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ABSTRACT

A study of the reactions occurring with time in com
pacted samples of Portland cement-treated kaolinite was 
accomplished using x-ray diffraction and replica electron 
microscopy.

Lessening of the initially rapid rate of increase in 
unconfined compressive strength was correlated with the dis
appearance from the x-ray diffractometer traces of tricalcium 
aluminate, the high-early strength component of Portland 
cement.

Unhydrated cement constituents, Portland cement hydra
tion products, and clay-cement reaction products were specifically 
-identified both by x-ray diffraction and electron microscopy. It 
was also shown that, even after four months of moist curing, the 
system still contained large amounts of unreacted kaolinite and 
cement hydration products, indicating that clay-cement reactions 
continue for considerable time.

ix



Chapter 1 
STATEMENT OF THE PROBLEM

This research project is an attempt to correlate micro- 
morphological changes in the kaolinite-portland cement-water 
system with changes observed by the method of x-ray diffraction.

Until recently, investigators in the area of soil-cement 
reactions have been limited to indirect means such as x-ray 
diffraction, differential thermal analysis, and chemical analy
ses in their efforts to identify and categorize the reactions 
occurring in the system upon curing.

The development' of the electron microscope has provided 
the researcher with another valuable tool. The electron micro
scope enables the effects of treatment to be seen directly on a 
micro-level.

Most clay minerals, however, are difficult to identify 
on the basis of morphology alone. For this reason most studies,, 
including this one, have used kaolinite as the clay component 
of the system because it has a well-defined, - platey, hexagonal 
structure. It is reasonable to predict that any changes will 
take place along the exposed edges of the platelets and thus . 
will be readily seen as alterations in the shape of the kaolin
ite particles.

1
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It is- hoped that the study of photomicrographs of 

fracture surfaces obtained from specimens cured for various 
lengths of time and 23-ray diffraction traces from the same 
material will enable a satisfactory correlation to be made 

between the crystalline and morphological changes»



Chapter, 2 
HISTORY AND LITERATURE REVIEW

2.1 History of Portland Cement Stabilization of Soils

The popularity of cement stabilization, stems from the 
discovery that cement mixed in proper proportions with subgrade 
'soil produced a low-cost and extremely serviceable base or sub
base when compacted in a moistened condition.

Cotton (1959) reports that the first record of soil- 
cement in the United States involves patents issued in 1917 and 

_ 1920 for. two trade-name products to be used in the construction
of highway base courses. Many states tried mixing soil and 
cement in the next decade. None of these records or experiences, 
however, produced a material of known or predictable character
istics which could be quantitatively evaluated by laboratory 
tests, nor were construction procedures outlined by suitable 
specifications.

Modern investigation into the uses of soil-cement began 
in 1932 when the South Carolina Highway Department, in a search 
for low-cost, all-weather roads, began studying and experimenting 
with procedures for mixing soil and cement (HRB Bulletin 292, 
1961). Road trials conducted in 1933 and 1934 showed that, 
generally, a varying thickness of hardened material was produced

3
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which did not rut or displace in wet weather or disintegrate and 
return to mud during the winter. While the causes of the soil 
and cement reactions were unknown at the time, the performance 
of these projects demonstrated that soil and cement were com
patible materials and that they could be processed together to 
form a usable road.

The quantity of soil-cement used in highway construction 
has steadily increased since the time of the successful South 
Carolina road trials. The use of soil-cement is now common
place in the United States, many millions of square yards 
having been constructed. Bases of this type have been used 
successfully in the construction of city streets (low to medium 
load) and rural roads. Soil-cement is also suitable for use in 
driveways, shoulders, parking areas, canal linings, and slope 
facings.

2.2 Review of Literature

A complete review of literature applicable to the 
problem would have to include papers on Portland cement, lime, 
soil-lime stabilization, and soil-cement stabilization. In the 
interest of space and direct applicability to the project, the 
emphasis of this review will be on Portland cement and soil- 
cement stabilization with some mention of research performed on 
lime stabilization of soils.
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2.2.1 Portland Cement Research

Steincur (1961) reports that the doctoral thesis of 
Henri Le Chatelier in 1887 was the first step in the identi
fication of the principal compounds present in Portland cement. 
Complete identification of the phase changes in the hydration 
of Portland cement is one of the goals of modern research by 
the Portland Cement Association Research Laboratory. Several 
studies of recent vintage have direct application to this project 
and will be briefly discussed in the following paragraphs.'

The principal components of cement and the main reactions 
occurring during its hydration have been known for some time 
and are reported in texts by Troxell (1956) and Taylor (1964).

Of importance to this study is the work of Verbeek (1965)
concerning cement hydration reactions at early ages. Using a
method of continuous x-ray diffraction scanning of wet pastes
during the early stages of hydration, the early reactions impor-

■ < 

tant to the final quality of the cured cement were determined.
Also studied were the patterns of heat evolution in the first
few days of hydration.

Kantro, et al., (1964) sought to determine quantita
tively the major phases in Portland cement by x-ray diffraction 
methods. They performed a statistical analysis of peak heights 
and areas and.identified the characteristic hydration peaks of 
the cements used in their study.
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Studies of reaction products by electron microscopic 
means were performed by Tanaka and Naito (1951), Takemoto (1954), 
Takemoto and Suzuki (1956), and Copeland and Schulz (1962). 
Photomicrographs of the reaction products of Portland cement 
hydration- presented in these papers have been used to identify 
products appearing in this research project.

