+0.3 Alpena +0.1 CC > 1 2005 OPC > 0.7 OPC+ 0.3
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Alpena CKD. The increasing value of R, can be interpreted to mean that hydration is
occurring earlier when CC is added. This is in agreement with the calorimetry and 28-
day compressive strength results that have been presented. It also suggests that a finer
pore structure may be formed with the addition of CC. This has been mentioned
previously (Ramachandran and Chun-mei 1986, Sato and Beaudoin, 2006, 2007). For
CC addition to Bath CKD, the 0.2 CC addition proved to be more effective in
increasing the R, value than the 0.1 CC addition. These observations are also in
agreement with the calorimetry results for the Bath mixes. The reverse effect was
observed for Ashgrove CKD. The addition of CC reduced values of R, which is not
in agreement with the calorimetry results which showed that the addition of CC to
OPC+Ashgrove CKD accelerated hydration. It is suggested that pore structure

differences may account for these observations.

8.6.3 The Effects of the Addition of CC to OPC-MK and OPC-CKD-MK
mixes

The substitution of MK in the OPC mix decreased the R, values. The addition of CC
to mixes containing MK appears to have a retarding effect at higher values of 1/P.
This means that lower values of R, were observed when CC was added to mixes
containing MK, than when the CC was not present in the mix. The trend for R; values
is as follows: 2008 OPC> OPC+MK > OPC+ MK+ 0.1 CC > OPC+ Ashgrove+ MK+
0.1 CC > OPC+ Ashgrove +MK+ 0.2CC. This meant that the addition of CC to the
OPC-MK and OPC-CKD-MK mixes did not aid in increasing R, values.

8.6.4 Summary Observations of R; vs. 1/P Data

It was generally observed that R, increased as 1/P increased, and therefore as porosity
decreased (indicating the extent of hydration). The calorimetry results showed an
accelerated hydration for mixes containing MK, which improved further upon the
addition of CC to the mix. Therefore it was thought that R, values might increase

with the addition of MK and increase further with the addition of CC. However, the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

results of Ry, showed that the addition of the MK did not meet these expectations i.e.
that it might (on its own and in combination with CC) increase the R; values the
mixes. Also, because Ashgrove CKD mixes had higher compressive strength
throughout the compression testing (i.e. from 1 to 28 days) it was thought that these
samples would have higher R; values than the mixes with the other CKDs. This was
not observed. From this it could be suggested that the R, value as a function of
porosity alone, is not, necessarily on a comparative basis, a direct indicator of early
relative strength. It follows that the intrinsic strength of a sample’s matrix (i.e. the
zero porosity solid phase) is also a factor to be considered. It would appear that R,
can only aid as an indicator of strength development within the same cement mix as

its porosity and pore size decrease with time.

8.7 Introduction to R; versus 1/(P-r,)

Research has shown that for samples of hydrated OPC there is a linear dependence of
R, with 1/(P'r,) assuming a constant pore solution conductivity at a given
water/cement ratio (where P'1, is the product of the porosity and the mean pore size,
1o) (Xu et al., 1993). This linear dependence existed based on the fact that the pore
solution remained relatively constant (which was an assumption used in order to
relate R; to 1/P in section 8.6). In order to further research the behavior of the mixes
and to verify that the assumption that the pore solution conductivity was relatively

constant, data to produce an R; vs. 1/(P-r,) plot was obtained.
8.7.1 Data for the Parameters R;, P, and r, at 8 Hours Hydration
8.7.1.1 Obtaining ro
Six samples were tested using mercury intrusion porosimetry. The six samples were

chosen based on the fact that their positions in Fig. 8.6-1 were distributed throughout

the plot. The following mixes at 8 hours hydration were chosen:
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1) 12008 OPC

2) 0.7 OPC, 0.3 Bath CKD

3) 0.7 OPC, 0.3 Alpena CKD, 0.2 CC

4) 0.7 OPC, 0.15 Ashgrove CKD, 0.15 MK, 0.1CC
5) 0.70PC,0.3 MK, 0.1 CC

6) 0.7 OPC, 0.3 Alpena CKD, 0.1 CC

Their pore size distributions were produced from these experiments. Plots for the pore
size distributions for the six samples can be seen in the Fig. 8.7.1.1-1 of the
Appendix. The mean pore size, r,, for each mix was calculated using Eq. 8.7-1 (which
was first introduced in section 4.4). Data for the mean pore sizes can be seen in Table
8.7-1.

L 2P
=3, (8.7-1)

where: pi= intrusion volume (%) for a given pressure, i

1= pore diameter, um, for a given pressure, 1

8.7.1.2 Obtaining P

It should be noted that for this section of the results, the value of porosity used in the
relationship 1/(P-r,) was the porosity value obtained from the mercury porosimetry
testing. It was thought to be the most accurate porosity measurement to use in

conjunction with r,. Values for the porosity can be seen in Table 8.7-1.

8.7.1.3 Obtaining R;

Originally, R, values had been estimated by fitting the AC impedance data to the
equivalent circuit (which occurred in section 8.3). In order to obtain values for R, for
8 hours hydration time the following procedure was used. Trendlines using Excel

software were used to fit the output AC impedance data of R, values versus time to
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mathematical equations from which R; values for each mix at 8 hours could be

estimated. Values for R; at 8 hours hydration can be seen in Table 8.7-1. The

trendline equations with respective regression values, R?, can be seen in Table 8.7-2

in the Appendix.

8.7.2 Results for R; versus 1/(Pr,)

Data collected for the various parameters can be seen in Table 8.7-1. Fig. 8.7-1 shows

a plot of R, vs. 1/(P-r,).

Table 8.7-1: Values for R;, v, P, 1/P, 1/(Pr,)

Fitted R, ro P 1/P 1/Pr,
Sample (Q) (pm)
2008 St-L OPC 26.1 7.7E-02 | 5.8E-01 1.7 22.5
0.7 OPC, 0.3 Bath ‘ 54.3 3.0E-02 | 3.5E-01 2.8 93.6
0.7 OPC, 0.3 Alpena, 0.2 CC 65.9 1.8E-02 [ 4.2E-01 24 135.6
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1CC 22.0 1.7E-02 [ 4.6E-01 2.2 125.2
0.7 OPC, 0.3 MK, 0.1 CC 16.2 1.1E-02 | 3.6E-01 2.8 244.7
0.7 OPC, 0.3 Alpena, 0.1 CC 48.3 1.8E-02 | 4.9E-01 2.0 112.0
70
60 -
50 4 y=0.3252x+19.1
.40 A
g
® 30 1
20 -
a
10 -
0 T T T T
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0.7 2008 St-L. OPC, 0.3 MK, 0.1 CC

