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EXECUTIVE SUMMARY

1.1 Background

Supplementary cementitious materials (SCMs) are widely used in structural concrete in
order to achieve improved durability. Currently, the most commonly used SCM in Florida is Class
F fly ash, as it has a proven record of performance; however, the supply of Class F fly ash is
expected to diminish in the near future, and there is a need to identify a material that can be used
in its place. Metakaolin (MK), which is a fairly new SCM, can potentially fill this role, although
its cost is significantly higher than that of fly ash. MKSs that are currently on the market are

produced from high purity kaolinite clay, which increases the cost of MK.

Recently, a few studies have explored the possibility of using low-grade kaolin clay as well
as other clays, such as bentonite, illite, and montmorillonite, for producing a pozzolanic material
for use in concrete production. The amorphous content, chemical and mineralogical composition
of the starting clay, and calcining temperature have been shown to affect the quality of the resulting
pozzolanic material. The main goal of this study is to evaluate if Florida clays can be developed
into pozzolanic materials that can be used to replace fly ash in Florida Department of

Transportation (FDOT) concrete mixtures.
1.2 Research Objectives

The objectives of the proposed research are (1) evaluate the quality of various clay sources
available in Florida in terms of their chemical and mineralogical composition and amorphous
content through the use of x-ray fluorescence and x-ray diffraction techniques, (2) explore different
calcination temperatures and accompanying phase transformation for various clay samples through
the use of x-ray diffraction (XRD) or other techniques, and (3) evaluate the reactivity of calcined
pozzolanic materials in combination with ordinary portland cement (OPC) through the use of
mortar compressive strength. Satisfying the objectives of this study will provide the Florida
Department of Transportation with the scientific knowledge on the locally available clay-based

materials and their potential use in structural concrete.
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1.3 Main Findings

The main findings of this study are as follows:

A number of potential clay sources were identified in the state of Florida. The
obtained field samples contained approximately 65% to 80% sand (material
retained on the 45-um sieve). The fraction passing the 45-um sieve met the
chemical oxide composition requirements of ASTM C618: minimum of 70.0% for
SiO2+Al>03+Fe203 and SOz content of less than 4%. The kaolin content of the
#325 mesh material was determined by XRD and thermogravimetric analyses
(TGA) and ranged from approximately 70% to 90%, indicating a good potential of
producing a high-quality pozzolanic material on calcination.

A detailed step-wise temperature study performed for one clay showed that
complete dehydroxylation occurs at 600°C. All the clays were calcined at 600°C
and 800°C, and their amorphous content was quantified using Rietveld refinement.
No change in amorphous content was detected on heating above 600°C, confirming
that all the clays were completely dehydroxylated at this temperature.

Pozzolanic activity of the material calcined at 600°C was evaluated by compressive
strength testing at 7 and 28 days. The results showed that the Florida kaolinitic
clays obtained are capable of being calcined to produce a pozzolanic material that
can be used to replace portland cement in concrete and yield strength indices that
meet the requirements of ASTM C618 at a 10% replacement level, and are,

therefore, suitable for use in concrete as Class N natural pozzolans.

1.4 Recommendations

Based on the findings of this study, it is recommended that the Florida Department of

Transportation proceed to Phase Il of this project in order to further evaluate the effect of calcined

clays on the properties of cementitious mixtures, including strength and durability.

1.5 Recommendations for Future Study

Calcined clays need to be further evaluated in terms of their effect on concrete long-term

durability prior to implementation and use as a supplementary cementitious material.
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Chapter 1.  Literature Review
1.1.  Introduction

Class F fly ash has been historically used in Florida to improve fresh and hardened concrete
properties and to reduce cost. However, recent concerns over fly ash availability necessitate
exploration of other materials that could be used in its place [1]. One of the possibilities is the use
of clay, which can be calcined to produce a pozzolanic material ([1], [2]). The possibility of using

lower-grade mineral clays is particularly attractive since there are large clay deposits worldwide

2]

There is some confusion in the cement and concrete literature regarding the distinction
between clays and clay minerals. This is not surprising, as there is currently “no uniform
nomenclature for clay” or clay minerals as pointed out by Bergaya and Lagaly [3]. The industrial
classification of clays provided by [3] separates the clays into four different types based on their
predominant minerals: kaolins, bentonites, palygorskite (attapulgite), and sepiolite, and ‘common
clays.” Kaolins are primarily composed of kaolinite. The major minerals in bentonites are Ca- or
Na-montmorillonite. Palygorskite and sepiolite are named after their respective primary mineral,
while ‘common clays’ are typically composed of illite and smectite. Clays that are typically

calcined and used in concrete as supplementary cementitious materials (SCM) belong to the kaolin

group.

Clays belong to a family of minerals called phyllosilicates, which are made up of
tetrahedral silicate sheets and octahedral metal oxide (or hydroxide) sheets [4]. All 1:1 clay
minerals have tetrahedral silicate sheets and octahedral metal oxide sheets that are alternately
stacked on top of each other. In 2:1 clay minerals, there are two silicate sheets on each face of the

octahedral sheet.

Kaolinite, halloysite, dickite, nacrite, and livesite are clays belonging to the kaolin group,
which are 1:1 clays made up of Si-O tetrahedral and Al-O(OH) octahedral sheets. Together they
form a “composite kaolin layer” with distorted Si-O and AI-O distances [5]. Bentonites,

palygorskite, and sepiolite are 2:1 clays.



An important parameter in the clay structure that influences calcined clay reactivity is the
degree of order/disorder of the clay minerals. It can be determined by calculating Po, which is a
ratio of the intensities of the 3620 cm™ and 3700 cm™ FTIR bands. The 3620 cm™* band
corresponds to the “inner OH groups attached to aluminum and oxygen atoms” within the
octahedral layer, while the 3700 cm™ band is associated with the “inner surface OH groups,”
which are also attached to the surface of the octahedral layer and are able to bond with the
tetrahedral silica layer through hydrogen bonding. These hydrogen bonds are stretched with “ab
displacements or isomorphous substitutions” causing an increase in the degree of disorder of the
clay [6]. Bich [6] reported that clays with Po >1 are well-ordered, while clays with Po <1 are

disordered.

Calcined clays fall under the Class N classification of ASTM C618. For this classification,
the standard outlines the following requirements in terms of chemical composition: a minimum of
70.0% for SiO2+Al.03+Fe203, and a maximum of 4.0% for SO3. Based on the compositions of
various clay minerals reported in the literature ([7]-[15]), the majority of calcined clays should be
able to satisfy both of these requirements. In practice, compliance may depend on the amount of
associated minerals in the clay ([3], [16]). Typically, clays are found together with quartz,
carbonates, feldspars, and oxides and hydroxides of aluminum and iron, which should not affect
either of the Class N requirements. Possible non-compliance can result from the presence of
sulfate-rich associated minerals, such as alunite (KAI3(SO4)2(OH)¢), the presence of which was
reported by ([8], [17], [18]) in kaolin samples. Kakali et al. [17] reported that although alunite
decomposes at 500-900°C, “there was detectable sulfate content” after heating to 950°C. However,
the exact amount of sulfate after calcination was not reported in this study. Although associated
minerals are typically considered non-reactive, Ghorbel and Samet [19] suggested that the
presence of Fe-bearing goethite and hematite may increase reactivity of calcined kaolinite up to
an Fe2O3 content of 2.7%, above which the authors observed a decrease in reactivity as measured

by compressive strength at 7-90 days.

In terms of physical properties, ASTM C618 specifies a maximum percent retained on a
45-um sieve of 34%, a maximum autoclave expansion of 0.8%, a minimum strength activity index

of 75%, a maximum water requirement of 115%, and a uniformity specified by a maximum



variation in the measured density of 5%. The current literature does not typically address these

requirements, with the exception of the strength index.
1.2.  Transformation of Clay Minerals on Heating

Thermal behavior of clays can be divided into 3 general stages: dehydration,
dehydroxylation, and recrystallization ([17], [20]). Kakali et al. [17] specify the end of the
dehydration stage occurs at 100°C, while Mohammed [20] states that it can extend up to 200°C.
The temperature ranges for the dehydroxylation and recrystallization stages vary depending on the
clay mineralogy. During the dehydration stage, as free water is evaporated, no changes occur to
the clay structure. Mass loss during dehydration and dehydroxylation periods can be measured

using thermogravimetric analysis (TGA).

In the dehydroxylation stage, hydroxyl groups are removed from the clay structure
resulting in a collapse of the basal spacing and loss of crystallinity ([17], [20]-[23]). The degree
of dehydroxylation (D+c) can be calculated from TGA measurements using the formula proposed
by Rahier et al. [24]:

Dte = 1-m/mo Equation 1

where m and mg are residual and maximum mass loss, respectively. Rahier et al. [24] dried the
samples at 250°C prior to TGA analysis, so the water of dehydration was not considered to be part

of m and mo.

In the case of kaolinite, the following transformation occurs during the dehydroxylation
stage [25]:

Al203-2Si02-2H;0 (kaolinite) 2077 Al203-2S10; (metakaolinite) + 2H>0 (g)

The calcined material obtained during the dehydroxylation stage is pozzolanic and can
potentially be used in concrete. Among the clay minerals, calcined kaolinite has been reported to
be the most reactive, followed by montmorillonite, with other clay minerals showing lower
reactivity [16]. The high reactivity of kaolinite is most likely due to the higher amount of hydroxyl
groups present in its structure compared to the other clay minerals [7]. In addition to higher

3



reactivity, the dehydroxylation (calcination) temperature of pure kaolinite is also lower than that
of other clay minerals ([20], [26]).