2.2.2 Soil-Cement Stabilization Research

Fine-grained soils (in this study the clay mineral 
kaolinite) are the favorite materials of soil research. So 
little is actually -known about the mechanisms affecting their 
properties and so many problems result from their occurrence 
that clay research is both interesting and economically justif
iable.

Soil-lime stabilization research has been included in 
this review of literature because a considerable amount of free 
lime is released from Portland cement during the early stages of 
hydration.

Handy (1958) presented an hypothesis to describe the 
cementation of soil minerals with Portland cement or alkalis.
His hypothesis involved not only changes in the hydrating cement 
gel, but changes within the surface layer of the mineral grains. 
(The term "gel," used in Portland cement research, results fro# 
the hydration products being crypto-crystalline and therefore 
not visible as crystalline materials under the light microscope.)
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Handy proposed that the gradual increase in strength of the bond 
between the cementitious gel and the mineral surface.with time 
resulted from the reduction in polarization between the two 
caused by the initial chemical bonding. The process was thought 
to be continuous, each reduction in polarization allowing more 
chemical bonding which, in turn, caused another reduction in 
polarization.

Eades and Grim (1960), with the support of the National 
Lime Association, reported on the reaction of hydrated lime with 
pure clay minerals.- Using x-ray diffraction and differential 
thermal analysis, the authors identified the reactions which 
took place. The first reaction was the immediate replacement 
of adsorbed cations by calcium ions/ the second, a formation of 
a series of new minerals; and the third, carbonation of the 
hydrated-lime.

X-ray diffraction and differential thermal analysis 
were used by Glenn and Handy (1963) in another study of lime- 
clay mineral reaction products. Slurries of clay minerals with 
lime and varying amounts of water were prepared, sealed in 
plastic containers, and allowed to cure at slightly elevated 
temperatures for as much as two years. Four different clay 
minerals and three types of lime were used in the project.
Among the reaction products found were the calcium silicate 
hydrate (10 angstrom) tobermorite,. the 8.2- and 7.9-angstrom
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polymorphs of tetracalcium aluminate hydrate, and several com
pounds of unknown composition.

Diamond, White, and Dolch (1963) allowed calcium hydrox
ide' to react with various clays, other silicates, and quartz at 
slightly elevated temperatures for several months. Examination 
of the reaction products by x-ray diffraction, differential 
thermal analysis, and electron microscopy showed them to be 
poorly-crystallized calcium silicate hydrates of the tobermorite 
family, and calcium aluminate hydrates., Electron micrographs 
indicated that attack occurred on the edges of the particles, 
and in general the remaining portion of the clay did not suffer 
appreciable loss of crystallinity.

Diamond and Kinter (1965) presented an interpretive 
review of the mechanisms of soil-lime stabilization. Most of 
the previous explanations of the response of soil to lime treat
ment were discounted or considered, inadequate. The authors 
performed a series of tests on calcium-saturated Wyoming ben
tonite. The results of these tests prompted the authors to make 
the following conclusions regarding the initial reactions:

1. Calcium hydroxide is physically adsorbed from the 
solution at a very rapid rate by the calcium-saturated. 
clay, and presumably also by clay saturated with other 
cations. This adsorption is largely reversible at very 
early stages, but is soon followed by reaction to pro
duce calcium silicate hydrates.
2. The adsorption removes calcium ions and hydroxyl 
ions from solution concurrently, and does not reflect 
a crowding of cations only onto new exchange sites 
generated at high pH levels, as previously postulated.
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3. Since both ions are sorbed in equivalent amounts 
(within the limits of the accuracy of the analysis),
no significant change occurs in the net negative charge 
of the clay particles. This does not preclude small 
changes in the zeta potential after some period of 
chemical reaction.
4. The amount of calcium and hydroxyl ions sorbed 
immediately (about 3 percent by weight of clay) would 
correspond roughly to sorption of a little more than 
a monomolecular layer of calcium hydroxide on the 
external surfaces of the clay. This sorption corre
sponds roughly to the lime fixation point and suggests 
that the latter represents approximately a monolayer 
of lime on the external surfaces of the particular 
clay concerned.
5. The very large amount of slow sorption beyond this 
value is thought to reflect several additional processes, 
but principally the slow reaction of adsorbed lime with 
the clay surfaces to produce calcium silicates and cal
cium aluminate hydrates. We think that, at least in wet 
surfaces, these products spall from the clay surface, 
thus liberating fresh clay surface for further adsorp
tion and reaction. Physical adsorption of lime onto
the newly formed reaction products is also likely.
Finally, a slow, restricted entry of lime into the inter
layer spaces of the clay may also take place.

Moh (1965) reported on the reactions of soil with cement 
and other chemicals. Mixtures of mono-minerallic soils and ten 
per cent cementing compounds, with or without sodium additives, 
were examined after compaction and various curing periods by a 
number of analytical techniques, including flame photometry, 
colorimetry, x-ray diffraction, and differential thermal analy
sis. Using quartz and kaolin!te as the soils, it was found that 
the addition of sodium additives greatly intensified the reaction 
between the soil and the stabilizer and increased the abundance 
of the reaction products. Stabilizing agents included hydrated 
lime, tricalcium silicate, and Type I Portland cement.
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The reactions accompanying the stabilization of clay
with cement were studied by Herzog and Mitchell (1963), using
kaolinite and bentonite as the clay minerals and Portland cement 
and tricalcium silicate of high purity as the stabilizing agents. 
Exhaustive tests were performed, on compacted samples after 
various curing periods. Among these were unconfined compression, 
x-ray diffraction, pH determination, conductivity and ion content 
of water extracts, and determination of the calcium hydroxide 
content.