Fig. 8.7-1: Ry vs. 1/(Pr,) for selected cement systems.
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The data showed an indication of the linear dependence of R, and 1/(P'1,) (in
agreement with results from Gu et al., 1993) for the following mixes: OPC+Alpena
CKD +CC (0.1 and 0.2), OPC, and OPC+ Bath CKD. The equation for the linear
trendline that was fit to this data is noted on the figure. More data would need to be
collected in order to make firm conclusions from this relationship; however it would
seem that the assumption of the pore solution conductivity being fairly constant
during the first few hours of hydration is indeed valid. The two mixes containing MK
(OPC+ Ashgrove CKD+ MK+CC and OPC+MK+CC) resulted in two data points
that were displaced to lower values of R;. These other two data points may be
forming a separate line. The porosimetry data indicated that these systems contained a
larger amount of pores that were greater than 1 um. In addition, the OPC+Ashgrove
CKD+MK+CC had greater than 10% porosity in this pore size region. Therefore, this
second line may form for samples with this type of matrix (i.e. containing MK) and

that contain larger pores.
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Chapter 9

Concluding Remarks and Recommendations for Future Research

9.1 General Comments

The four main objectives of this study have been met. Re-call that the main objectives
were as follows: 1) to determine the effects that the addition of nano-calcium
carbonate (CC) and metakaolinite (MK) had on the OPC-CKD system with emphasis
on early hydration (through calorimetry) and strength development (descriptors of
the latter include the strength-porosity relationship, strength, and porosity
measurements), 2) to use AC impedance methods coupled with porosity and mercury
porosimetry measurements as a means of further investigating the early-age hydration
behavior of the binary, ternary, quaternary systems containing CKD, 3) to assess the
influence of CKD composition on the early hydration kinetics of the systems, and 4)

to assess the compatibility of MK in cement systems containing CKD.

The findings of the study are summarized in five sub-sections. The contributions are
discussed in terms of the aforementioned objectives. The first three sections are: 1)
calorimetry measurements, 2) strength and porosity measurements, and 3) AC
impedance measurements (with corresponding porosity and porosimetry
measurements). The fourth and fifth sections are devoted to further summarizing and
discussing the overall conclusions of the study and presenting recommendations for

future research.

9.2 Conclusions Based on Calorimetry Measurements

The conclusions resulting from the calorimetry measurements are the following:

1. The replacement of OPC with CKD accelerated the hydration of the system
when Bath CKD or Ashgrove CKD was present. The replacement of OPC
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with Alpena CKD retarded the hydration of the OPC-CKD system. Re-call
that Bath CKD was high in chloride and low in alkali; Ashgrove CKD was
high in alkali; and Alpena CKD was high in both sulfate and alkali.

2. The addition of nano-calcium carbonate to each OPC-CKD system
accelerated its hydration process, effectively halving the hydration time.

3. The addition of the CC to the OPC+CKD+MK system greatly accelerated the
hydration of this system. A further improvement was seen with higher
concentrations of added CC.

4. The combination of OPC+Ashgrove CKD+MK, had a longer hydration time
than the OPC+CKD mix, but had an accelerating effect when compared with
the hydration time of the control OPC mix.

5. It was apparent that the CC particles acted as nucleation sites that promoted
the acceleration of hydration of the pastes (as evidenced by XRD
measurements and SEM images). The XRD measurements also supported the
view that MK particles could possibly be behaving as nucleation sites. The

SEM imaging in this case was not conclusive.

9.3 Conclusions Based on Strength and Porosity Measurements

The conclusions resulting from the strength and porosity measurements along with

the strength-porosity relationships are the following:

1. The replacement of OPC with each type of CKD, as expected, decreased the
strength of the system throughout the hydration process.

2. The addition of the CC particles to the OPC+Alpena CKD system aided in
improving its 28 day strength. The strength of Bath CKD and Ashgrove CKD
mixes with added CC did not improve.

3. The substitution of Ashgrove CKD with MK substantially improved its
strength resulting in a higher 28-day strength than the control OPC mix. The
OPC+Ashgrove CKD+MK+ 0.1 CC also showed a higher 28 day strength
than the control OPC mix. It was, however, not as significant as the system

without the CC.
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4. The strength versus porosity curves showed some indication that it is likely
that a combination of ill-crystallized, amorphous materials, and structured,
crystalline materials is necessary to achieve optimum strength values. This
was in agreement with the research of Beaudoin and Feldman (1975). This
was demonstrated using the zero porosity strength values calculated from the

strength-porosity curve obtained by trendline fitting of the data.

9.4 Conclusions Based on AC Impedance Measurements

The conclusions from the AC impedance measurements (along with corresponding

porosity and porosimetry measurements) are the following:

1. The depression angle parameter, ‘n’, analysis showed that the replacement of
OPC with CKD resulted in a broad pore size distribution. The addition of CC
or MK was shown to be effective in refining the pore structure (i.e. increasing
the relative population of small pores) of the OPC-CKD system. The addition
of both CC and MK together in an OPC+CKD system did not show further
refinement of the pore structure as compared to when they were added
separately. The fact that MK refined the pore structure of the OPC+CKD
system is in line with the compression strength values which showed that MK
addition to the OPC+CKD system greatly increased its strength. Linking these
two results, suggests that the MK may indeed be filling the voids of the
system, creating a denser structure, resulting in an increase in its strength
values. This is also in agreement with XRD measurements which showed that
the addition of MK to the OPC-CKD system possibly accelerated the
hydration. Re-call that the XRD results showed an increase in the amount of
Ca(OH), when the MK particles were added to the mix. This suggested an
acceleration of the hydration of this system.

2. The pore solution conductivity (shown in sections 8.6, and further verified in
section 8.7, to be proportional to the high frequency arc parameter R

estimated from the AC impedance data) increased when: 1) OPC was replaced
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with CKD, 2) when MK replaced part of the CKD in the OPC-CKD mix, 3)
when CC was added to the OPC-CKD-MK mix, and 4) when CC was added
to the OPC-MK mix. It decreased when CC was added to the OPC-CKD mix.
The pore solution conductivity is dependent on the concentrations of charge
carriers in solution. Hydrated ions contribute significantly to the magnitude of
the conductivity. The R; values generally reflect the alkalinity of the CKD in
the system. It is clear that the conductivity values alone are not satisfactory
descriptors of system performance. Nevertheless, as an initial screening test
for CKD selection, conductivity measurements may have merit.