Further increase in the temperature, above the dehydroxylation temperature, leads to
formation of crystalline phases (recrystallization stage), which decreases the reactivity of calcined
clay. When metakaolinite is heated above 925°C, spinel forms, which is transformed into mullite
above 1050°C. Above 1200°C amorphous silica is converted into cristobalite, and the calcined

clay becomes completely crystalline [25]:

925-1050°C
2(Al203-2Si02) (metakaolinite) ——— 2Al203-3SiO; (spinel) + SiO2 (amorphous

silica)

21050°C
3(2Al1203-3Si02) (spinel) —— 2(3Al203-2Si02) (mullite) + 5Si02 (amorphous silica)

o

212 Cc
SiO2 (amorphous silica) —— SiO (cristobalite)

Phase transformation of different clay minerals on heating can be followed by differential
thermal analysis (DTA), where temperature changes of a sample of calcined material upon heating
iIs measured against an inert sample at the same temperatures. Endothermic or exothermic peaks
are generated during phase transformations, crystallization, and melting, which occur during
specific temperature ranges for each mineral [27]. Both DTA and TGA can be used to determine

the temperature ranges of dehydration, dehydroxylation and recrystallization of clays.
1.3.  Reactivity of Calcined Clays

The use of metakaolin (MK) obtained from the calcination of high-purity kaolins has been
shown to be very effective in improving concrete strength and durability ([10], [28]-[35]).
However, since deposits of pure kaolin are rare, the cost of metakaolin is high due to additional
separation and processing requirements. Recently, there has been a lot of interest in using calcined,
naturally-occurring clays as supplementary cementitious materials (SCMs) that could potentially
provide improved concrete properties, but at a lower cost. These natural clays have a significantly
lower kaolinite content (lower-grade) compared to the high-grade kaolins used for MK production,

or do not contain any kaolinite, with their pozzolanic properties coming from calcination of other

4



clay minerals. Since kaolinite has the highest reactivity and the lowest calcination temperature
compared to other clay minerals ([16], [20], [26]), the majority of research has been focused on

natural clays containing kaolinite.

Typical clay deposits, including those containing kaolinite, contain differing proportions
of several clay minerals. Since dehydroxylation temperatures for pure clay minerals range from
600-650°C for kaolinite ([7], [36], [37]) to 950°C for smectite [20], optimum calcination
temperature will be determined by the specific clay mineralogy. Optimum calcination temperature
is generally defined as the temperature resulting in the maximum reactivity of the calcined
material. A large number of methods are currently used to assess actual or potential reactivity of
calcined clay, including the Chapelle and Frattini tests, x-ray diffraction (XRD) to determine the
amount of amorphous material after calcination, TGA to determine the degree of dehydroxylation,
and compressive strength. For the Chapelle test, 1 g of calcined clay is mixed with 1 g of CH in
water at 100°C and boiled for 16 hours, after which the remaining free CH is quantified by “sucrose
extraction and titration with a HCI solution” [17]. In the Frattini test, 30% of the pozzolanic
material is mixed with 70% of cement in water. After curing for 7-28 days at 40°C, the solution
is analyzed for calcium and hydroxide ions to determine the ability of the pozzolan to remove
calcium ions from solution [38]. These tests do not always result in the same optimum calcination
temperatures as XRD; the Chapelle and Frattini tests reflect only the chemical effect of the calcined
material on cement hydration, while compressive strength originates from both chemical and
physical effects.

Bich et al. [6] investigated the effect of the degree of dehydroxylation on reactivity of high-
content kaolinite clays. Three clays with kaolinite contents of 75 - 87.3% were calcined at 650°C
for variable amounts of time to vary the degree of dehydroxylation, which was calculated from
DTA measurements. Degree of dehydroxylation varied from 50 to 100%. The authors noted that
for a clay with a disordered structure, the time required to achieve complete dehydroxylation was
significantly shorter compared to the clays with a high degree of order (45 min vs. 5 h), so the
removal of hydroxyl ions is significantly easier in a disordered structure. Reactivity of the calcined
clays was measured in terms of lime consumption in pastes prepared with 50% CH and 50%
calcined material at normal consistency. The authors concluded that there was no relationship

between lime consumption and degree of dehydroxylation at 7 days, although a better correlation
5



between these parameters was observed at 28 days. However, even at 28 days there was a lot of
scatter in the data suggesting that other parameters, besides the degree of dehydroxylation, may be

affecting calcined clay reactivity.

Tironi et al. [38] investigated five kaolinitic clays with a range of kaolinite contents from
high (76 and 94%) to low (16%). Fourier transform infrared (FTIR) spectra were used to determine
whether the structures of raw clays were ordered or disordered. The highest- and the lowest-
kaolinite-content clays had an ordered structure, while the rest of the clays had a disordered
structure. Clays were calcined at 700°C and ground “until 100% of mass passed through the 45-
um sieve (# 325)” [38]. The resulting surface area was measured using the Blaine air permeability
test, which showed large differences in the fineness of the calcined clays (981 to 2287 m?/kg). Not
surprisingly, two clays with highest Blaine fineness values (2287 and 1865 m?/kg) were reported
as most reactive as determined by the Frattini test, electrical conductivity measurements, and
compressive strength measurements at 7-90 days. Since the highest kaolinite-content clay had an
ordered structure in addition to lower fineness (1461 m?/kg), and all the results follow the trend of
the fineness, the authors used ANOVA to determine if the effects of fineness, degree of
order/disorder, and kaolinite content of the uncalcined clays on compressive strength was
significant. All the parameters were concluded to be significant, and their significance varied with
age. Significance of kaolinite content of clay increased with age as well as the degree of

order/disorder, while significance of clay fineness decreased with age.

Krishnan & Bishnoi [39] evaluated the reactivity of 2 natural clays with low and high
kaolinite contents of 20 and 80%, respectively. Both clays were calcined at 800°C followed by 8
hours of soaking. After that, the calcined clays were interground with clinker, 2 different
limestones (high- and low-quality), and gypsum. Unfortunately, the calcium carbonate content of
the two limestones was not specified. The clay content was fixed at 30%, limestone content was
15%, gypsum was added at 5%, and the remaining 50% of the mixture was clinker. The authors
reported poor lime reactivity of the 20% kaolinite clay. Compressive strength of mortar cubes,
prepared with the calcined clays at a w/cm ratio of 0.45, was also measured and compared to the
performance of OPC and OPC+30% fly ash. Compressive strengths of mortar cubes prepared with
20% kaolinite clay and high-quality limestone were slightly higher than those of OPC at 7-90 days.

Compressive strengths of 20% kaolinite clay and low-quality limestone were similar to those of
6



the mortar cubes containing fly ash. A significant increase in compressive strength was achieved
with 80% kaolinite clay regardless of the limestone quality. Similar results were obtained for
concrete, where mixes containing 20% kaolinite clay showed similar performance to the mix

containing fly ash, while 80% kaolinite clay strengths were similar to that of OPC.

Pierkes et al. [40] compared the performance of three clays, identified as illitic, kaolinitic,
and chloritic, with 4 different OPCs. Clays were calcined at temperatures ranging from 800 to
1200°C, and compressive strengths were compared for 20% cement replacement levels. The
authors concluded that there is little contribution to compressive strength development from the
calcined clays before 7 days, and the effect of calcined clay could only be observed after this age.
As expected, different optimal calcination temperatures were obtained for each clay, based on
compressive strength measurements. Additionally, for the illitic and kaolinitic clays, which had
similar mineralogical compositions (illite/muscovite, kaolinite, quartz, and feldspar) and differed
mainly in their kaolinite content, the optimum calcination temperature decreased with increasing
kaolinite content. It appears that the optimum calcination temperature depends not only on the
clay minerals present, but also on their relative amounts. Since it may not be possible to accurately
quantify all the clay minerals present in a sample because crystal structures for a number of clay
minerals have not been investigated, it may be difficult to predict the optimum calcination
temperature based on mineralogy alone. Additionally, other parameters, such as particle size [10]
or fineness [38] and degree of order/disorder [38], have an effect on optimum calcination

temperature.

Kakali et al. [17] compared the reactivity of 5 different clays with a range of kaolinite
contents (38-96%), as well as variable kaolinite crystallinity (degree of order/disorder). Clays
were calcined at 650°C and their reactivities were evaluated using the Chapelle test. The results
were expressed both in terms of CH consumption per gram of calcined clay, as well as per gram
of metakaolinite in the calcined samples. The authors observed that when the results were
normalized by the total mass of calcined clay, the samples containing more metakaolin appear to
be more reactive; however, when the results are normalized by the amount of metakaolin, reactivity
was higher for the clays with a greater degree of disorder. Similar to Tironi et al. [38], Kakali et
al. [17] concluded that the degree of order/disorder of the raw clay has an effect on the reactivity

of the calcined pozzolan, with less crystalline clays resulting in more reactive pozzolans. Influence
7



of these clays on compressive strength at 10 and 20% cement replacement was reported by
Badogiannis et al. [8]. The onset of pozzolanic reaction for all clays was observed at 7 days, which
is consistent with observations by Pierkes et al. [40]. While compressive strengths of low-kaolinite
clays (38 and 39% kaolinite) were lower than those of high-kaolinite clays (> 52% kaolinite), they

were equal to or greater than the strength of OPC after 7 days.

Alujas et al. [41] looked at the effect of calcination temperature on a clay containing 40%
kaolinite and 40% of a mixture of illite and montmorillonite. While a range of calcination
temperatures was investigated in this study, 800°C was determined to be optimal based on both
the highest compressive strengths attained at 7 and 90 days, and the highest heat evolution

measured by isothermal calorimetry.

On the contrary, Rasmussen et al. [42] reported the optimum calcination temperature for a
kaolinite clay sample to be 900°C, while for an illite/smectite sample it was around 800°C for the
soak-calcination method. The kaolinite clay used by Rasmussen et al. contained 5-10% quartz;
unfortunately, its kaolinite content was not reported. The illite/smectite clay contained 10% quartz
and 10% calcite. The authors reported that evidence of the clay reaction could be seen after 3
days. At 28 days, compressive strengths of kaolin clay mortars were higher than that of the OPC
mortar. As for calcined illite/smectite clay, its compressive strength was reported to be 96% of
the strength of OPC at 28 days.

Beuntner and Thienel [43] investigated the pozzolanic activity of a clay containing 25%
kaolinite, 30% mica, 11% illite, and 6% chlorite. Optimum calcination temperature was
determined to be in the range of 700 - 800°C, which is in line with the results reported by [41].
Beuntner and Thienel [43] determined the optimum temperature based on solubility of calcined
samples in an alkaline solution, which is a rapid test of pozzolanic activity. For the clay calcined
at the optimum temperature, compressive strength of mortar at 28 days with 20% cement

replacement was reported to be greater than that of OPC.