The investigation was aimed at "delineating the nature
of the reactions accompanying the stabilization of clay with
cement." The following statements form the basis of the study:

1. Hydrating cement is a.partly crystalline, multi
phase, alkaline system containing calcium hydroxide, 
calcium silicate hydrates, and hydrated aluminates. The 
system is capable of releasing lime and may vary in 
composition without significant changes in 'its x-ray 
diffraction pattern.
2. Silica and alumina may be dissolved from clay miner
als, and from amorphous material also present in most 
clays, by alkalies or calcium hydroxide.
3. Flocculation and ion exchange take place rapidly when 
lime is mixed with moist clay minerals. Lime in excess 
of the exchange requirements of the clay may react with 
the clay minerals. This pozzolan-type reaction proceeds 
slowly. The initial reaction products are amorphous and 
may later change to a crystalline form.' The x-ray diffrac
tion patterns indicate a destruction of montmorillonite 
mineral structure by lime, but only" moderate attack on 
kaolinite.

The above points were used by Herzog and Mitchell in 
formulating the following hypothesis for the interaction between 
clay and cement:
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1. Primary and secondary processes may be distinguished 
during the hardening of a clay-cement mixture. Hydroly
sis and hydration of cement could be regarded as primary 
reactions. These processes would initially form usual 
cement, hydration products and increase the pH of the pore 
water. The fresh calcium hydroxide formed during this 
period would be more reactive than ordinary lime.
2. Clay may participate in the secondary processes. The 
calcium ions produced by cement hydration first convert 
the clay to the calcium form and tend to intensify the 
flocculation initiated by the increase in total electro
lyte content accompanying the addition.of cement. The 
calcium hydroxide initiates attack of the clay particles

.... and amorphous constituents. Dissolved silica and alumina. 
combine with calcium ions and precipate additional cemen* 
titious material.
3. Calcium hydroxide used up in the secondary processes 
could be replenished to some extent by the release of 
lime from the hydrating cement. Thus, the products of 
the primary reaction provide a reactant necessary for 
the continuation of the secondary processes.
4. Since the secondary cementitious matter would be 
mainly formed on or near the surface of clay particles, 
the flocculated clay particles would be 11 glued” together 
at points of contact by the secondary cementitious mate
rial. Even stronger bonds may be expected to develop 
between the hydrating cement paste and clay particles 
coating cement grains. The structural similarity between 
some cement hydration products and clay minerals even 
suggests a possible epitaxy; i.e., a direct propagation 
of a similar structure from clay crystal to cement par
ticles.
5. The overall effect of the postulated cement-clay 
interaction would be the formation of "primary” and 
"secondary*1 cementitious matter. The primary products 
harden into a high strength "aggregate" and differ from 
normally hydrated cement in that their cement content 
is lower. The secondary processes enhance the strength 
and stability of the soil-cement by producing additional 
cementitious matter which increases interparticle bond 
strength.

Sloane (1964) demonstrated the effective use of both 
electron microscopy and electron diffraction in following the
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course of early reactions in clay-inorganic chemical-water 
systems. Using aqueous suspensions of kaoUnite-sodium hydroxide 
and kaolinite-calcium hydroxide, he performed a study of the 
reactions by preparing replicas of the dispersion which had been 
vacuum-dried on mica substrates. Study of the kaolinite-calcium 
hydroxide interaction showed attack on the particle edges, for
mation of "silicate relics", and formation of an insoluble 
reaction product tentatively identified as prehnite.

Electron microscopy was used in studying the structure 
of clay-cement and its formation by Mitchell and El Jack (1965). 
Cylindrical samples of soil-cement were prepared at optimum 
moisture content using kneading compaction. The soil, cement, 
and water were thoroughly mixed under controlled conditions prior 
to compaction. After compaction, the samples were cured at 
constant water content for periods Of seven, fourteen, eighty- 
four, and two hundred-twenty-four days. Specimens of neat Port
land cement paste with a water:cement ratio of 0.4 were prepared 
as control samples. Photomicrographs were made of fracture sur
faces, through cured samples of wet Portland cement paste, kaolin- 
ite-cement, silica flour-montmorillonite-cement, and Vicksburg 
silty clay-cement. Results were reported as showing that the 
mixture of soil and Portland cement changes from an initial 
fabric of discrete particles to a homogeneous, cemented fabric
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indistinguishable components after prolonged periods of curing.
A reproduction of El Jack’s schematic diagram of changes in
clay-cement structure during curing is presented in Figure 1,
page 14. It is noted that:

These changes in composition and fabric are reflected 
by the mechanical properties of the soil-cement in 
terms of increases in strength and durability as curing 
proceeds. The various hydration processes may continue 
for very long periods of time, but at a continuously 
decreasing rate.
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SISll Cement Particles (unhydrated) Hydrating Cement Gel
and Lime-Clay Reaction 
Products

^ * 7  Clay Particles Degrading Clay
Particles

(a) As-Compacted Condition (b) After Short Curing Period

Indistinguishable Clay and Cement Phase 
(c) After Long Curing Period

Figure 1 - Schematic diagram of the changes in the 
clay-cement structure during curing, 
(after Mitchell and El Jack, 1965)



Chapter 3 
METHODS

3.1 General- Approach

A kaolinite-Portland cement mixture was compacted near 
optimum moisture content by kneading compaction. The cylindri
cal samples were cured for various periods of time in a high- 
humidity room. At the end of the curing period, each sample was 
subjected to unconfined compression testing. After testing, 
portions of each sample were air-dried followed by vacuum drying 
to remove all water from the system. This method of drying was 
used to eliminate the possible effects of heating on the sample 
and to stop all reactions quickly.