3. The R, value for a particular system generally increases with hydration time.
It is also dependent on pore structure parameters and to some extent variations
in pore solution conductivities. It was therefore expected that the R, value,
which is the resistance due to the solid-liquid interface of the system, would
be a good indicator of relative hydration progression and strength
development that could be compared amongst different cement systems. It
was suggested that the intrinsic strength of a sample’s matrix (meaning the
zero porosity solid phase) was also a factor that must be considered when
comparing systems. As was previously discussed in the strength-porosity
results, zero porosity strength values (obtained by extrapolation) were helpful
in further demonstrating this point. There may be other Ry-pore structure
relationships dependent on intrinsic strength. It was established that the pore
structure dependence of R; i.e. the relation between R; and the product of
porosity and mean pore size was apparently valid for different OPC-CKD
systems. This did not apply to the OPC-CKD or OPC systems containing MK
and CC. It is clear that additional pore structure characterization
measurements would be required to explain the effect of MK and CC. It may
be related to the intrinsic properties of the solid and the nature of the interface

(vis-a-vis the bonding environment) in these systems.
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9.5 Summary

The following is a summary of the specific findings that have been presented:

1. Overall, the calorimetry measurements showed that both the CC additions to
the OPC+CKD systems and Ashgrove CKD in combination with MK
additions were effective in producing hydration times that were less (implying
acceleration) than the OPC control mix.

2. The strength values of the OPC-CKD system decreased least when Ashgrove
CKD was used. Re-call that the Ashgrove CKD, was highly amorphous and
high in alkali. It is perhaps the best combination when it comes to replacement
of OPC with CKD.

3. Although the CC was effective in accelerating the hydration process of the
OPC+CKD, and OPC+CKD+MK systems, it was the OPC+CKD+MK system
that was the most effective in improving strength values (higher than the
control system). Also, the calculation of zero porosity strength values was
useful in observing the intrinsic strengths of the solid material.

4, A linkage between the AC impedance depression angle parameter, ‘n’, and
strength values is apparent. It is suggested that the MK addition to the
OPC+CKD system refined its pore structure (increasing the population of
small pores) leading to an increase in strength values. This is in agreement
with previous research on other OPC pastes (Guneyisi et al., 2008 and Khatib
and Wild, 1996).

5. SEM imaging and XRD measurements indicated that CC addition to the
systems studied possibly acts as a source of nucleation sites. It was difficult to
view MK particles acting as nucleation sites with SEM imaging. The

qualitative XRD results, however, supported this possibility.
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9.6 Recommended Future Research

The objectives of this study were generally met. Future research, however, is needed
in order to more substantially validate and extend the results obtained. The

recommended future research areas are as follows:

1. The addition of MK to the OPC+CKD system showed promise as an effective
supplementary cementing material. The addition provided an accelerated
hydration time compared to the OPC control mix, refined pore structure
(greater population of small pores),y and improved the strength of the system.
In this system the addition was perhaps more effective than the addition of the
CC. Further research would be useful in verifying the results that showed the
effectiveness of partial replacement of the CKD, in the OPC+CKD system,
with MK. |

2. Highly amorphous CKDs high in alkali (such as the Ashgrove CKD) should
be further investigated in longer-term studies in combination with CC and
supplementary cementing materials (for example, MK) as this CKD showed
the least amount of strength decrease when added to the OPC.

3. It would be worthwhile to further investigate CKDs high in sulfate and high in
alkali (such as the Alpena CKD) which showed an increase in strength values
when CC was added to the system. Perhaps investigating a system that
replaces part of such a CKD in the OPC+CKD system with MK would also be
of value.

4. 1t should be noted that CKDs high in chloride (such as the Bath CKD) do not
seem to be beneficial in the OPC+CKD system nor in the OPC+CKD+CC
system. The high chloride content in the CKD appears to be too detrimental to
the structure of the system to be of particular use. Therefore further research is

not recommended with such a CKD.
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Appendix

Table 3.2-1: Oxide analyses of the raw materials

Oxides | 2005 OPC| 2008 OPC Bath Alpena | Ashgrove
(% weight) | (% weight) [ (% weight) | (% weight) | (% weight)|
Na,O 0.1 0.09 - 0.31 0.27
MgO 1.99 1.86 2.18 1.03 1.89
K,0 1.01 1.08 1.76 6.28 7.84
CaOl 63.45 63.08 51.77 45.09 49.08
AL,O4 4.66 4.34 3.88 4.66 3.24
SiO, 18.97 19.5 18.01 13.41 11.51
P,0s 0.13 0.13 - 0.083 0.07
SO, 3.52 3.31 3.65 16.68 4.95
TiO, 0.016 0.15 - 0.457 0.17
Fe,0; 1.64 257 2.88 1.75 1.59
MnO 0.03 0.04 - - 0.04
Zr,0 0.01 0.01 - - -
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Fig. 8.7.1.1-1: Pore size distribution curves for the six samples tested with the
mercury intrusion porosimeter.
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Table 7.2-1: Compressive strength data for all mixes at 1, 3, 7, 28 d

Mix time (d)
1 [ 3 | 7 | 28
Compressive Strength (MPa)

OPC 2005 St-L 282 31.4 43.9 46.9
OPC, 0.1 CC 27.5 35.5 43.2 47.0
OPC, 0.2 CC 20.5 32.8 411 39.9
0.7 OPC, 0.3 Bath 20.2 27.2 29.8 35.6
0.7 OPC, 0.3 Bath, 0.1 CC 15.3 23.4 27.3 33.0
0.7 OPC, 0.3 Bath, 0.2 CC 15.6 22.1 24.5 30.4
0.7 OPC, 0.3 Alpena 14,7 19.3 24.9 31.2
0.7 OPC, 0.3 Alpena, 0.1 CC 13.4 20.5 23.3 33.0
0.7 OPC, 0.3 Alpena, 0.2 CC 12.4 19.0 22.6 34.5
OPC 2008 St-L [ 251 | 349 | 351 | 507
0.7 OPC, 0.3 Ashgrove 22.8 32.5 32.6 441
0.7 OPC, 0.3 Ashgrove, 0.1 CC 19.2 26.6 27.0 39.3
0.7 OPC, 0.3 Ashgrove, 0.2 CC 14.9 23.5 24.3 36.9
0.7 OPC, 0.15 Ashgrove, 0.15 MK < 24.2 31.5 37.3 52.9
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1 CC 20.4 28.9 34.0 51.3
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.2 CC 17.5 26.9 33.9 39.0
0.7 OPC, 0.3 MK 18.3 23.1 40.5 52.2
0.7 OPC, 0.3 MK, 0.1 CC 18.7 31.4’ 33.6 54.3
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Table 7.2-2: Porosity data for all mixes at 1, 3, 7, 28 d