Taylor-Lange et al. [36] studied the reactivity of calcined kaolin-bentonite clays. A natural
clay consisting of a mixture of Ca-bentonite and kaolin with approximately 25% kaolinite, as
determined by semi-quantitative XRD analysis, and a laboratory-prepared blend of kaolin and Na-

bentonite (approximately 40% kaolinite) were evaluated. Pure kaolin was also used in this study
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as a reference. The calcination temperature for all materials was varied from 600 to 950°C.
Optimum calcination temperatures were then determined based on the amount of amorphous
material after calcination as determined by XRD, and were 650°C for pure kaolin, 930°C for Ca-
bentonite/kaolinite, and 830°C for Na-bentonite/kaolinite blends. These materials were then used
to prepare mortar cubes at a 15% cement replacement level for compressive strength testing. As
expected, calcined kaolin showed the highest strength development. The Ca-bentonite blend
showed similar compressive strengths to those of pure OPC at all ages, except at 90 days when its
strength was higher. The Na-bentonite blend had lower strengths during the first 3 days, after
which its strength was higher than that of OPC and the Ca-bentonite blend. It should be noted that
the strengths of Na- and Ca-bentonite were very similar at 90 days. However, the authors
concluded that Na-bentonite blend “proved to be the most reactive” compared to the Ca-bentonite
blend. They further suggested that “sodium bentonite blended with 35 wt.% kaolinite has the
potential to be used as a moderately reactive SCM in industry.” Since neither of the bentonite
clays was examined on its own, and the blended clays had variable amounts kaolinite, it is not
clear if the Na-bentonite blended with kaolin would actually be more reactive than Ca-bentonite
blended with an equal amount of kaolin. The lower calcination temperature and slightly higher

compressive strengths of the Na-bentonite blend could be attributed to its higher kaolinite content.

Prior to this study, He et al. [13] compared the reactivity of calcined Na- and Ca-
montmorillonite, which are the main components of Na- and Ca-bentonite, respectively. The
samples were calcined at 730, 830, and 930°C, and their effects on compressive strength were
evaluated by preparing mortar cubes at a 30% cement replacement level. It should be noted that
the w/cm ratio was varied from 0.6 to 0.8 to maintain constant flow, and compressive strength
results were normalized using Feret’s formula. Based on compressive strength measurements,
both Na- and Ca-montmorillonite had the same optimum calcination temperature of 830°C.
Additionally, compressive strengths of Ca-montmorillonite were notably higher than those of Na-
montmorillonite at all ages after 7 days, which is contrary to the results reported by Taylor-Lange
et al. [36]. While reactivity of calcined bentonite may be different from that of calcined, pure
montmorillonite, the results reported in [13] may have been affected by the variation in the w/cm

ratio.



Garg and Skibsted [44] also investigated the use of pure montmorillonite as an SCM. It
was observed that a calcination temperature of 800°C resulted in maximum reactivity of calcined
montmorillonite, which is consistent with the results of [13]. Although the reactivity of calcined
montmorillonite, in combination with white portland cement, was found to be lower than that of

metakaolin, the authors reported that it was similar to that of slag or fly ash.

He et al. [12] evaluated the effect of calcination temperature on pure clay minerals:
kaolinite, illite, Ca-montmorillonite, Na-montmorillonite, mixed layer mica/smectite and sepiolite.
Calcination temperature in this study was varied from 550 to 900°C. The amorphous content of
calcined clays was measured using x-ray diffraction (XRD). The greatest amorphous content for
kaolin and Na-montmorillonite was observed at approximately 800°C, after which it decreased due
to formation of mullite in kaolinite and y-Al203 in Na-montmorillonite. No drop in amorphous
content with increase in calcination temperature was observed for the rest of the clay minerals.
Calcination temperatures were also evaluated by differential thermal analysis (DTA), where the
end of dehydroxylation for kaolinite was determined to be 650°C; for Ca- and Na-montmorillonite,
it was at 730 and 740°C, respectively; 560°C for mica/smectite, and 830°C for sepiolite, which was
contradictory to the XRD results, where the greatest amorphous content for kaolin and Na-
montmorillonite was observed at 800°C. Compressive strengths were also assessed for each
mineral calcined at different temperatures. It is interesting to note that calcination temperatures
required to achieve the highest compressive strength did not consistently correspond to the
optimum calcination temperatures determined by XRD or DTA. For kaolinite and sepiolite, the
optimum strength-based calcination temperatures were the same as those determined by DTA,
while for Na-montmorillonite and mica/smectite, they corresponded to the optimum temperatures
determined by XRD. For Ca-montmorillonite, no difference in amorphous content was observed
in the 700 - 900°C range by XRD, while optimum calcination temperature using compressive
strength was determined to be 830°C. This could be due to the difference in the fineness of the
calcined clays, which is known to affect strength. A general correlation between strength and
amount greater than 45 pm was reported in this study, although the R? value was rather low (0.66).
This indicates a complex interaction between fineness and structural parameters of the clay

minerals.
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At optimum strength-based calcination temperatures, the highest compressive strengths
were observed for kaolinite and Ca-montmorillonite. Although the strength of Na-montmorillonite
was lower, it still exceeded the compressive strength of pure OPC. The authors concluded that
illite and sepiolite were poor pozzolans, even though their compressive strengths were comparable
to that of fly ash.

In a separate study [11], performance of illite was again classified as poor by He et al. In
this work, three calcination temperatures (650°C, 790°C, and 930°C) were selected to correspond
to the beginning, middle, and end of the calcination range as determined by DTA. No significant
improvement in compressive strength was observed with addition of illite calcined at 650°C
compared to uncalcined illite at all ages up to 91 days. Improvement in compressive strength with
addition of material calcined at 790°C and 930°C could only be observed after 28 days, indicating
a later-age reactivity of calcined illite. The highest compressive strengths were observed for 930°C
illite, which corresponded to approximately 80% and 90% of OPC strength at 28 and 91 days,

respectively.

A similar study was conducted for sepiolite [14], where the sepiolite was heated to 370°C,
570°C, and 830°C. The maximum compressive strengths were observed for the mortar
incorporating material calcined at 830°C. Unlike illite, calcined sepiolite contributes to strength
gain between 7 and 28 days. Again, He et al. [14] concluded that sepiolite is a poor pozzolan,

since compressive strengths after 7 days were approximately 84% of the OPC strengths.

Hollanders et al. [45] attempted to “understand the origin of the pozzolanic reactivity” of
calcined clays. The authors selected eight different clays for their study: three kaolinites with
different degrees of order/disorder; a halloysite, which has a similar structure to that of kaolinite;
an illite; and three smectites (Na-montmorillonite, Ca-montmorillonite, and hectorite). Clays were
calcined at maximum temperatures ranging from 500 to 900°C. The authors identified 700°C as
the optimum calcination temperature for kaolinitic clays, including halloysite, based on the
absence of kaolinite peaks as measured by XRD. However, for the kaolin sample with low degree
of order/disorder, no kaolinite peaks were observed even at 500°C, and only a small amount of
crystalline kaolinite was detected for the kaolin sample with a medium degree of order/disorder.

These results were confirmed by portlandite (CH) consumption at 28 days. For the highly-ordered
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kaolin sample, CH consumption significantly increased for the sample calcined at 700°C compared
to the one calcined at 500°C, while no change in portlandite consumption was observed on heating
above 700°C. For the samples with low and medium degrees of order/disorder, no significant
changes in CH consumption were observed on heating above 500°C. Loss of crystallinity for
halloysite was also observed at 500°C, which was consistent with CH consumption results. The
authors concluded that for kaolinites, including halloysite, reactivity is dependent on the degree of

order/disorder.

The researchers reported that a temperature of 900°C was required for complete loss of
crystallinity of Na-montmorillonite, although CH consumption at this temperature was lower than
at 700 or 800°C. Therefore, it appears that loss of crystallinity as measured by XRD may not
always correlate to maximum reactivity, at least for Na-montmorillonite. For Ca-montmorillonite,
complete calcination was achieved at 800°C, which is in line with the CH consumption results.
This is also consistent with the results of ([13], [44]). Additionally, CH consumption for Ca-
montmorillonite calcined at 800°C was notably higher than that of Na-montmorillonite, leading
the authors to conclude that Ca-montmorillonite is more reactive. This is contrary to the
conclusions presented by Taylor-Lange et al. [36], where a Na-bentonite/kaolin blend was
considered to be more reactive than Ca-bentonite/kaolin blend. However, as mentioned
previously, the kaolin content in these blends was varied as well, which would undoubtedly have

an effect on reactivity.

No defined optimum temperature was reported for hectorite; however, the authors observed
formation of crystalline phases starting at 800°C. CH consumption also appeared to be unaffected
by calcination temperature and was the lowest among all clay samples. The low reactivity of this
clay was attributed to its low Al and high Mg content. It should be noted that the
SiO2+Al2,03+Fe203 content of hectorite was well below the 70.0% specified by ASTM C618.

For illite, the maximum amorphous content was observed at 900°C, although a large
portion of crystalline material was present as well. CH consumption was also highest at this
temperature, although it was the second lowest after hectorite. Although the SiO2+Al>O3+Fe>03

content of the illite was above 70%, this value did not correlate well with calcined clay reactivity.
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Danner et al. [37] assessed the performance of smectite-rich clay obtained from marine
sediment (marl) and calcined at 600 - 1,000°C. Dehydroxylation of small quantities of kaolinite
was observed at 650°C, while for smectite and illite, the dehydroxylation temperature was reported
to be 800°C. Compressive strength of mortars containing 20 and 35% of clay calcined at 800°C
was similar to that of OPC after 7 days. Unfortunately, the exact mineralogy of the clay,
specifically the particular smectite minerals present, was not reported in this study. Therefore, it
is difficult to compare the findings of Danner et al. [37] to other published results, as Hollanders
et al. [45] clearly showed that calcined smectites have a wide range of reactivities.