X-ray diffraction traces were obtained from randomly- 
oriented powder specimens. The powder was prepared by grinding 
fragments of the dry sample to minus Mo. 140 size sieve.

Platinum-palladium shadowed carbon replicas were prepared 
from specimens taken from the centers of the untested samples. 
Fracture surfaces were obtained and single-stage replicas were 
prepared.

The platinum-palladium shadowed carbon replicas were 
mounted on standard 3mm diameter, 300 mesh, copper electron micro
scope grids and viewed in an electron microscope. Each replica

15
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tms studied to determine changes in the micromorphology of the 
clay-ceaent mixture with time. Areas of general appearance as. 
well as those of special interest were selected and photomicro
graphs were made.

3.2 Equipment

The following equipment was used in the laboratory
studies:

1. Harvard miniature compaction apparatus with special 
compaction mold

2. High-humidity curing room
3. Unconfined compression device
4. Vacuum desiccator with high-capacity rotary vacuum 

pump
5. General Electric XRD-5 X-Ray Diffractometer
6. Mikros VE-10 Thin-film Vacuum Evaporator
7. Hitachi HS-7 Electron Microscope

3.3 Materials

Hydrite-UF, a kaolinite processed by the Georgia Kaolin 
Company, Dry Branch, Georgia, was used in this study. Hydrite- 
UF has a well-defined, platey, hexagonal shape, and a high degree 
of crystallinity; all characteristics which make it suitable for 
electron microscopic studies. Hydrite-UF also has a very small
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particle size (less than 2 microns) and exhibits low shrinkage 
when compacted and dried.(see Figure 20, Appendix A),

The cement used was a Type 1/11 low-alkali Portland - 
cement obtained from a local supplier. An analysis of this 
cement appears in Table X, Appendix B.

All chemicals used in this study were American Chemical 
Society reagent grade. Electron microscope supplies such as 
grids, shadowing materials, etc. were obtained from reputable 
suppliers,

3.4 Composition and Mixing

Samples were composed of 76%-kaolinite and 24% Portland 
cement by weight, thoroughly mixed by hand using a spoon and 
spatula. To this mixture was added 34% by weight of distilled 
water. The water content used was reported by Mitchell and El 
Jack (1965) as producing the maximum dry compacted unit weight 
for Hydrite-UF. The water was mixed with the dry ingredients by 
hand until the largest particle of the moist mixture was no 
larger than about 5mm in diameter.

3.5 Compaction and Curing

Kneading compaction of the moist mixture was accomplished 
in five equal lifts of 20 blows each using a spring-loaded tamper 
from the Harvard miniature compaction apparatus. The special 
compaction mold used produced cylindrical specimens 3.0625 inches
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in height and 1.25 inches in diameter (Figure 2, page 19). These 
dimensions gave a volume of approximately l/454th of a cubic foot 
enabling the direct conversion of the sample weight in grams to 
pounds per cubic foot.

Upon completion of compaction, the specimens were trimmed 
and gently removed from the mold. The removal process was 
facilitated by prior application of a light coating of vaseline 
petroleum jelly to the walls of the mold. The samples were then 
weighed and placed in the high-humidity room. The wet unit 
weight of the samples was nearly constant, ranging from 110 to 
115 pounds per cubic foot. The dry unit weight after curing, 
determined for three specimens after different curing times, 
ranged from 86 to 90 pounds per cubic foot. Samples were cured 
for one, three, five, seven, fourteen, twenty-one, twenty-eight, 
fifty-six, eighty-four, and one hundred-twelve days.

3,6 Unconfined Compression

Unconfined compression testing was performed to verify 
the assumption that the strength of the specimens would increase 
with time and to provide an indicator of strength gain versus 
time which might have significance in subsequent x-ray diffrac
tion and micromorphology studies.

A hand-operated unconfined compression device (Figure 3, 
page 20) was used for this test. The cured cylinders were re
moved from the high-humidity room and allowed to air-dry under
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Figure 2 - Harvard miniature compaction apparatus 
with special compaction mold.
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Figure 3 - Hand-operated unconfined 
compression device.
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ambient conditions for 10 to 15 minutes. The two samples (of the 
three cured for the same period) selected for strength testing 
were each stressed to failure, using an approximate load appli
cation rate of five pounds per second. The proving ring dial 
reading at failure was recorded'and converted to pounds using 
the proving ring calibration chart. The latter value was con
verted to stress■in pounds per square inch. A plot of failure 
strength versus curing time was prepared and is presented in the 
results section (Figure 7, page 29).

3.7 Drying

Fragments of the failed samples and of the untested sam
ple were placed in a loosely-covered plastic Petri dish and 
dried quickly under moderate vacuum in a vacuum desiccator. The 
drying process was carried out at room temperature. The frag
ments of the failed samples were used for x-ray diffraction and 
those of the untested samples were retained for electron micros
copy.