Mix time (d)
1 | 3 | 7 [ 28
Porosity

OPC 2005 St-L . 0.399 0.329 0.341 0.342
OPC, 0.1 CC 0.437 0.431 0.338 0.299
OPC, 0.2 CC 0.384 0.377 0.346 0.315
0.7 OPC, 0.3 Bath 0.414 0.373 0.367 0.354
0.7 OPC, 0.3 Bath, 0.1 CC 0.439 0.414 0.382 0.390
0.7 OPC, 0.3 Bath, 0.2 CC 0.451 0.396 0.397 0.390
0.7 OPC, 0.3 Alpena 0.402 0.387 0.395 0.351
0.7 OPC, 0.3 Alpena, 0.1 CC 0.499 0.392 0.384 0.342
0.7 OPC, 0.3 Alpena, 0.2 CC 0.438 0.397 0.398 0.398
OPC 2008 St-L [ 0329 [ 0320 | 0.341 | 0.191
0.7 OPC, 0.3 Ashgrove 0.476 0.303 0.269 0.183
0.7 OPC, 0.3 Ashgrove, 0.1 CC 0.376 0.301 0.294 0.240
0.7 OPC, 0.3 Ashgrove, 0.2 CC 0.399 0.386 0.340 0.334
0.7 OPC, 0.15 Ashgrove, 0.15 MK 0.352 0.275 0.212 0.190
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1 CC 0.289 0.426 0.338 0.210
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.2 CC 0.343 0.315 0.275 0.158
0.7 OPC, 0.3 MK ‘ 0.447 0.349 0.324 0.308
0.7 OPC, 0.3 MK, 0.1 CC 0.411 0.309 0.251 0.225
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Table 7.2-3: Trendline fit equations for strength vs. porosity (data covers 1, 3, 7, 28

days testing) with corresponding R’ value

for all mixes.

Mix Trendline R?
Fit Equation

OPC 2005 7765305 0.981
OPC, 0.1 CC 88.882¢ "™ | 1,000
OPC, 0.2 CC 11317e°59 | 0,628
0.7 OPC, 0.3 Bath 802.04e%%* | 0970
0.7 OPC, 0.3 Bath, 0.1 CC 2665.8e" %" | 0.844
0.7 OPC, 0.3 Bath, 0.2 CC 848.7e°B%% [ 0844
0.7 OPC, 0.3 Alpena 449667 | 0.551
0.7 OPC, 0.3 Alpena, 0.1 CC 752.33¢772% | 0988
0.7 OPC, 0.3 Alpena, 0.2 CC 30274 | 0.909
OPC 2008 St-L 85.778e 2™ | 1,000
0.7 OPC, 0.3 Ashgrove 67.193¢22°> | 0.999
0.7 OPC, 0.3 Ashgrove, 0.1 CC 130.6e 7189 0.960
0.7 OPC, 0.3 Ashgrove, 0.2 CC 2311.9e 22% | (.843
0.7 OPC, 0.15 Ashgrove, 0.15 MK 105.06¢™**""** | 0.894
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1 CC 88.8e7% 097 0.982
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.2 CC_| 55.292¢%"°% | "0.836
0.7 OPC, 0.3 MK 439.91¢ 5% | 0084
0.7 OPC, 0.3 MK, 0.1 CC 191.85e>""® | 0.095
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Table 8.1-1: Porosity measurements for all cement systems 5, 8, 16, and 24 hours
(this data was used in conjunction with AC impedance results).

Time 2005 OPC | OPC, 0.1 CC OPC,0.2CC
{(hrs) Porosity

5 0.497 0.526 0.526

8 0.440 0.489 0.439

16 0.434 0.354 0.325

24 0.287 0.274 0.334
Time 0.70PC, 0.3Bath 0.70PC,0.3Bath,0.1CC 0.70PC,0.3Bath,0.2CC
(hrs) Porosity

5 0.510 0.549 0.546

8 0.446 0.476 0.463

16 0.377 0.369 0.462

24 0.342 0.372 0.401
Time 0.70PC, 0.3Alpena | 0.70PC,0.3Alpena,0.1CC | 0.70PC,0.3Alpena,0.2CC
{hrs) Porosity

5 0.564 0.485 0.513

8 0.484 0.471 0.462

16 0.392 0.408 0.461

24 0.385 0.400 0.403
Time 0.70PC, 0.3Ashgrove 0.70PC,0.3Ashgrove,0.1CC 0.70PC,0.3Ashgrove,0.2CC
(hrs) Porosity

5 0.499 0.541 0.499

8 0.478 0.421 0.449

16 0.341 0.414 0.433

24 0.295 0.341 0.369
Time 0.70PC, 0.15Ash,0.15MK | 0.70PC,0.3Ash,0.15MK,0.1CC | 0.70PC,0.3Ash,0.15MK,0.2CC
(hrs) Porosity

5 0.559 0.411 0.457

8 0.440 0.333 0.348

16 0.440 0.302 0.313

24 0.335 0.267 0.327
Time 0.70PC, 0.3MK 0.70PC, 0.3MK, 0.1 CC 2008 OPC
(hrs) Porosity

5 0.555 0.453 0.564

8 0.471 0.404 0.477

16 0.328 0.323 0.432

24 0.330 0.274 0.346
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Table 8.1-2 a): Trendline Equations, R’ values, and data for first 24 hours porosity:
control mixes.

Trendline Equation | 0.0005x*+0.0053x+0.4636 | 0.0003x*-0.0212x + 0.632| 0.8505x %%
R? 0.923 0.9957 0.921
Time (hrs) 2005 OPC 10PC, 0.1 CC 10PC, 0.2 CC
1 0.468 0.611 0.851
2 0.472 0.591 0.684
3 0.475 0.571 0.602
4 0.477 0.552 0.549
5 0.478 . 0.534 0.512
6 0.477 0.516 0.483
7 0.476 0.498 0.460
8 0.474 0.482 0.441
9 0.471 0.466 0.425
10 0.467 0.450 0.412
11 0.461 0.435 0.399
12 0.455 0.421 0.389
13 0.448 0.407 0.379
14 0.440 0.394 0.370
15 0.431 0.382 0.362
16 0.420 0.370 0.355
17 0.409 0.358 0.348
18 0.397 0.348 0.342
19 0.384 0.338 0.336
20 0.370 0.328 0.331
21 0.354 0.319 0.326
22 0.338 0.311 0.321
23 0.321 0.303 0.316
24 0.303 0.296 0.312
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Table 8.1-2 b): Trendline Equations, R’ values, and data for first 24 hours porosity:
Bath CKD mixes.