1.4. Conclusions

Based on the review of current literature, the use of calcined natural clays in concrete as a
cement-replacement material is a viable option. Clays containing kaolinite appear to be the most
economical due to potentially lower calcination temperatures and being the most reactive. A wide
range of calcination temperatures has been published for each clay type, especially for kaolin;

therefore, the optimum calcination temperatures have to be determined for each clay individually.

Although it has been reported in the literature that reactivity of clays depends on their
mineralogy, relative amounts of clay minerals present, particle size, degree of order/disorder (in
the case of kaolinite), and the amount of associated minerals, the exact relationships between these
parameters and reactivity have not been established. Moreover, the degree to which each
parameter affects overall reactivity is not clear. Additionally, it has been shown in the literature
that complete loss of crystallinity, as determined XRD, may not always correspond to maximum
reactivity of the calcined material, especially in the case of kaolinite-containing clays. Currently,
the most reliable predictor of reactivity appears to be compressive strength measurements. The
use of isothermal calorimetry for this purpose has only been explored in one study that the authors

are aware of.
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Chapter 2.  Identification of the Local Clay Sources and Evaluation of Chemical and

Mineral Composition
2.1.  Introduction

The goal of this project is to obtain and assess various kaolinite content clays from the state
of Florida to assess their potential for use as supplementary cementitious materials (SCMs). This
report includes a qualitative and quantitative multi-technique characterization of the obtained clays
using x-ray fluorescence (XRF), x-ray diffraction (XRD), and thermogravimetric analysis (TGA).
A total of 20 clays with varying chemical and physical properties were obtained and analyzed. The
collected clays had varying kaolinite (Al2Si2Os(OH)4) content, which is expected to play a

significant role in the pozzolanic activity of calcined clay.
2.2.  Assessing and Obtaining Florida Clay Samples

There is currently a plethora of available literature on most of the clay sources located
across the state of Florida ([1]-[5]). Much of the characterization is focused on reporting the
elemental oxide analyses rather than the clay mineralogy. Despite all the geological research
published on Florida clay resources, the Florida Department of Environmental Protection has the
most user-friendly and detailed database of clay resources in the state. This agency has put together
a user-friendly program known as the Integrated Habitat Network (IHN), which includes a 2-D
map of the many facets of Florida’s natural and man-made geology, such as mining areas,
hydrography, hazardous waste locations, natural habitats, parks and recreation, conservation areas,
recreational parks, etc. [6]. The non-phosphate sites information (updated in 2016) provided by
IHN was used to identify potential clay sampling locations. This data revealed that Florida clay
sources may be found all across the state of Florida from the west side of the panhandle all the
way across to east Florida in Jacksonville and as far south as Key Largo. It should be noted that
although the IHN provides specific locations for clay, sand, limestone, fuller’s earth, and fill
material mining, these materials are mined with some proportions of clay. All non-phosphate
locations on the IHN database were considered as potential sites for obtaining clay specimens. The
database offered by the IHN is, however, somewhat limited. The non-phosphate resources shown
in this program are not guaranteed to exist currently as they are listed. In addition, no specific

information on the mineralogy of the clay sources is available within the IHN network. Other
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resources were needed for the characterization of clays at these locations and proved difficult or
impossible to obtain. Most of these locations are either active or inactive industrial mining
operations. However, quite a few clay sources existed on private property and specimen gathering
was limited to properties for which the owner’s consent could be obtained.

This project focused on obtaining raw earth materials as they exist naturally in the ground.
A total of 20 potential clays from 9 different clay pits were obtained for this project. All clay
samples for this project were grab samples placed into 5-gallon plastic buckets. The detailed

physical description of each clay sample is presented in this report.

A red overburden clay was obtained from a sand mining operation at a pit listed as Pit
168A. This mine has high quality sand residing under 10-15 feet of overburden clay. Figure 2-1a,
shows the reddish overburden at the top of the excavation. This overburden is currently used as a

road base material. A Google Maps [7] image of the pit’s layout is shown in Figure 2-1b [7].
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Figure 2-1: Clay Pit 168A: (a) clay stratification in the mine wall, (b) aerial view [7]
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Another overburden red clay was obtained from a mine (Figure 2-2) that is also excavated
for sand; however, a red clay overburden as deep as 15 feet from the surface is excavated and sold
for road/construction base material. The owner of the mine mentioned that there was white clay in
the rear of the property, but would not aid in obtaining samples because of safety concerns.

Red (’fl"ay
~(0-15'at'and Degg

Figure 2-2: Clay Mine: (a) sample clay wall, (b) aerial view [7]

At another mine, large quantities of 2 types of clay are found up to 30 feet beneath the
surface at 2 separate locations in the mine. One of the clays is sold as a fill material, and the other
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clay is a plastic gray-colored clay that is sold for use as a water basin sediment densifier that aids
bed sediments with water retention. An aerial view of the mine is shown in Figure 2-3. Excavation

had not begun when this image was taken.

{ 0'- 30 ' Beneath the surfacg

40 :
\ iStablllzer Grey Plastic Cla“

~ Og 30 Beneath%esurface

, 7

Figure 2-3: Clay Mine [7] with 2 types of clay

Several red clays were also obtained from another clay mining company that owns 11
properties, but most are not excavated for clay. Two mines were visited for sample grabbing.
Cannon Pit is currently mined for high quality baseball clay. This clay is extremely dark red in
color and is sold as a specialty clay. For this reason, this clay was not chosen for this project.
Another mine named Pit #17 was also visited (Figure 2-4). This mine is currently inactive, but was
previously mined for lower-quality red clay that can be sold as road/construction base. A sample
of this clay was obtained for this study.
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Figure 2-4: Clay Pit #17: (a) aerial view [7], (b) sample clay wall

Another clay source was found at a limestone mine (Figure 2-5) that has clay, contained in

overburden excavated in the process of mining limestone, that has been set aside for sale as fill

material or road/construction base. Large amounts of red clay are found 30 feet beneath the

surface. In addition, a plastic gray clay known as Florida Gumbo is found sparsely among the red
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clay deposits. There is also a very dark overburden material as deep as 10 feet beneath the surface,
above the red clay, which is sold as fill. Samples of all three clays were obtained for this research
project.

Filler Clay
~0 -10" Beneath the surface

Florida Gumbo
~0-30"Beneath the surface

Red Clay
~0-30"'Beneath the surface =

Figure 2-5: Limestone/Clay Mine [7]

Eight clay samples were obtained from different locations in a mine that produces both
sand and red clay. Five different red clays were identified by visual inspection of the clay color.
In addition, a black clay, a white sandy clay, and a white plastic clay were obtained. All clays were
found in the mine up to 15 feet beneath the surface. The white plastic clay is typically avoided

during mining operations due to the difficulty experienced in excavating the material from earth
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due to its plasticity. In addition, it was noted that the black clay exists in very small quantities
within the earth of the LLC mine and is not mined. An aerial view of the mine revealing each of
the 8 clay locations is shown in Figure 2-6. It should be noted that only 3 of the 5 red clays obtained
at this mine were used for this project; 2 of the five were not included because they had x-ray
diffraction (XRD) patterns that were not different enough from the other 3 clays to warrant
inclusion.
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Figure 2-6: Clay Mine [7] containing 8 different clays

Access was obtained to a currently inactive clay mine that was previously mined for sand
and red clay. Two red clay specimens were obtained from this mine, although only one was used
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for this project since their XRD patterns were nearly identical. An aerial view of the mine is shown
in Figure 2-7.

Figure 2-7: Inactive Clay Mine [7]

An active mine with 2 clay/sand mines containing high-purity kaolinite clay was visited.
There is approximately 10 - 20 feet of overburden that must be removed to access high purity
kaolinite containing white sandy clay. The clay is mined via dredging in water retention ponds as
deep as 60 feet beneath the surface. Beneath the kaolin clay resides a grey, plastic montmorillonite
clay previously mentioned as Florida Gumbo. The Florida Gumbo was not being mined due to
issues with slurry generation for transport from the ground to the processing plant. Two overburden
materials (one grey and the other orange in color), as well as a high-quality air-floated kaolinite
clay (> 97 wt. % kaolinite) and Florida Gumbo clay were obtained from this clay mine. It is noted
that the high-quality kaolinite was not used for this project, as lower quality clays with lower
kaolinite contents are of primary interest for this research. An aerial view of the mine is shown in
Figure 2-8, while images of the overburden materials and dredging operation are included in Figure

2-9.
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Figure 2-8: High Purity Kaolin Mine, aerial view [7]
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Figure 2-9: High Purity Kaolin Mine: (a) overburden materials, (b) dredging operation

A second high-quality kaolinite mine is currently inactive and the owner has no current
interest in starting up the mine. Two white sandy clays were obtained from this mine, one from
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the high-quality kaolin source roughly 20 feet beneath the surface, and the other from the
overburden roughly 10 - 15 feet beneath the surface and above the high-quality kaolinite clay. An

aerial view of the mine is shown in Figure 2-10.

Figure 2-10: Second High-Purity Kaolin Mine [7]

2.3. Characterization of the Obtained Samples

A total of 20 samples were obtained from the field as described in Section 2.2. In the
laboratory, each sample was spread out on the floor, crushed by hand, and mixed thoroughly. After

mixing, all clays were dried in a Lindberg box furnace at 110°C until a constant mass was achieved.

After drying, each sample was sieved through a 325-mesh (45-um) sieve to separate the
clay size fraction from the large quantities of sand present in each sample. A preliminary
evaluation of the material passing the 45-um sieve was carried out using XRD in order to identify
samples for detailed characterization. XRD scans were collected using a Phillips X’Pert PW3040
Pro diffractometer equipped with an X’Celerator Scientific detector and a Cu-Ka Xx-ray source.