3.8 X-ray Diffraction

X-ray diffraction traces were obtained in order to detect 
the possible appearance of reaction products and changes in the 
constituents of the specimens with the passage of time. Also 
looked for were shifts in the height or position of the charac
teristic trace peaks of the samples. X-ray diffraction was
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performed using a General Electric XRD-5 x-ray diffractometer 
(Figure 4, page 23) and recording accessories. The radiation 
source mas copper K-alpha passed through a nickel filter. The 
diffraction specimen was scanned at a constant rate of two 
degrees (28) per minute.

X-ray diffraction specimen material was obtained by 
gently grinding the dry fragments in a mullite mortar until a 
powder was obtained which would pass through a No. 140 sieve.
A randomly-oriented powder diffraction specimen was then pre
pared by depositing the powder into the depression in the sample 
holder until it was slightly above the surface of the holder.
The powder was then lightly pressed down flush with the surface 
of the sample holder using a glass microscope slide. The result 
was a smooth specimen suitable for x-ray diffraction. The speci
men was then placed in the x-ray apparatus and a diffraction 
trace obtained.

3.9 Electron Microscopy

Electron microscopy for the micromorphology study first 
involved the preparation of single-stage replicas of specimen 
fracture surfaces. Material from the cylinder which had not been 
subjected to unconfined compression testing was used. This was 
done to eliminate possible effects of strength testing on the 
fabric of the specimen.
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Figure 4 - General Electric XRD-5 
X-ray Diffractometer.

Figure 5 - Mikros VE-10 Thin-film 
Vacuum Evaporator.
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The first step in the preparation of the replicas tms 
obtaining suitable fracture faces. This was accomplished by 
splitting the vacuum-dried untested sample using a single-edged 
razor blade and light blows from a fiber-headed hammer. The 
razor blade penetrated the sample only slightly, thus leaving 
the fracture face unaltered. The fracture face was then blown 
free of debris and a lead-foil mask placed on the surface to 
delineate the portion to be replicated.

The masked specimens were then placed in a Mikros VE-10
Thin-film Vacuum Evaporator (Figure 5, page 23) where replication

-6was carried out under a vacuum of approximately 10 mm of mer
cury. The first step was the shadowing of the fracture surface . 
with a high atomic number material to increase the contrast of 
the replica when viewed in the electron microscope. Shadowing 
was accomplished by evaporating a piece of 20% palladium-80% 
platinum wire, 0.008 inches in diameter, about 2 cm in length, 
at an approximate angle of 30 degrees to the horizontal. The 
second step in the replication process was the evaporation of a 
necked-down section of spectrographic-grade carbon rod from a 
position about 6 cm directly above the specimen. These two pro
cesses resulted in a platinum-palladium shadowed carbon replica 
of the fracture surface.

Upon completion of these steps, the specimens were re
moved from the vacuum evaporator. The replicated areas were 
then pressed into polystyrene discs which had been softened by
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heat on a laboratory hot-plate. The replicated areas adhered 
to the polystyrene which served as a protective reinforcement 
during the stripping of the replica from the specimen.

Stripping of the replica from the specimen involved the 
dissolution of the specimen in three solvents under ambient 
conditions in a laboratory fume hood. The entire specimen (mate
rial, replica, and polystyrene.reinforcement) was first placed 
in a small beaker containing 0.2N hydrochloric acid. This process 
usually required one or two days to free the reinforced replica 
from the bulk of the material. The reinforced replica was then 
transferred to a polyethylene container of concentrated hydro
fluoric acid for approximately fifteen hours. A series of one- 
hour baths followed: concentrated sodium hydroxide, concentrated 
hydrofluoric acid, concentrated sodium hydroxide, and concentrated 
hydrofluoric acid. Before transferring the reinforced replica 
from one bath to another, it was thoroughly rinsed with distilled 
water. Following the series of baths, the reinforced replica 
was usually clean of all clay and cement particles.

The next step was to strip the replica from its polysty
rene reinforcement. The replica was first scored into approximate 
2 mm squares with a sharp razor blade, then placed, replica side 
up, into an evaporating dish containing a single drop of ethylene 
dichloride. The ethylene dichloride caused the disc to stick to 
the bottom of the dish. The replica was floated free of the disc 
by gently filling the evaporating dish with ethylene dichloride.
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The small pieces of replica were then transferred, by means of a 
piece of 2 0 0 -mesh stainless steel screen, to two successive one- 
hour baths of fresh ethylene dichloride in order to remove all 
traces of polystyrene. The replicas were picked up on 300-mesh 
standard copper electron microscope grids and stored in gelatin 
capsules until viewed in the electron microscope.

Electron microscopy was accomplished using a Hitachi 
HS-7 electron microscope (Figure 6 , page 27). An overall scan
ning of each grid was performed, followed by a more thorough 
perusal of the surface. Photomicrographs' were taken.at low 
magnification, 5,000 to 15,000X, of areas representative of the 
overall fabric and also of areas showing objects of special 
interest to the study, such as cement hydration products, clay- 
cement reaction products, and degraded clay particles.
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Figure 6 - Hitachi HS-7 Electron Microscope.