Trendline Equation]  0.8304x°2% -0.0601Ln(x)+0.5859 0.5283¢ 0108
R? 0.998 ‘ 0.936 0.841
Time (hrs) 0.7 OPC, 0.3 Bath | 0.7 OPC, 0.3 Bath, 0.1 CC | 0.7 OPC, 0.3 Bath, 0.2 CC
1 0.830 0.586 0.523
2 0.696 0.544 0.517
3 0.628 0.520 0.511
4 0.584 0.503 0.506
5 0.552 0.489 0.501
6 0.527 0.478 0.495
7 0.507 0.469 0.490
8 0.490 0.461 0.485
9 0.476 0.454 0.479
10 0.463 0.448 0.474
11 0.452 0.442 0.469
12 0.442 0.437 0.464
13 0.433 0.432 0.459
14 0.425 0.427 0.454
15 0.418 0.423 0.449
16 0.411 0.419 0.444
17 0.405 0.416 0.440
18 0.399 0.412 0.435
19 0.393 0.409 0.430
20 0.388 . 0.406 0.426
21 0.384 | 0.403 0.421
22 0.379 0.400 0.417
23 0.375 0.397 0.412
24 0.371 0.395 0.408
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Table 8.1-2 c): Trendline Equations, R’ values, and data for first 24 hours porosity:

Alpena CKD mixes.
Trendline Equation 0.8304x 2% -0.0601Ln(x)+.5859 0.5283¢ 0070
R* 0.957 0.950 0.856
Time (hrs) 0.7 OPC, 0.3 Alpena | 0.7 OPC, 0.3 Alpena, 0.1 CC| 0.7 OPC, 0.3 Alpena, 0.2 CC
1 0.830 " 0.586 0.523
2 0.696 0.544 0.517
3 0.628 0.520 0.511
4 0.584 0.503 0.506
5 0.552 0.489 0.501
6 0.527 0.478 0.495
7 0.507 0.469 0.490
8 0.490 0.461 0.485
9 0.476 0.454 0.479
10 0.463 0.448 0.474
11 0.452 0.442 0.469
12 0.442 0.437 0.464
13 0.433 0.432 0.459
14 0.425 0.427 0.454
15 0.418 0.423 0.449
16 0.411 0.419 0.444
17 0.405 0.416 0.440
18 0.399 0.412 0.435
19 0.393 0.409 0.430
20 0.388 0.406 0.426
21 0.384 0.403 0.421
22 0.379 0.400 0.417
23 0.375 0.397 0.412
24 0.371 0.395 0.408
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Table 8.1-2 d): Part 1: Trendline Equations, R® values, and data for first 24 hours
porosity: Ashgrove CKD mixes and the control OPC.

Trendline Equation

-0.127Ln(x) + 0.7606

0.0004x%- 0.0224x +0.614

R? 0.956 0.979
Time (hrs) 2008 OPC 0.7 OPC, 0.3 Ashgrove
1 0.761 0.669
2 0.673 0.648
3 0.621 0.628
4 0.585 0.608
5 0.556 0.589
6 0.533 0.571
7 0.513 0.554
8 0.497 0.538
9 0.482 0.522
10 0.468 0.507
11 0.456 0.493
12 0.445 0.480
13 0.435 0.468
14 0.425 0.456
15 0.417 0.445
16 0.408 0.435
17 0.401 0.426
18 0.304 0.418
19 0.387 0.410
20 0.380 0.403
21 0.374 0.397
22 0.368 0.392
23 0.362 0.388
24 0.357 0.384
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Table 8.1-2 d): Part 2: Trendline Equations, R’ values, and data for first 24 hours
porosity: Ashgrove CKD mixes.

Trendline Equation 0.7746x %% 0.5246e 00"
R® 0.859 0.925
Time (hrs) 0.7 OPC,0.3 Ashgrove,0.1 CC| 0.7 OPC, 0.3 Ashgrove, 0.2 CC
1 0.775 0.517
2 0.651 0.510
3 0.588 0.503
4 0.547 0.496
5 0.518 0.489
6 - 0.495 0.482
7 0.476 0.475
8 0.460 0.469
9 0.447 0.462
10 0.435 0.456
11 0.425 0.449
12 0.416 0.443
13 0.408 0.437
14 0.400 0.431
15 0.393 0.425
16 0.387 0.419
17 0.381 0.413
18 0.376 0.407
19 0.371 : 0.401
20 0.366 R 0.396
21 0.362 0.390
22 0.357 0.385
23 0.353 0.379
24 0.350 0.374
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Table 8.1-2 ¢): Part 1: Trendline Equations, R’ values, and data for first 24 hours
porosity: Ashgrove CKD wtih MK mixes.

Trendline Equation 0.5873¢ 00225 0.597x0%%
R 0.838 0.952
Time (hrs) 0.7 OPC, 0.15 Ashgrove, 0.15 MK | 0.7 OPC, 0.15 Ashgrove, 0.15MK, 0.1CC
1 0.574 0.597
2 0.561 0.501
3 0.549 0.452
4 0.537 0.420
) 0.525 0.307
6 0.513 0.379
7 0.502 0.364
8 0.491 0.352
9 0.480 0.342
10 0.469 0.333
11 0.459 0.325
12 0.448 0.318
13 0.438 0.311
14 0.429 0.306
15 0.419 0.300
16 0.410 0.295
17 0.401 0.291
18 0.392 0287
19 0.383 0.283
20 0.374 0.279
21 0.366 0276
22 0.358 0.273
23 0.350 0.269
24 0.342 0.267
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Table 8.1-2 f): Part 2, Continued: Trendline Equations, R’ values, and data for first

24 hours porosity: Ashgrove CKD with MK mixes.

Trendline Equation

0.5876x 020

-0.1551Ln(x)+0.7947

-0.114Ln(x) + 0.6382

R 0.728 0.941 0.999
Time (hrs) 0.70PC, 0.15Ashgrove, 0.15MK, 0.2CC| 0.7 OPC, 0.3 MK ]0.7 OPC, 0.3 MK, 0.1 CC
1 0.588 0.795 0.638
2 0.509 0.687 0.559
3 0.468 0.624 0.513
4 0.441 0.580 0.480
5 0.421 0.545 0.455
6 0.406 0.517 0.434
7 0.393 0.493 0.416
8 0.382 0.472 0.401
9 0.373 0.454 0.388
10 0.365 0.438 0.376
11 0.358 0.423 0.365
12 0.351 0.409 0.355
13 0.346 0.397 0.346
14 0.340 0.385 0.337
15 0.336 0.375 0.329
16 0.331 0.365 0.322
17 0.327 0.355 0.315
18 0.323 0.346 0.309
19 0.320 0.338 0.303
20 0.316 0.330 0.297
21 0.313 0.322 0.291
22 0.310 0.315 0.286
23 0.307 0.308 0.281
24 0.305 0.302 0.276
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Table 8.3-1 a) to -r): AC impedance spectra data: values for R;, R;, and n along with
their respective errors for each mix.