Tension and current were set to 45 kV and 40 mA, respectively; 5-mm divergence and anti-scatter
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slits were used in the automatic mode. Scans were collected for the 4-70° 26 angular range, and
the sample was rotated at 30 rpm during data collection. The collected diffraction patterns were
compared to one another using the HighScore Plus v. 4.5 software in order to identify the samples’
mineralogies. For samples with very similar x-ray diffraction patterns, only one sample was

selected. Based on this examination, 11 samples were identified for further study.
2.4. Sand Content Determination

For the selected 11 samples, approximately 1 kg each of dried material was weighed out
and wet-sieved through a 45-um sieve. The materials retained and passing the 45-um sieve were
dried again at 110°C in a box oven until a constant mass was attained. It should be noted that
surface water, internally-adsorbed water, and chemical water may still persist in each clay after
drying at 110°C. The percentage retained on the 45-um sieve was considered to be the sample’s
sand content, and the percentage passing was taken as the sample’s clay content. Table 2-1 shows
that sand content in all the samples was high, ranging from approximately 65% to 80%, which is
well above the maximum 34% specified by ASTM C618 [8]. Correspondingly, the clay content
varied from 35% to 20%.

Table 2-1: Sand and clay content characterization determined by wet sieve analysis

Sample ID | % Retained on 45-um Sieve (Sand wt. %) | % Passing 45-um Sieve (Clay wt. %)
Al 77.0 23.0
A2 75.9 24.1
Bl 67.4 32.6
B2 81.2 18.8
B3 75.1 24.9
B4 73.5 26.5
C 79.9 20.1
D1 64.8 35.2
E 89.5 10.5
F 76.4 23.6
G 75.2 24.8

31



2.5. Elemental Oxide Composition

After wet sieving, the material was oven dried at 110°C for further elemental analyses. The
compositions of the clay fraction (passing the 45-um sieve) were determined using XRF according
to ASTM C114[9]. Since the fraction retained on the 45-um sieve was visually classified as quartz

sand, XRF analysis was not conducted on the retained material.

As can be seen from Table 2-2, the clay fraction consisted predominantly of Al>O3 (30 -
38%) and SiO2 (34 - 46%), which is generally consistent with the chemical composition of
kaolinite (Al203-2Si02:2H-0, 39.5 wt% Al,03, 46.5 wt% SiO2, and 14.0 wt% H20). The high
loss on ignition content (LOI) was assumed to be due to the water chemically combined in kaolinite
(14.0 wt%), which would be lost during the calcination process. Fe,Os content of the clay
fractions varied from approximately 1 to 10%. Increase in Fe2O3 content generally corresponded
to an increase in the red color of the clay. All the clays met the ASTM C618 [8] requirement of a
minimum of 70.0% for SiO2+Al.O3+Fe>O3. Additionally, the SOz content of all the clays was
very low, below 0.1 %, which was well below the maximum limit of 4% specified by ASTM C618
[8]. However, it should be noted that although the clay fraction of the obtained field samples met
the requirements of ASTM C618 [8], the bulk material would not meet this specification due to its

large sand content in the as-received condition unless it was first ground to pass a 325-mesh sieve.
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Table 2-2: Oxide chemical composition of the clay fraction

Clay ID Al B2 B3 B4 B1 C D1 F E G
Analyte | wt.% | wt% | wt% | wt% | wt.% | wt.% | wt.% | wt.% | wt.% | wt.%
SiO» 4599 | 43.32 | 37.07 | 41.09 | 4252 | 34.05 | 38.47 | 42.63 | 43.67 | 43.84

Al2O3 37.7 | 3433 | 33.11 | 33.31 | 35.88 | 33.13 | 31.29 | 34.94 | 30.08 | 32.52
Al203/
SiO2
Fe20s3 0.9 2.99 102 | 535 | 1.63 | 658 | 891 | 455 | 6,52 | 548
CaOo <0.01|<001| 0.02 | 0.17 | 0.05 1.1 0.12 |<0.01] 037 |<0.01
MgO 0.16 | 024 | 034 | 033 | 039 | 0.29 | 049 | 0.21 | 0.28 | 0.22
SOs3 <0.01|<001| <001 |<0.01|<0.01| 006 |<0.01|/<0.01] 0.02 |<0.01
Na20 005 | 004 | 005 | 005 | 0.03 | 0.23 | 0.05 | 0.02 | 0.02 | 0.02
K20 0.24 | 0.18 0.15 | 015 | 0.18 | 0.24 | 0.23 | 0.12 | 0.17 0.3
TiO2 0.27 | 2.52 1.5 169 | 152 | 1.05 | 1.39 | 1.13 | 1.76 | 1.18
P20s 0.05 0.4 0.77 112 | 066 | 539 | 1.26 | 0.21 | 0.27 | 0.81
Mn203 |<0.01{<0.01| 0.01 | 001 [<0.01|<0.01| 0.01 |<0.01| 0.01 | 0.01
SrO <0.01| 0.08 012 | 0.18 | 0.12 | 049 | 0.16 | 0.04 | 0.03 | 0.23
Cr203 <0.01| 0.01 0.03 | 002 | 0.02 | 0.043 | 0.03 | 0.02 | 002 | 0.01
ZnO <0.01|<001| <001 |<0.01|<0.01{<0.01{<0.01/<0.01|<0.01|<0.01

BaO <0.01| 0.06 | 0.07 0.1 0.07 | 025 | 0.09 | 0.01 | 0.02 | 0.16
L.O.1

(950°C)
Total 99.53 | 99.23 | 99.95 | 99.13 | 99.21 | 99.23 | 99.08 | 99.27 | 98.9 | 99.21
Na2Oe | 021 | 016 | 015 | 0.15 | 0.15 | 038 | 0.2 0.1 0.14 | 0.22

0.820 | 0.792 | 0.893 | 0.811 | 0.844 | 0.973 | 0.813 | 0.820 | 0.689 | 0.742

14.17 | 15.06 | 16.52 | 15.56 | 16.14 | 16.33 | 16.6 | 15.39 | 15.66 | 14.41

2.6. Mineralogical Analysis

After separating the dry materials into clay and sand fractions, the clay fraction (passing

the 45-um sieve) was analyzed by XRD and TGA to determine its mineralogical composition.

2.6.1. X-ray Diffraction

X-ray diffraction (XRD) measurements were conducted in accordance with ASTM C1365
[10]. The external standard method was selected for determining the amorphous/unidentified

content of the clay samples. Corundum (Standard Reference Material 676a) obtained from the
33



National Institute of Standards and Technology (NIST) was used as the external standard. The
mass absorption coefficient (MAC) of corundum was 30.91 cm?/g. MAC values for the clays were
calculated based on their respective chemical oxide compositions listed in Table 2-2. Loss on
ignition content was attributed to release of water. For the A2 sample, an internal standard method
was used because XRF analysis was not done for this clay. 10% of corundum was added to the

sample and mixed by hand with mortar and pestle to prevent the destruction of clay phases.

XRD scans were collected using the same procedures as described in Section 2.3. Moore
and Reynolds [11] recommend the back-loading method for quantitative XRD analysis of clays,
stating that “there seems to be little difference in the degree of randomness achieved between the
complex and the simple methods.” Therefore, the back-loading technique was used for placing all
the samples into the sample holder in order to minimize preferred orientation. A number of clay
sample preparation techniques have been suggested in the literature to achieve randomly-oriented
particle packing ([11], [12]), most of which consist of clay deposition onto a zero-background
plate. However, the resulting film typically cannot satisfy the infinite sample thickness assumption

and therefore cannot be used for quantitative analysis ([11], [13]).

Phase identification and Rietveld refinement were performed using the PANalytical
HighScore Plus 4.5 software [14]. Several approaches for Rietveld analysis have been proposed in
the literature that yield good results for cementitious materials ([15]-[18]). However, refinement
and quantification of natural clays is more complicated due to the varying degree of disorder of
the kaolin group minerals. The kaolin group includes kaolinite, dickite, and nacrite, which are
polytypes that differ in the stacking of the layers, and halloysite, which is a polymorph of kaolinite
with additional water molecules incorporated into the crystal structure [19]. Brigatti et al. [19]
state that the varying degree of disorder “commonly observed in kaolin minerals may be explained
in terms of a series of stacking faults or defects” in the crystal structure. Additionally, the authors
state that “this feature accounts for the well-known tendency of kaolin minerals to form a wide
variety of ordered and disordered polytypes as well as twins,” where several types of stacking can
be observed in the same material. Russel and Fraser [20] also suggest that disorder could be due
to a “small amount of dickite- and/or nacrite-like stacking in the kaolinite structure.” Dickite- and
nacrite-like stacking in low crystallinity kaolinites has been reported by Prost et al. [21], based on

observed changes in the IR spectra of these materials at temperatures ranging from 5 to 600 K. As
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the degree of disorder increases, peaks observed in the XRD diffraction patterns of kaolin group
minerals become broader and more asymmetrical [19], making it increasingly challenging to
obtain a good fitting through Rietveld refinement. It was observed in the current study that fitting
of the clay XRD patterns, regardless of the degree of order/disorder, could be significantly
improved when the kaolin content of the sample was considered to be equal to the sum of the
kaolinite (ICSD 63192), dickite (ICSD 52398) and nacrite (ICSD 80083). In addition to variability
in stacking, kaolinite can have a variable amount of isomorphous substitution of AI** in its crystal
structure by Fe**, Mg?*, Ti**, and V3* [19], which can affect the quantification of this phase ([22],
[23]). Since the amount of MgO and TiO- identified by XRF was low compared to Fe>O3 (Table
2-2), and vanadium was not detected, only Fe3* substitution was considered in this study. A general
formula of (Al203) 11 (Fe203)x(Si02)2(H20)2, was adopted for kaolinite, where x was the Fe-Al
substitution parameter for all kaolin group phases. Refinement of Fe** substitution in the kaolinite
structure during Rietveld analysis has been previously implemented by Prandel et al. ([22], [23]).
The authors [22] pointed out that substitution of Fe** for AI** results in an increase in the unit cell

volume of the kaolinite structure.

The following parameters were refined during Rietveld analysis in the current study: scale
factors, lattice parameters, zero shift, fifth-order regular polynomial for background fitting,
preferred orientation for all kaolin group phases in the (001) direction, peak shape parameters w,
coordinates of atoms, and the Fe-Al substitution parameter x. The value of the substitution
parameter, X, was controlled by comparison of the amount of the main oxides, SiO», Al.O3, and
Fe>O3, determined by the Rietveld analysis, with that of the XRF analysis. The collected and fitted

patterns for the B4 sample are shown in Figure 2-11 as an example.