Chapter 4 
RESULTS

4.1 Uraeonfined Compression Test
A graph of unconfined compressive strength versus curing 

time is presented in Figure 7, page 29. The plotted points 
represent the average value for the two samples tested at each 
curing time. The maximum strength difference of the two samples 
was 32 pounds per square inch, with most differences in the 
range of 10 to 20 pounds per square inch. The human error present 
in the missing, compaction, and testing of the samples undoubtedly 
was the major cause of the differences'. Difficulty in maintain
ing a constant humidity in the curing room is the probable cause 
of the minor scattering of the plotted points in Figure 7.

4.2 X-ray Diffraction

A tabular presentation of the x-ray diffractometer peaks 
of the various components of the clay-cement-water system is 
given in Tables IX through IX, Appendix C.

Because there ere many factors affecting•the peak inten
sities observed on diffractometer traces, this x-ray study is 
largely qualitative and only crudely quantitative. Among the 
factors affecting peak intensities are: (a) the degree of
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crystallinity of the material, (b) the amount of crystalline 
material present, (e) the presence of other peaks at or close to 
the given peak, (d) the size of the crystals, and (e) the degree 
of preferential orientation of the crystals.

Discussion of the crystalline components identified in 
the x-ray traces will be in the logical order of clay mineral, 
unhydrated cement constituents, cement hydration products, and 
clay-cement reaction products.

4.2.1 Kaolinite

Kaolinite x-ray diffractomer peaks studied were those 
at d-spacings of 7.19, 4.48, 4.37, 4.19, 3.86, and 3.98 ang
stroms. Full scale chart setting of 500 counts per second was 
used because all of the kaolinite peaks, except the 7.09 A (001) 
peak, were within the chart width and amplification of lesser 
peaks was adequate for identification purposes.

Most of the peak intensities remained fairly constant 
throughout the period of the study, with some reduction at the 
84- and 112-day curing periods. Peaks at 4.48 A (020) and 4.19 A 
(ill) showed a reduction at twenty-eight days, indicating that 
early attack on the kaolinite took place at the edges of the 
clay particles rather than on the basal planes.
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4.2.2 Unhydrated Cement Constituents

Tricalcium silicate (C3S) constitutes 50% by weight (see 
Appendix B) of the cement used in this project. Pure tricalcium 
silicate is listed by Taylor (1964) as having strong x-ray dif
fraction peaks at 3.02, 2.78, 2.73, 2.60, 2.19, 1.77, and 1.63 
angstroms.

The problems encountered in locating the C3S peaks are 
some of those mentioned in 4.2/ specifically, the 3.02 A peak 
may appear as a shoulder on, or be part of the 3.04 A peak of 
calcium silicate hydrate (CSH); the 2.60 A peak may be lost 
between the 2.61 A calcium hydroxide and 2.56 A kaolinite peaks; 
and the 1.63 A peak may coincide with the kaolinite peak at 
1.62 A.

The CgS peaks showed a steady deterioration as samples 
of progressively longer curing times were tested. The 3.02 A 
peak, first appearing as a shoulder on the stronger 3.04 A peak 
of the CSH, steadily lessened in intensity until, at later 
curing periods, it was indistinguishable from the background. 
Peaks at 2.78 and 2,73 A were better indicators because they 
were not screened by peaks from other materials. These two 
peaks showed very strongly at one day, exhibiting at least twice 
the intensity of the CSH (3.04) peak. 'However, they diminished 
rapidly and, at fourteen to twenty-one days, the CSH peak at
3.04 A grew to become the larger by far.
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Tricalcium aluminate (C3A) peaks were looked for at 2.70, 
1.91, and 1.56 angstroms. Tricalcium aluminate constitutes 
approximately seven per cent by.weight (see Appendix B) of the 
dry cement used. Distinguishable peaks were.located at the indi
cated places ranging from weak to very weak in intensity. These 
peaks started to fade into the x-ray diffractometer trace back
ground after seven days of curing and were indistinguishable 
after eighty-four and one hundred-twelve days.

4.2.3 Cement Hydration Products '

The major x-ray diffractometer peaks of calcium hydroxide 
appeared at 4.92, 3.12, and 2.61 angstroms. Calcium hydroxide 
was present immediately on addition of mixing water, as evidenced 
by the fairly strong peaks on the one-day x-ray trace. These 
peaks became very strong after three days and remained so through 
twenty-eight days of curing. They then diminished somewhat, but 
were still strong at the conclusion of the test program.

Trace peaks for CSH were expected at 12.5, 3.07, 2.80, 
and 1.83 angstroms. The 12.5 A peak is located in the portion 
of the x-ray diffractometer trace which is difficult to evaluate 
because of the rapid decline of the background trace. Neverthe
less, the peak was observed in all traces, usually as a diffuse 
or broad peak of medium to weak intensity. The 3.07 A peak 
usually appeared as a shoulder on the strong 3.04 A peak, which 
will be discussed later. The CSH peak at 2.80 A was extremely
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close to the 2.78 A peak of C3S and at later stages it became 
very difficult to distinguish between them.

Tetracalcium aluminate 13-hydrate (C^AH^j) peaks were 
observed-at 7.9, 3.95, 2.88, 2.86, 2.44, 1.66, and 1.65 ang
stroms. The 7.9 A (0001) peak was strong after one and three 
days of curing, diminished somewhat after this, and remained at 
medium intensity for the duration of the study. The other peaks 
followed a similar pattern, diminishing slightly but never dis
appearing. The peaks at 1.66 and 1.65 A were coincident with 
peaks Of calcium silicate hydrate and kaolinite.