Table 8.3-1 a)

Table 8.3-1 b)

Sample: 2005 OPC Sample: 2005 OPC, 0.1 CC
time | R, R, R, R, n n time | Ry R, R, R, n n
(hrs){ (Q) {% Erron (Q) | % Error % Error}} (hrs)| (Q) [% Errof (Q) | % Error % Error
10 |1184| 0.53 | 108 ] 6.99 |0.818| 5.91 11 [1296] 0.39 [49.21 14.70 10.828| 14.23
11 {1260 0.59 {137 ]| 6.41 |0.787| 5.29 12 {1351} 0.41 |58.7] 13.36 { 0.8 | 12.90
12 |1320f 0.65 [ 165] 6.12 |0.762| 4.95 13 |1430] 0.45 | 71.6] 12.21 |0.767] 11.71
13 }1392] 0.72 | 200| 5.82 [0.741]| 4.58 14 11515] 0.48 | 86.3| 11.18 ] 0.744| 10.58
14 11462] 0.80 | 240| 5.60 [0.721] 4.32 15 11598] 0.51 | 102 | 10.52 ] 0.717| 9.79
15 11527| 0.87 | 277 | 5.48 |0.706| 4.13 16 |1675] 0.58 | 120 ] 10.32 | 0.689| 9.39
16 (1587 0.92 | 312] 5.31 |0.697| 3.94 17 11750] 0.62 | 136 | 10.00 | 0.676] 8.84
17 11643] 0.97 | 343 ] 5.23 10.689]| 3.82 18 {1824] 0.67 | 155| 9.63 [0.665] 8.29
18 |1695] 1.00 { 371} 5.14 |0.685] 3.70 19 [1901] 0.70 | 175] 9.17 [0.658] 7.67
19 [1743] 1.00 | 391} 4.99 [0.684| 3.57 20 |1983] 0.74 | 198 ] 8.72 |0.654| 7.05
20 [1786] 0.97 | 406| 4.80 |0.686( 3.42 21 12068] 0.77 | 224} 8.30 |0.653] 6.46
21 11828] 0.96 | 419| 4.67 ]0.688| 3.31 22 12156] 0.81 | 252 | 7.95 [0.651| 5.96
22 |11873] 0.92 | 433| 4.48 |]0.691| 3.16 23 [2235] 0.85 |282| 7.64 | 0.65]| 5.55
23 ]11918] 0.89 | 448) 4.25 [0.695] 2.98 24 12318] 0.89 | 314] 7.35 |0.651] 5.16
24 11967] 0.87 | 469 4.06 [0.697] 2.84
Table 8.3-1 ¢) Table 8.3-1d)
Sample: 2005 OPC, 0.2 CC Sample: 0.7 OPC, 0.3 Bath
time | Ry R, R, R, n n time | Ry R, R, R, n n
(hrs)| (Q) {% Errod (Q) | % Error % Error]| (hrs)| (Q) [% Erron (Q) | % Error % Error
11 [1446| 0.34 |50.2] 1482 | 0.89 | 1249 | 11 | 964 | 0.46 |92.9] 10.38 | 0.566| 10.60
12 11503| 0.36 | 57.9| 13.90 {0.862] 11.80 |[ 12 }1008] 0.50 | 104 | 10.10 }0.546] 10.37
13 |1563| 0.37 |65.9| 13.02 | 0.842| 11.07 13 }1056f 0.54 | 117 | 9.82 {0.527] 10.11
14 11630] 0.39 |75.1] 12.20 ] 0.823] 10.35 || 14 |1107] 0.59 | 132| 9.61 |0.508| 9.92
15 [1705] 0.41 |85.6] 11.24 | 0.81 | 9.44 15 |1158] 0.64 | 149] 9.45 | 049 | 9.76
16 {1796] 0.43 |99.7| 10.36 |0.795| 8.54 16 §1207) 0.70 | 164 | 9.26 {0.478] 9.55
17 | 1900} 0.45 | 118 9.41 [0.782]| 7.56 17 [1256] 0.77 | 183 | 9.21 |0.463} 9.47
18 12007| 0.49 | 141| 8.66 [0.767]| 6.75 18 |1301] 0.85 | 204 ] 9.21 |0.449{ 9.43
19 12106] 0.53 | 168| 8.13 [0.749]| 6.13 19 113391 0.92 | 223 | 9.31 ]0.436] 9.50
20 12213] 0.59 {201] 7.68 [0.734] 5.57 20 |1374] 1.01 {242] 9.48 |0.424] 9.63
21 12322] 0.66 | 242 7.37 | 0.72 | 5.11 21 11407] 1.07 | 259| 9.53 }j0.416| 9.66
22 12432] 0.73 1290 6.98 |0.709] 4.63 22 {1436} 1.13 | 276 | 9.56 |[0.409| 9.67
23 12529] 0.78 | 339] 6.56 |0.701| 4.16 23 11466] 1.20 | 295] 9.63 |0.401] 9.70
24 12630] 0.81 | 388] 6.15 ]0.698] 3.77 24 11498] 1.29 | 318| 9.65 |0.393{ 9.66
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Table 8.3-1 ¢) Table 8.3-1)