It can be seen from Table 2-3 that the total kaolin content in the selected samples ranged
from approximately 70 to 94 wt.%. All these clays are expected to have high reactivity on
calcination due to their high kaolin contents. Hematite was identified in all the clays, except Al,
A2, and B1, and was responsible for their red color. Small amounts of quartz were also detected
in the clay fractions, ranging from 0.4 to 3.8%, except for clay E, where the amount of quartz was
10.3%. The amorphous/unidentified content of the samples may be due to the presence of
allophane, which is a general name for amorphous, hydrous aluminosilicates commonly found in

natural clays ([20], [24], [25]).
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Figure 2-11 Rietveld refinement of B4 clay fraction. K = kaolinite, nacrite and dickite, C = crandallite, and Q = quartz.
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Table 2-3: Results of Rietveld analysis of the sieved clays

Al A2 Bl B2 B3 B4 C D1 E F G
Kaolinite (wt.%) 59.5 73.9 494 57.9 94.4 41.0 49.7 51.8 514 62.6 55.6
Nacrite (wt.%) 9.9 9.3 14.1 9.0 17.7 18.1 10.2 10.6 124 12.8 11.9
Dickite (wt.%) 20.2 105 | 239 17.6 11.2 23.0 10.4 16.0 7.6 10.5 10.2
Sum (Kaolin wt.%0) 89.6 93.7 | 87.4 84.5 83.3 82.1 70.2 78.4 714 85.9 77.7
Fe®* Substitution, x 0.00341 0.0 | 0.0128 | 0.0473 | 0.1874 | 0.0694 | 0.00538 | 0.1543 | 0.0130 | 0.0147 | 0.0310
Ilite (wt.%) 0.6
Crandallite (wt.%) 1.0 0.8 1.0 1.2 2.6 15 0.5 0.1 0.9
Hematite (wt.%) 0.5 0.7 0.1 0.4 0.1 1.0 1.0 1.4
Gibbsite (wt.%) 1.3 3.3
Anatase (wt.%) 1.1 1.6 1.1 1.2 0.7 1.0 0.9 0.8 0.8
Quartz (wt.%) 1.7 2.7 0.4 1.9 1.2 2.0 0.6 2.4 10.3 15 3.8
Amorphous (wt.%) 8.2 3.6 10.2 10.7 12.7 135 24.2 16.6 125 10.8 15.4
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2.6.2. Thermogravimetric Analysis

In addition to XRD, TGA measurements were performed on the clay fractions of the
selected samples. TGA, unlike XRD, does not rely on the degree of crystallinity for mineral
quantification, and it was used as a complimentary technique for the quantification of kaolin
content. Additionally, TGA can be used to follow phase transformation of the clay minerals on

heating, and can therefore be instrumental in selecting the appropriate calcination procedure.

TGA measurements were performed at the University of South Florida (USF) using an
SDT Q600 series simultaneous TGA/differential scanning calorimeter (DSC) manufactured by TA
Instruments. Approximately 5 mg of each sample was scanned in an open platinum crucible, under
an inert nitrogen atmosphere, and using a constant heating rate from room temperature to 1000°C.
It has been indicated in the literature that the heating rate can have a significant effect on the
observed dehydroxylation temperatures and resolution [26]. Clay dehydroxylation can be
identified on a TGA thermogram by a relatively sharp weight loss in the range of 300 - 900°C
([271-[32]), as can be seen in Figure 2-12. Therefore, three heating rates of 5, 10, and 20°C/min
were initially compared for Al clay and are shown in Figure 2-12. As expected, an increase in the
heating rate shifted the dehydroxylation temperatures to higher values, but the initial and final
weight percentages were very similar. Since all three heating rates produced similar results, the

heating rate of 20°C/min was selected and used for all the samples.
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Figure 2-12: Comparison of the heating rates for the Al clay

As recommended by [26], a derivative of the weight loss data was taken to improve
resolution.  This differentiation of thermogravimetric results is referred to as differential
thermogravimetry (DTG), an example of which is shown in Figure 2-13. In the DTG curve, the
dehydroxylation of kaolinite is characterized by a large endothermic peak which corresponds to
the loss of structural water. DTG was used to identify the beginning and end of dehydroxylation
period. It is widely accepted that kaolin group minerals: kaolinite, nacrite, and dickite undergo
dehydroxylation between 450°C - 600°C, depending on particle size and degree of disorder of
kaolinite, as well as measurement conditions [31]. It can be observed in Figure 2-13 that all

dehydroxylation of clay minerals was completed by approximately 650°C.
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Figure 2-13: Example of thermogravimetric analysis and differential thermogravimetry curves

In addition to identifying the temperatures of the dehydroxylation period, the TGA curve
was used to quantify the amount of kaolin in each clay sample. Two TGA quantification methods
were considered: tangential and stepwise. In the stepwise method, the mass at the end of the
dehydroxylation period is subtracted from the mass at the beginning of dehydroxylation period
[26]. Although this method is convenient and easy to use, it does not take into account the mass
loss coming from other minerals that may also be occurring at the beginning or end of the
dehydroxylation period. The tangential method takes this into consideration by drawing a tangent
line at the onset, offset, and point at which the rate of the thermal event is occurring most rapidly.
The intersection of these tangents then becomes the temperature range used to compute the weight
loss due to a specific thermal event. By using these intersecting tangents, a reduced weight loss
due to a thermal event is observed if more than one thermal event is occurring at the temperature
of onset or offset. This method results in a more accurate TGA quantification of clay minerals,
since some minerals are seen to decompose within overlapping temperature intervals [33]. The

tangential method was used for quantification of clay minerals as illustrated in Figure 2-14.
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Figure 2-14: Illustration of the tangent method
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TGA and DTG curves for all the samples are listed in Appendix A. Most of the clays
showed mass loss events occurring in the temperature range of 200 - 350°C. These mass losses
were quantified using the tangential method functionality of the TA Universal Analysis software
by TA Instruments, and are listed in Table 2-4. This phenomena could possibly result from
dehydroxylation of metal hydroxides such as gibbsite and iron oxyhydroxides or from the
evaporation of adsorbed water in the presence of clay minerals ([27], [29], [34]). Although the
presence of gibbsite and hematite was identified by XRD in the samples with mass loss in the
range of 200 - 350°C, the maximum mass loss in Table 2-4 was greater than the maximum water
content of these minerals (Table 2-3). Therefore, it appears that at least part of this mass loss was
due to evaporation of strongly adsorbed water. Hence the mass loss in the temperature range of
200 - 350°C was reported as weight percent and not ascribed to any specific mineral or set of
minerals. The weight loss reported was normalized to the mass of sample at 110°C after all residual

free water was removed.

Table 2-4: Mass loss in the range of 200°C-350°C

Clay ID Mass Loss (wt.%)
Al 0.0
A2 0.0
Bl 0.0
B2 0.6
B3 2.1
B4 1.2
C 3.3
D1 2.0
E 1.6
F 1.0
G 0.4

Since the weight loss during kaolin dehydroxylation is due to the loss of water, it is possible

to calculate the amount of kaolinite in the sample using Equation 1:

M .
mg = mlossﬁ Equation 1
2
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where my is the mass of theoretically-dehydroxylated, pure (no ion substitution) kaolin group
minerals , m,,s IS the TGA-determined mass loss over some temperature interval using the
tangential method, My is the molecular mass of pure kaolin group minerals with no ion substitution
(258.13 g/mol), My, is the molecular mass of water (18.0 g/mol), and the constant 2 corresponds
to the 2 moles of water molecules chemically bound to one mole of a kaolin group mineral
(Al2Si205(0H)4) [35]. The kaolinite formula was modified as discussed in Section 2.5 to account

for iron substitution, which has a measurable effect on kaolinite molar mass.

Avet et al. [36] reported using a fixed temperature range of 400 - 600°C to quantify
kaolinite content in their sample. However, it was observed in this study that the onset of the
kaolinite dehydroxylation period varied somewhat between the samples, possibly indicating a
variability in the degree of disorder. Therefore, the onset of dehydroxylation was identified as a
minimum in the DTG curve between 300 and 400°C. The end of the dehydroxylation period was
taken as 600°C for all the samples since no additional mass loss occurred between 650 and 800°C.
The tangent method was used to determine the mass loss for each sample using the TA Universal
Analysis software. The kaolinite content was then calculated using Equation 1. The results of
this calculation are listed in the second column of Table 2-5.

As discussed in Section 2.5, iron can substitute for aluminum in the kaolinite structure.
Therefore, for applicable comparison of the TGA and XRD analysis results, the kaolinite content
determined by TGA was corrected to account for the amount of iron as shown in Table 2-3. The
kaolinite content with no substitutions in Table 2-5 was recalculated using Equation 2 to account

for the difference in molecular weight of kaolinite with incorporation of iron:

MF6203_MA1203]

mg(x) = mg [1 +x Equation 2

Mg

where Mg, o, = 159.69 g/mol and M,;,,, = 101.96 g/mol are the molecular weights of iron and

aluminum oxides, respectively. The corrected TGA quantification of kaolinite incorporating iron
substitution, estimated using XRD analysis, is shown in the third column in Table 2-5. These

results are in good agreement with those obtained by the XRD Rietveld analysis (Table 2-3).
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Table 2-5: Kaolinite quantification using TGA tangential method

Kaolinite Content (wt.%) Corrected Kaolinite Difference in Kaolinite
Clay ID (no substitution) _Content (vv_t%)_ Content between XRD
(with Fe substitution) and TGA
Al 94.3 94.4 -4.8
A2 90.5 90.5 3.2
Bl 90.9 91.1 -3.8
B2 79.2 80.1 4.4
B3 75.5 78.7 4.5
B4 82.2 83.5 -15
C 75.2 75.3 5.1
D1 73.9 76.5 1.8
E 76.6 76.8 -5.4
F 86.2 86.5 -0.6
G 79.8 80.4 -2.5

In addition to TGA, DSC measurements were carried out for four of the 11 clay samples
at the Florida Department of Transportation State Materials Office (SMO) because the instrument
at USF was only capable of reaching a maximum temperature of 1000°C. The SDT Q600 series
simultaneous TGA/ DSC manufactured by TA Instruments was used for the DCS measurements
with the same settings as for TGA measurements, except that the maximum temperature was
increased to 1500°C. A DSC can measure heat flow resulting from phase transitions, such as glass

transitions, which are not accompanied by mass change and would not be detected by TGA [26].