Tricalcium aluminate hexahydrate (C3AH5 ) peaks at 2.81, 
2.30, 2.04, and 1.41 angstroms were identified in some traces, , 
but all never appeared in any single trace. Many peaks were 
screened or appeared as very weak shoulders on stronger peaks 
from other materials present.

It was thought that ettringite (calcium aluminate tri
sulphate hydrate) might appear in the system. Characteristic 
peaks were indeed observed at 9.73, 5.61, 3 .8 8 , 2.56, and 2.21 
angstroms. The strongest peaks, those at 9.73 A and 5.61 A, 
were of medium intensity in the one-day trace, intensified 
slightly at five days, then slowly decreased until, at eighty- 
four days, they were no longer detectable. The other peaks, 
although screened by peaks from other components, were detect
able and followed generally the same pattern of intensity 
reduction.
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4.2.4 Clay-cement Reaction Products

A product similar to prehnite /'Câ Al̂ Sî O-ii q(QH) % ,7 was 
found in the x-ray traces, especially at longer curing times.
Peaks were located at 5.26, 4.15, 3.53, 3.46, and 1.68 angstroms. 
First identifiable after three days of curing, the prehnite peaks 
increased slowly to medium intensity after fourteen days and 
remained so throughout the later curing times.

Studies by Moh (1965) and Diamond, White, and Dolch (1963) 
have shown that calcium silicate hydrate and calcium alumiroate 
hydrate, in addition to being hydration products of Portland 
cement, are reaction products of calcium hydroxide-treated 
kaolinite.

4.2.5 Special Notes

The strong peak observed at, 1.66 A in all traces is 
common to kaolinite, calcium silicate hydrate, and tetracalcium 
aluminate 13-hydrate. This peak varies only slightly in inten
sity at the. various curing times.

The 3.05 A peak is listed by many authors as common to 
CjS and CSH. The 3.02 A CgS and 3.07 A CSH peaks were observed 
as shoulders on this stronger peak. Each probably contributed 
to the strength of the 3.05 A peak. The intensity of the 3.05 A 
peak was strong after one day of curing, decreased to medium and 
then to weak after seven days, was strong again after twenty-one
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through fifty-six days, and showed another decrease to weak 
intensity after eighty-four and one hundred-twelve days.

4.3 Electron Micrographs

For comparison purposes, an electron micrograph of 
untreated Hydrite-UF is presented in Figure 8 , page 36. The 
well-defined, platey, hexagonal shape of the untreated kaolin- 
ite particles may be compared with the degraded particles 
present.in micrographs of the cement-treated clay..

Approximately fifty replicas were prepared from frac
ture surfaces. The best of these from each curing period were 
thoroughly scanned and about sixty electron micrographs were 
made. The thirty-two micrographs presented in this report 
were chosen because of their quality and because they contained 
objects of interest. The micrographs are presented and dis
cussed in order of increasing curing time.

4.3.1 One Day Curing (Figure 9, page 37)

The large mass at the upper right of Figure 9(a) appears 
to have no discernible crystallinity. This may be non-crystal
line calcium hydroxide and "wreckage11 of clay particles under 
chemical attack in the high pH environment of the dissolved cal
cium hydroxide released by hydration of the Portland cement. The 
kaolinite particles in the lower left of the micrograph are al
ready under attack, as evidenced by the degradation of their 
normally well-defined hexagonal shape.



Figure 8 - Electron micrograph of untreated 
kaolinite (Hydrite-UF). (10,000X)
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Figure 9 - Electron micrographs of Portland cement-treated
kaolinite cured one day (5,000X).
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Figure 9(B) is a more typical representation of the one- 
day sample. Although there is a small amorphous area at the 
upper right similar to that in Figure 9(a), most of the clay 
particles are still unaffected. The Black areas are undissolved 
material from incomplete chemical cleaning of the replica. Dark 
nodular masses may be Portland cement hydration - products.

4.3.2 Three Days Curing (Figure 10, page 39)

The rod-like particles at A in Figure 10(a) may Be
calcium silicate hydrate (CSH). Many similar features, as at B, 
are probably clay platelets viewed edgewise. Flat-lying clay 
particles in the micrograph seem to be somewhat obscured by 
amorphous calcium hydroxide.

The large, square feature in the lower right of Figure 
10(b) is probably a crystal of calcium hydroxide. The aggre
gation of dark, rod-like .particles at A along the entire left 
side of the micrograph may be calcium silicate hydrate. The 
fabric of the clay is shown quite well.

4.3.3 Five Days Curing (Figure 11, page 40)

Rod-like particles of CSH may be observed at A in Figure 
11(a), sticking out of the clay mass. The dark area at B is 
probably a hexagonal or cubic phase of cement hydration product
along the clay particle edges. The square particle at C is
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Figure 10 - Electron micrographs of Portland cement-treated
kaolinite cured three days (5#000X).
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Figure 11 - Electron micrographs of Portland cement-treated
kaolinite cured five days (5#000X).
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probably a calcium hydroxide crystal. Degraded kaolinite 
particles appear along the dark area diagonally across the 
micrograph.

Aggregations of CSH rods may be seen in all areas of 
Figure 11(b). The amorphous mass intruding at A may be calcium 
hydroxide and/or dissolution products of attack on kaolinite 
particles. The fuzzy dark particles at B may be ettringite or 
the needle-like material present in the hydration of tricalcium 
silicate reported by Takemoto (1954).