Sample: 0.7 OPC, 0.3 Bath, 0.1CC Sample: 0.7 OPC, 0.3 Bath, 0.2CC

time R1 R1 Rz R2 n n time R1 R1 R2 R2 n n

(hrs)] (Q) |% Errof (Q) | % Error % Errorl| (hrs)] (Q) |% Erron (Q) | % Error % Error
12 |1144} 0.30 |[36.2] 17.90 | 0.814] 15.38 12 |1129| 0.41 |42.7] 18.37 | 0.66 | 17.36
13 11189| 0.32 |40.7] 17.15 | 0.791] 14.91 13 |1160| 0.44 | 46.8] 17.89 | 0.648| 16.87
14 11231| 0.34 | 45.2] 16.48 | 0.77 | 14.47 14 11191] 0.48 | 51.2] 17.53 | 0.635| 16.48
15 |1274] 0.37 {49.9] 16.21 | 0.751]| 14.33 15 [1229] 0.52 | 56.8| 17.06 | 0.623| 15.91
16 |1327] 0.39 | 56 | 15.72 | 0.731] 13.97 16 |1283] 0.57 | 65 | 16.41 | 0.611] 15.03
17 11396] 0.44 {64.6| 15.30 | 0.708] 13.61 17 |1349]| 0.66 |76.4| 16.09 | 0.597| 14.31
18 |1478| 0.49 | 75.8] 14.56 | 0.689| 12.85 18 |1417] 0.74 | 89 | 15.53 ] 0.588| 13.34
19 |1563| 0.55 |89.1| 13.89 | 0.671] 12.04 19 11483| 0.85 | 104 | 15.42 | 0.576| 12.69
20 |1645] 0.63 | 105] 13.50 | 0.653] 11.41 20 |1547] 0.95 | 119] 1509 | 0.57 | 11.84
21 11724] 0.71 |1 122 ] 13.19 10.639] 10.79 || 21 }1609] 1.07 | 137 | 14.95 | 0.565| 11.15
22 11799 0.81 | 141| 13.03 | 0.628| 10.25 || 22 }1667] 1.18 | 156 | 14.68 | 0.561| 10.42
23 ]1869] 0.89 | 160 | 12.72 | 0.621] 9.64 23 [1719] 1.31 | 176 | 14.60 | 0.56 | 9.83
24 11933] 0.99 | 180 ] 12.73 | 0.613{ 9.26 24 {17581 1.43 | 194 | 14.64 | 0.556| 9.46

Table 8.3-1g) Table 8.3-1 h)

Sample: 0.7 OPC, 0.3 Alpena Sample: 0.7 OPC, 0.3 Alpena, 0.1CC

time | Ry R4 R2 R2 n n time | Ry R, Ry R, n n

(hrs)| (Q) % Erron (Q) | % Error % Error]| (hrs)| (Q) [% Error (Q) { % Error % Error
11 11052] 0.46 | 67.7| 12.71 | 0.691] 12.33 12 11766] 0.53 | 148| 7.86 |0.868| 5.32
12 [1151] 0.50 | 84.4] 11.62 | 0.658] 11.31 .|| 13 |1871] 0.66 | 200} 7.36 |0.828] 4.77
13 |1254] 0.57 | 106 | 10.83 | 0.626] 10.49 || 14 |1964| 0.82 | 264 | 7.05 |0.797] 4.33
14 11355| 0.68 | 136 | 10.35 | 0.588| 9.92 15 12048| 0.99 | 335| 6.84 |0.775] 3.97
15 [1449| 0.82 | 171 | 10.09 | 0.556] 9.49 16 |2123| 1.14 | 412] 6.51 |0.764] 3.59
16 11538 1.00 | 212 | 10.02 | 0.529] 9.14 17 |12185| 1.31 | 498 ) 6.29 |0.753] 3.31
17 |1621] 1.20 | 258 9.89 | 0.51 | 8.69 18 |2233| 1.55 | 592 ] 6.35 |0.742] 3.20
18 [1696] 1.44 | 310 9.94 |0.493| 8.37 19 12271| 1.77 1 691| 6.28 |0.733]| 3.05
19 |1767| 1.62 | 364| 9.70 {0.484| 7.85 20 12300] 2.02 | 793 | 6.27 |0.726] 2.94
20 |1829] 1.85 | 423 9.62 |0.474| 7.47 21 |2331] 2.19 | 891] 6.11 |0.724] 2.80
21 11885] 2.08 | 485]| 9.55 |0.466| 7.14 22 12351] 2.48 [1005] 6.16 |0.717] 2.74
22 11931] 2.43 | 551 | 9.85 {0.457| 7.05 23 |2372] 2.65 [1107] 6.03 [0.715{ 2.64
23 11977 2.69 | 617 ] 9.86 |0.452| 6.82 24 12392 2.72 |1201} 5.74 |0.714{ 2.49
24 12019] 2.94 | 680 9.90 |0.449| 6.65
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Table 8.3-1 j)
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Sample: 0.7 OPC, 0.3 Alpena, 0.2 CC Sample: 2008 OPC

time | Ry R, R, R, n n time | Ry R, R, R, n n

(hrs)| (Q) {% Erron (Q) | % Error % Error{| (hrs)| (Q) |[% Erron (Q) | % Error % Error
11 |1344| 0.89 | 128 | 10.93 {0.695| 8.19 12 |1135] 0.57 [89.3] 9.33 |0.747] 8.36
12 |1421] 1.02 | 157 | 10.56 [0.683] 7.54 13 |1239] 0.65 | 119} 8.41 |0.714] 7.26
13 |1492] 1.15 | 189 ] 10.26 {0.673| 6.97 14 11346] 0.73 | 155| 7.67 |0.689] 6.33
14 [1559] 1.29 | 225] 9.98 |0.664| 6.48 15 11453| 0.82 [ 198 | 7.04 |0.668]| 5.54
15 11620] 1.46 | 264 | 9.87 |0.655| 6.13 16 [1558] 0.91 | 250 | 6.57 |0.649{ 4.93
16 }1676] 1.63 | 306} 9.73 [0.647] 5.80 17 [1658] 1.01 | 307 | 6.20 [0.635{ 4.43
17 |1727] 1.82 | 351} 9.69 | 0.64 | 555 || 18 |1746] 1.13 | 370 | 5.95 |0.621]| 4.06
18 11773} 2.01 { 399| 9.63 |0.636] 5.33 19 [1826] 1.23 | 435 5.71 [0.612f 3.73
19 |1814] 2.23 | 450] 9.64 |0.631] 5.14 20 |1895] 1.36 | 503 | 5.60 |0.604| 3.51
20 |1853] 2.42 | 499] 9.57 [0.629| 4.97 21 {1963] 1.45 | 573 | 540 |0.599| 3.28
21 11886] 2.64 | 551 | 9.60 ]0.626] 4.85 22 12025] 1.56 | 650 | 5.26 }0.593| 3.09
22 {1916] 2.83 | 603 ] 9.53 |0.621] 4.73 23 |2085] 1.64 | 729| 5.05 | 0.59 | 2.89
23 [1944| 2.91 | 644] 9.29 ]|0.619| 4.58 24 12139] 1.73 | 811] 4.88 j0.588] 2.73
24 [1961] 3.10 | 689 ] 9.30 ]0.616] 4.50

Table 8.3-1k) Table 8.3-11)