DSC was used to evaluate the potential presence of amorphous silica in the samples.
Amorphous silica can lead to concrete deterioration due to alkali aggregate reaction (AAR) [37].
It has been reported in the literature that amorphous silica is converted to cristobalite around
1200°C [38]. As can be seen in Figure 2-15, a small peak around 1200°C was observed in clay B4
only. The peaks between 900 and 1000°C were attributed to precipitation of spinel and mullite,
which are known to crystalize at 925°C and 1050°C respectively [38]. The peak between 400 and
600°C was due to kaolinite dehydroxylation.
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Figure 2-15: DSC heat flow curves for an empty crucible (blank run), Al, B4, C, and D1 clay

samples
2.7. Conclusions

Field samples were obtained from 20 potential clay sources identified in the state of
Florida. After preliminary characterization with XRD, 11 samples were selected for further
quantification. The samples were wet-sieved on the 45-um sieve to separate the predominantly
clay material passing through from the predominantly sand material that is retained. ASTM C618
limits the amount retained on the sieve (greater than 45 um) to a maximum of 34%. The amount
retained ranged from approximately 65 to 80%, indicating that these materials must be beneficially
processed before they can comply with ASTM C618. The fraction finer than 45 um met the C618
chemical oxide composition requirements: minimum of 70.0% for SiO>+Al.03+Fe203 and SO3
content of less than 4%. The kaolin content of the minus 325-mesh material was determined by
XRD and TGA analyses and ranged from approximately 70 to 90%, indicating a good potential

for producing a high-quality pozzolanic material on calcination. This material will certainly need
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to be further evaluated in terms of long-term durability prior to its implementation and use as a

supplementary cementitious material.
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Chapter 3.  lIdentification of Appropriate Calcination Procedures and Evaluation of

Pozzolanic Reactivity
3.1. Introduction

The goal of this research was to identify local sources of clay in the state of Florida that
can potentially be used as supplementary cementitious materials (SCMs) in concrete. Clays
themselves are not reactive and have to be calcined to obtain a pozzolanic material. It has been
reported in the literature that the highest pozzolanic activity results from the calcination of
kaolinite. Pozzolanic activity increases with the amount of calcined kaolinite [1]; therefore, the
calcination procedure should be such that it results in dehydroxylation of all the kaolinite present
in the sample. At the same time, calcination should be done at the lowest temperature possible in
order to minimize cost. The objective of this task was to select an appropriate calcination
procedure and evaluate pozzolanic activity of the calcined clay samples.

3.2.  Selection of Calcination Temperature

On heating, kaolinite transforms from a crystalline compound into amorphous
metakaolinite on complete dehydroxylation. This process can be followed by x-ray diffraction
(XRD), as well-defined kaolinite peaks decrease in intensity and broaden as it is heated to higher
temperatures, and disappear completely as all the kaolinite is converted to metakaolinite.
Thermogravimetric analysis (TGA), the results of which are reported in Chapter 2, showed that
the end of the dehydroxylation period was observed around 600°C for all the clay samples, except
A1, where a small mass loss was recorded beyond 600°C. Therefore, A1 was selected for a detailed
study of mineral transformations on heating. Al samples were heated to various temperatures,
and the clay fractions (passing the 45-um sieve) were analyzed with XRD. Clay samples were
heated in a 3500-watt Lindberg box furnace capable of heating up to 1100°C. The following
temperatures were used in this study: 110, 200, 300, 400, 425, 450, 460, 465, 470, 475, 500, 525,
550, 600, and 800°C. A step size of 100°C was selected up to the temperature of 400°C since TGA
analysis showed the onset of dehydroxylation to be at approximately 350°C, and no other thermal
events were recorded at lower temperatures. Between 400°C and 600°C, a smaller step size was
utilized in order to observe the change in the A1 diffraction pattern during dehydroxylation. After

600°C, the sample was heated to 800°C to ensure complete dehydroxylation. XRD scans were
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collected using a Phillips X’Pert PW3040 Pro diffractometer equipped with an X’Celerator
Scientific detector and a Cu-Ka x-ray source. Tension and current were set to 45 kV and 40 mA,
respectively; 5 mm divergence and anti-scatter slits were used in the automatic mode. Scans were
collected for the 4-70° 26 angular range, and the samples were rotated at 30 rpm during data
collection. The collected diffraction patterns are presented in Figure 3-1. No changes in the
diffraction patterns occurred between 110 and 400°C; therefore, the XRD scans collected at 200°C
and 300°C were omitted from this figure. The scan at 525°C was not included either as the changes
were minor compared to the data collected at 500°C and 550°C. It can be seen from Figure 3-1,
that the intensity of kaolinite peaks began to decrease at 460°C. Peak magnitude continues to
decrease with further increase in temperature, and complete disappearance of kaolinite peaks was
observed at 600°C. No significant changes in the XRD pattern was observed with the increase in
temperature from 600°C to 800°C. Therefore, 600°C was selected as the calcination temperature

for all the clay samples.
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Figure 3-1: XRD patterns of Al clay heated to different temperatures
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3.3. Calcination Procedure

The unsieved material collected from field was used for calcination. The samples were
calcined in ceramic crucibles at 600°C for 1 hour in the Lindberg box furnace and allowed to cool
to room temperature. The box furnace was equipped with a basic Eurotherm controller without
any controlled heating rate capability. The heating rate of this furnace was calculated to be
approximately 20°C/min. After calcination, the material was gently ground by hand with mortar
and pestle in order to break up the clumps. A portion of the calcined material was sieved on the
45-um sieve, and the fraction finer than 45 um was analyzed by XRD to ensure complete

calcination for each sample.

In addition to heating at 600°C, all the samples were also calcined at 800°C to ensure
complete calcination and analyzed with XRD. The XRD scans were collected using the settings
described in Section 3.2 and analyzed using Rietveld refinement. The MAC value for the calcined
fraction finer than 45 um was calculated based on chemical oxide analysis reported in Table 2-2,
except the loss on ignition (LOI) content was not taken into account as any water would have been

lost during the calcination process.

XRD scans were analyzed using Rietveld refinement in order to calculate the amorphous
contents of the calcined clays, which are listed in Table 3-1. Since dehydroxylation can only occur
in the clay phases, amorphous content was calculated excluding quartz. On dehydroxylation, clay
minerals, including kaolinite, become amorphous; therefore, an increase in amorphous content
from 600 to 800°C would indicate a continuing process of dehydroxylation. However, no
appreciable differences were observed between samples calcined at these temperatures as can be

seen in Table 3-1, which indicates that the dehydroxylation process was completed by 600°C.
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Table 3-1: Amorphous content of the samples calcined at 600°C and 800°C

Sample ID Amorphogs cpntent (wt:%)) Amorphogs cpntent (wt:%))

after calcination at 600°C after calcination at 800°C
Al 99.9 99.8
Bl 98.0 98.4
B2 96.3 96.8
B3 93.9 94.6
B4 95.7 94.9
C 97.4 97.5
D1 94.8 94.6
E 95.0 94.2
F 95.9 96.0
96.5 96.5

3.4. Mortar Compressive Strength

Since the mineralogy of the material calcined at 600°C and 800°C was very similar,
pozzolanic activity was tested only for the 600°C calcination temperature. Pozzolanic activity was
evaluated in terms of mortar compressive strength at 10 % cement replacement. A Type /Il
portland cement was used in this study. Cement Blaine fineness was determined to be 377 m?/kg
in accordance with ASTM C204 [2]. Cement was also characterized in terms of its oxide chemical
composition determined using x-ray fluorescence spectroscopy (XRF) according to ASTM C114
[3], the results of which are listed in Table 3-2. Its potential compound composition was calculated
following ASTM C150 [4], and the results are depicted in Table 3-3. The table includes potential
phase composition both with and without the adjustment for the limestone addition. Information

regarding the percent limestone added to the cement (1.3%) was obtained from the mill certificate.
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Table 3-2: Oxide chemical analysis of cement

Analyte Cement (wt %)
SiO2 21.19
Al>03 5.00
Fe2Os3 3.24
CaOo 63.26
MgO 0.91
SOs3 3.40
Na.O 0.12
K20 0.23
TiO2 0.25
P20s 0.22
Mn20s3 0.10
Sro 0.08
Cr20s3 0.02
ZnO 0.04
L.O.1. (950°C) 1.99
Total 100.07
Na20eq 0.27
SO3/Alz03 0.68

Table 3-3: Bogue-calculated potential compound content of cement

Without
Limestone With Limestone
Phase Correction Correction
CsS 49 48
C2S 24 24
CsA 8 8
C4+AF 10 10
C4AF+2C3A 25 25
C3S+4.75C3A 85 84
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Cement mineralogical composition was determined from x-ray diffraction (XRD)
measurements conducted in accordance with ASTM C1365 [5]. Prior to XRD measurements, each
cement was wet-ground in ethanol in a McCrone micronizing mill to a particle size between 1 and
10 pum. The wet grinding method was used to minimize temperature increases during grinding to
avoid dehydration of gypsum to hemihydrate or anhydrite. The samples were then dried in an

oven at 40°C.

Selective dissolutions were performed on the as-received cement in order to aid the
identification of the minor phases as well as the C3S and CzA crystal structures. Salicylic
acid/methanol (SAM) extraction was performed to dissolve the silicates and free lime and to isolate
a concentrated residue of aluminates, ferrites, and minor phases, such as periclase, carbonates,
alkali sulfates, and double alkali sulfates ([6], [7]). Potassium hydroxide/sucrose extraction was
used to dissolve aluminates and ferrites and obtain a residue of C3S, C»S, alkali sulfates, and MgO
[6]. XRD scans were performed using the same settings as described in Section 3.2, except the
angular range was 7 - 70° 268. Phase quantification was performed using the Rietveld refinement
functionality of the PANalytical HighScore Plus 4.5 software. An external standard method was
used to calculate the amorphous content of cements ([8]-[11]). Corundum (Standard Reference
Material 676a) obtained from the National Institute of Standards and Technology (NIST) was used
as an external standard in this study. Mass absorption coefficients (MAC) of corundum and cement
were calculated using the MAC calculator functionality in the PANalytical HighScore Plus 4.5
software. The MAC value for cement was based on its chemical oxide compositions listed in
Table 3-2. Loss on ignition content was attributed to carbonate decomposition and release of CO».
The results of cement phase quantification using Rietveld analysis are listed in Table 3-4. The
values of C3S, C3A and ferrite determined through XRD were lower compared to the Bogue
calculation, while the amount of C»S was higher. The discrepancy between the Bogue calculation
and XRD is well-established in the literature ([6], [12], [13]).
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Table 3-4: Cement phase composition using XRD

Phase Cement (wt .%) o}
CsS 42.9 0.1
C2S 30.2 0.1
CsA 5.8 0.1
Ferrite 9.7 0.1
Gypsum 5.0 0.2
Hemihydrate 1.0 0.1
Calcite 1.2 0.2
Portlandite 0.5 0.1
Amorphous/ unidentified 3.7

Mortar cubes were prepared following ASTM C109 [14] and ASTM C305 [15], except the
water-to-cementitious materials (w/cm) ratio. ASTM C109 [14] specifies that when cementitious
materials other than portland cement are used in preparing mortar, the amount of mixing water
should be adjusted to maintain a constant flow of 110 + 5. However, w/cm is a major factor
affecting compressive strength [16]. Since the objective of this study was to compare compressive
strength development of mortars prepared with different calcined clays, w/cm ratio was maintained
constant at 0.485 in order to eliminate it as a variable. After demolding, the cubes were stored in

saturated lime solution and their compressive strengths were tested at 7 and 28 days.

Since calcination was done on the unsieved material, calcined samples contained both the
clay and the sand fractions as determined in Section 2.3.1. In order to maintain the amount of
cement replacement by the calcined clay constant, the total amount of calcined material was
calculated using the values for clay fraction listed in Table 2-1. The amount of Ottawa sand was
then adjusted to account for the amount of sand contained in the calcined material. The mix
designs for all the mortars are listed in Table 3-5. The following naming convention was used for
the mix designs: 10X-600-1, where 10 was the cement replacement level (percent by weight), X
was the name of the calcined material, 600 was the calcination temperature (°F) and 1 referred to

the duration of calcination (hours).
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The mix designs used for a selected set of control mixtures are listed in Table 3-6. The
common Control mortar contained only portland cement and Ottawa sand. Individual control
mixtures were prepared for the first five calcined clays that contained only portland cement, but
the same portion of Ottawa sand was replaced by the sand from the calcined material as in the

respective calcined clay mixture (Table 3-5). The individual controls were only tested at 7 days.
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Table 3-5: Mix design proportions for calcined clay mortars

Al Bl B2 B3 B4 C D1 E F G
Cement (9) 450 450 450 450 450 450 450 450 450 450
Ottawa sand (g) 1,207 | 1,271 | 1,159 | 1,224 | 1,236 | 1,176 | 1,282 947 1,213 | 1,223
Calcined material (g) | 217 153 266 200 188 248 142 477 211 201
%Latgrfigr?gga'd”ed 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 50
rsnaaqgr‘;;‘l)g)ca'd”ed 167 | 103 | 216 | 150 | 138 | 198 | 92 | 427 | 161 | 151
Water (g) 242 242 242 242 242 242 242 242 242 242

Table 3-6: Mix design proportions for calcined clay control mortars
Control C(jan\';rol Control B1 | Control B2 | Control B3 | Control B4

Cement (g) 500 500 500 500 500 500
Ottawa sand (g) 1,374 1,207 1,271 1,159 1,224 1,236
Sand from calcined material (g) 0 167 103 216 150 138
Water (g) 242 242 242 242 242 242

59




Figure 3-2 presents the compressive strength results for all the calcined clay mixtures and
the Control. Additionally, the percentages of the common Control mortar were calculated for all
the clay mixtures, and the results are listed in Table 3-7. It can be seen that at 7 days, compressive
strengths of the calcined clay mortars were greater than 75% for all the samples, except 10B3-600-
1. However, by 28 days, the strength activity index was above 76% for all the mixtures. Clay
mixtures were also compared to a mortar mixture containing 10% Class F fly ash (10FA), the
results for which were reported in an earlier study [17] and were, respectively, 84% and 86% of
the fly ash control at 7 and 28 days. A majority of the clay mortars showed similar performance
to that of 10FA at 7 days, with exception of 10B1-600-1 and 10B3-600-1 mixtures. At 28 days,
half of the clay mortars were comparable to the fly ash mix, with 10B1-600-1, 10B3-600-1, 10B4-
600-1 and 10C-600-1 showing lower values. However, this difference could be due to the
replacement of Ottawa sand.
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Table 3-7: Strength activity index based on the common control mixture

Mix ID Strength Activity Index
7 days 28 days
10A1-600-1 93 % 89 %
10B1-600-1 771 % 79 %
10B2-600-1 86 % 90 %
10B3-600-1 73 % 76 %
10B4-600-1 83 % 79 %
10C-600-1 81 % 76 %
10D1-600-1 81 % 84 %
10E-600-1 86 % 83 %
10F-600-1 88 % 86 %

In order to eliminate the variability in the sand gradation, compressive strengths of the first
five calcined clay mixtures were compared to their respective controls, where a portion of Ottawa
sand was replaced with the sand coming from the calcined material (Figure 3-3). When
compressive strengths of the calcined clay mixtures were compared to their respective controls,
the strength activity indices at 7 days were higher than 75%, even for the 10B3-600-1 mixture,
(Table 3-8). Compressive strengths of Control, Al, B2, and B4 were very similar to that of the
common Control mixture, while the compressive strengths of Control, B1, and B3 were lower,
which is consistent with the trend observed in Figure 3-2 at 7 days, where 10B1-600-1 and 10B3-
600-1 mixtures had the lowest compressive strengths. Nevertheless, performance of all the mixes

was very similar to that of 10FA.
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Figure 3-3: Comparison of 7-day compressive strength

Table 3-8: Strength activity index based on the individual controls

ey
10A1-600-1 90 %
10B1-600-1 83 %
10B2-600-1 86 %
10B3-600-1 84 %
10B4-600-1 83 %
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3.5. Conclusions

A detailed step-wise temperature study performed for Al clay showed that complete
dehydroxylation occurs at 600°C. All the clays were calcined at 600 and 800°C and their
amorphous content was quantified using Rietveld refinement. No change in amorphous content
was detected on heating above 600°C, confirming that all the clays were completely

dehydroxylated at this temperature.

Pozzolanic activity of the material calcined at 600°C was evaluated by compressive
strength testing at 7 and 28 days. The results showed that the Florida kaolinitic clays obtained are
capable of being calcined to produce a pozzolanic material that can be used to replace portland
cement in concrete and yield similar compressive strengths to those achieved with 10% Class F
fly ash, and therefore, appear to be suitable for producing a supplementary cementitious material

for use in concrete.
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Chapter 4.  Conclusions and Recommendations

The findings of this study are summarized as follows:

Field samples were obtained from 20 potential clay sources, a number of which had similar
mineralogy based on visual examination of the x-ray diffraction patterns of the material
finer than 45 um. Eleven samples representative of the variation in mineralogy in the
collected 20 samples showed that the percentage greater than 45 um varied from 65 to 80%,
indicating that these materials must be beneficially processed before they can comply with
the ASTM C618 requirement of a maximum of 34% retained on the 45-um (325-mesh)
sieve. The fractions finer than 45 pm met the ASTM C618 chemical oxide composition
requirements: minimum of 70.0% for SiO2+Al.03+Fe.03 and SOz content of less than
4%. The kaolin content of the minus 325-mesh material ranged from approximately 70 to
95%, indicating a good potential of producing a high-quality pozzolanic material on
calcination.

A step-wise temperature study of one of the clays showed that complete dehydroxylation
occurs at 600°C. Amorphous content for all clays after calcination at 600 and 800°C was
quantified using Rietveld refinement. No change in amorphous content was detected on
heating above 600°C, confirming that all the clays were completely dehydroxylated at this
temperature.

Performance of the material calcined at 600°C was evaluated by compressive strength
testing at 7 and 28 days. The results showed that the Florida kaolinitic clays obtained are
capable of being calcined to produce a pozzolanic material that can be used to replace
portland cement in concrete and yield similar compressive strengths to those achieved with
the same amount of Class F fly ash, and therefore, appear to be suitable for producing a

supplementary cementitious material for use in concrete.

Based on the findings of this study, it is recommended that Florida Department of

Transportation proceed to Phase Il of this research in order to further evaluate the effects of

calcined clays on the properties of cementitious mixtures, including strength and durability.
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Appendix A. Thermogravimetric Analysis and Differential Thermogravimetry Curves for

Clay Samples
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Figure A-1: TGA and DTG curves for Al clay sample
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Figure A-2: TGA and DTG curves for A2 clay sample
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Figure A-3: TGA and DTG curves for B1 clay sample
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Figure A-4: TGA and DTG curves for B2 clay sample
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Figure A-5: TGA and DTG curves for B3 clay sample
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Figure A-6: TGA and DTG curves for B4 clay sample
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Figure A-7: TGA and DTG curves for C clay sample
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Figure A-8: TGA and DTG curves for D1 clay sample
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Figure A-9: TGA and DTG curves for E clay sample
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Figure A-10: TGA and DTG curves for F clay sample

78



100 0

98

(o]
(ep]

-0.05

©
IS

—GTGA

Weight (%)

O
N

—G DTG

DTG (wt%/°C)

(e}
o

88

86 -0.15
0 200 400 600 800 1000

Temperature (°C)

Figure A-11: TGA and DTG curves for G clay sample
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