Sample: 0.7 OPC, 0.3 Ashgrove Sample: 0.7 OPC, 0.3 Ashgrove, 0.1CC

time | Ry R4 Ra R, n ‘n time | Ry Ry Ry R, n n

(hrs){ (Q) 1% Erron (Q) | % Error % Errorfi (hrs)| (Q) [% Erron (Q) | % Error % Error
17 11027| 0.44 |46.9] 14.77 | 0.673| 14.34 || 20 |1543]| 0.393 | 50.2| 17.39 | 0.892] 14.163
18 [1123] 0.52 | 63.8] 12.59 | 0.652] 11.76 |I 21 |1650]| 0.449 | 66.1| 15.294 ]| 0.852} 12.337
19 [1218] 0.61 |84.9] 11.48 |0.627| 10.24 || 22 |1754| 0.522 | 85 | 14.013]0.818] 11.036
20 |1313] 0.71 | 111] 10.52 | 0.61 | 8.87 23 ]1851] 0.595 | 107 | 12.932] 0.793 | 9.8496
21 11409] 0.87 | 145] 10.11 ]10.589| 8.04 24 ]1942] 0.688 ] 132 | 12.32 | 0.769] 9.0243
22 [1500] 0.98 | 182] 9.36 |0.579] 7.01
23 [1584) 112 | 226 ] 8.96 | 0.57 | 6.33
24 {1665] 1.25 | 273 ] 8.57 ]0.563

5.76
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Table 8.3-1n)

141

Table 8.3-1 0)

Sample: 0.7 OPC, 0.3 Ashgrove, 0.2 CC Sample: 0.7 OPC, 0.15 Ashgrove, 0.15 MK
time R1 R1 Rz R2 n n time R1 R1 Rz R2 n n
(hrs)| (Q) 1% Erro (Q) | % Error % Error]| (hrs)| (Q) |% Erron (Q) | % Error % Error
20 |1353| 0.44 | 42.8] 20.56 | 0.826] 18.28 19 [1543| 0.98 | 121 | 15.72 | 0.641} 13.09
21 |1428] 0.48 | 51 | 18.82 | 0.81 ] 16.52 || 20 |1643] 1.19 | 156 | 15.13 [ 0.627| 11.76
22 |1498] 0.52 ]60.1] 17.38 | 0.797| 14.98 || 21 |1737] 1.41 | 194 | 14.65 | 0.62 | 10.62
23 |11563| 0.55 |69.6] 16.11 | 0.787] 13.59 || 22 |1816] 1.67 | 237 ] 14.48 | 0.613] 9.83
24 |1622] 0.59 |79.5}] 15.27 {0.778] 12.58 || 23 |1887] 1.96 | 285| 14.50 | 0.605] 9.23
24 11966] 2.04 | 323 ] 13.76 | 0.614] 8.49

Table 8.3-1 p)

Sample: 0.70PC,0.15Ashgrove,0.15MK,0.1CC ||Sample: 0.70PC,0.15Ashgrove,0.15MK,0.2CC

time | Ry R, Rs R, n n time | Ry R, R, R» n n

(hrs)| (Q) |% Erron (Q) | % Error % Error|{ (hrs)| (Q) {% Errod (Q) | % Error % Error
16 |1355] 1.57 | 151 | 18.99 | 0.542]| 16.85 18 11502 0.41 {62.8| 19.09 | 0.741| 17.89
17 11444} 1.81 | 185] 17.62 | 0.548]| 14.46 19 [1579] 0.44 | 73 | 17.43 | 0.714] 16.54
18 ]1528] 1.97 | 223 | 16.13 | 0.559| 12.27 || 20 |1649] 0.47 |83.9| 16.28 | 0.691| 15.55
19 1606} 2.08 | 262 | 14.71 | 0.573] 10.47 || 21 |1714] 0.51 | 95.4] 15.26 | 0.671| 14.60
20 |1679] 2.16 | 303 ] 13.51 | 0.587| 9.08 22 |1766] 0.55 | 107 | 14.56 | 0.654| 13.88
21 |1743] 2.22 | 346 12.50 | 0.596] 8.03 23 |1812] 0.58 | 118 | 13.84 | 0.642| 13.12
22 |1798] 2.28 | 387§ 11.71 10.604| 7.24 24 |11852] 0.62 | 129 | 13.42 | 0.629| 12.62
23 |1851] 2.39 | 433 11.20 [0.609| 6.67
24 |1901] 2.47 | 480} 10.64 {0.615] 6.14

Table 8.3-1 q) Table 8.3-1r)

Sample: 0.70PC, 0.3 MK Sample: 0.70PC, 0.3 MK, 0.1 CC

time R1 R1 Rz Rz n n time R1 R1 R2 R2 n n

(hrs)| (Q) (% Errod (Q) | % Error % Error]} (hrs)] (Q) |% Erron (Q) | % Error % Error
14 12063] 0.48 | 142| 7.79 |0.948] 4.13 15 |2080| 0.80 | 133 { 14.82 | 0.697| 11.16
15 [2179] 0.56 | 193] 6.91 |0.926] 3.41 16 12195] 0.97 | 170 | 14.30 | 0.683] 9.94
16 [2291| 0.66 | 254 | 6.38 | 0.91 | 2.96 17 12302] 1.18 | 215 14.06 | 0.671] 9.01
17 12392] 0.75 | 324| 5.88 |0.899| 2.58 18 |2401| 1.43 | 267 ] 14.01 | 0.663]| 8.26
18 12483| 0.84 | 403 | 5.47 | 0.89 | 2.28 19 12487| 1.67 | 324 ] 13.79 | 0.657| 7.56
19 |2563| 0.93 | 488 | 5.12 |0.882] 2.05 20 |2564] 1.94 | 389 ] 13.61 | 0.654| 6.94
20 {2611] 1.01 | 559 | 4.93 |0.876| 1.92 21 |2639] 2.15 | 453 13.22 | 0.657| 6.36
21 12661] 1.07 | 636 4.70 |10.872] 1.79 22 |2690] 2.46 | 5251 13.24 | 0.654| 6.00
22 |2718] 112 | 719] 4.42 | 0.87 | 1.65 23 12735] 2.69 | 592 | 12.97 | 0.654| 5.63
23 |2767] 1.18 | 806 ] 4.22 {0.868] 1.55 24 12764] 2.90 | 651 | 12.81 | 0.652| 5.37
24 |2814] 1.18 | 893 ] 3.86 | 0.867

1.40
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Table 8.7-2: Trendline equations and R’ values for the six samples used in the R; vs

1/(Pr,,) analysis for estimating R, values at 8 hours.

Mix R® Trendline Equation
2008 OPC 0.996 0.034x™ ™
0.7 OPC, 0.3 Bath 0999 | 1.8986x™"™%
0.7 OPC, 0.3 Alpena, 0.2 CC 0.998 0.695x> ™"
0.7 OPC, 0.15 Ashgrove, 0.15 MK, 0.1 CC | 0.996 0.0604x%%%°
0.7 OPC, 0.3 MK, 0.1 CC 0.995 0.0131x>%%
0.7 OPC, 0.3 Alpena, 0.1 CC _0.992 0.0915x>%™"
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