4.3.4 Seven Days Curing (Figure 12, page 42)

Crystal growth at A in Figure 12(a) is probably calcium 
hydroxide. Although there is quite a bit of dirt in this micro
graph, it is possible to see rods of CSH at B. The zone at B 
also shows end views of CSH rods.

Figure 12(b) shows a strange formation in the center 
that appears to be a mound in the fracture face. There are 
hardly any reaction products in this micrograph although the 
clay particles seem to be more rounded than at lesser curing 
times.

4.3.5 Fourteen Days Curing (Figure 13, page 43)

Figure 13(a) exhibits a large zone of Alite at A. The 
zone at B in Figure 13(b) is probably the start of the nueleation 
zones observed at twenty-one, twenty-eight, and fifty-six days.
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Figure 12 - Electron micrographs of Portland cement-treated
kaolinite cured seven days (5,000X).



Figure 13 - Electron micrographs of Portland cement-treated
kaolinite cured fourteen days (a,c, & d at 5,000X;
b at 10,000X).
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The kaolinite particles are mostly degraded. A cluster of cal
cium silicate hydrate can be seen at A in Figure 13(c). The 
striated bedding observed in Figure 13(d) is of undetermined 
significance, perhaps being Belite (dicalcium silicate). This 
zone resembles the twinned Belite reported by Tanaka and Naito 
(1951).

4.3.6 Twenty-one Days Curing (Figure 14, page 45)

Dark clusters at A in Figure 14(a) may be aggregations of 
calcium silicate hydrate. Individual CSH rods (B) may be seen 
at the lower right of the micrograph. The materials composing 
the gray mass at C are possibly clay-cement reaction product.

The light-colored area at A in Figure 14(b) shows cubic 
fracture and cleavage and may be an early stage of crystalliza
tion of tricalcium aluminate hexahydrate. Also visible are some 
calcium silicate hydrate rods at B.

4.3.7 Twenty-eight Days Curing (Figure 15, page 46)

Large, pebbly-appearing nucleation zones of reaction 
product may be seen at A in Figure 15(a). A cluster of CSH 
particles is at B in Figure 15(a).

Figure 15(b) shows a large, flat zone at A with crystal
line intergrowth at C, probably a hexagonal or cubic phase of 
Portland cement hydration. Clay particles at B show severe
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Figure 14 - Electron micrographs of Portland cement-treated
kaolinite cured twenty-one days (5,000X).



Figure 15 - Electron micrographs of Portland cement-treated
kaolinite cured twenty-eight days (a,c, & d at
5Z000X; b at 10,000X).



47

attack around edges. The upper left side of the micrograph at D 
is covered by small fibers, probably CSH.

Figure 15(e) at A again shows the pebbly nucleation zone 
observed in Figure 15(a). The lower right side of Figure 15(d) 
contains crumpled foils of CSH(I).

4.3.8 Fifty-six Days Curing (Figure 16, page 48)

Figure 16(a) shows an apparently amorphous zone at the 
top surrounding many of the clay platelets. Degradation of clay 
particles is evident in all four micrographs. Figure 16(b) has 
a similar apparently amorphous zone and it is becoming increas
ingly difficult to distinguish between the clay and cement 
phases. This advanced stage of Portland cement-kaolinite reaction 
was reported by Mitchell and El Jack (1965).

A crystal or fracture zone similar to the cubic phase 
observed in the twenty-eight day sample (Figure 15b) is seen in 
Figure 16(c).

Figure 16(d) shows many degraded kaolinite particles 
becoming part of the larger mass throughout. Some individual 
rods and clusters of CSH may also be observed at A.

4.3.9 Eighty-four Days Curing (Figure 17, page 49)

Figure 17(a) illustrates the character of the system 
changing from distinct clay and cement zones to mostly reaction 
product.
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Figure 16 - Electron micrographs of Portland cement-treated
kaolinite cured fifty-six days (5,000X).
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Figure 17 - Electron micrographs of Portland cement-treated
kaolinite cured eighty-four days (15 Z000X).
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Figure 17(b) shows a zone at A of unreacted to partly 
reacted kaolin!te particles. Crystalline intergrowths of a late 
hexagonal phase of Portland cement-kaolinite reaction product 
are seen at B.

. A very good closeup view of the nucleation zone of Port
land cement-kaolinite reaction product observed at twenty-one 
and twenty-eight days is in Figure 17(c) at B. The clay particles 
at A are far along in the degradation process.

The large, thin, hexagonal flake at A in Figure 17(d) is 
probably a late phase of Portland cement hydration. Note that 
very few unreacted clay particles are present in all of the 
micrographs at eighty-four days.

4.3.10 One Hundred-twelve Days Curing (Figures 18 and 19, 
pages 51 and 53)

The lath-like particles seen in Figure 18(a) are another 
form of calcium silicate hydrate. Rods visible in Figure 18(b) 
are also CSH. Much altered kaolinite is visible in the ground
mass.

Figure 18(c) shows a cyclic-twinned zone of a hexagonal 
platey phase at A. The jagged appearance of the plates may be 
due to the fracturing process. A zone of CSH particles is seen
at B.

A cubic crystal or fracture zone similar to those seen 
at twenty-eight and fifty-six days is at A in Figure 18(d) . The



Figure 18 - Electron micrographs of Portland cement-treated
kaolinite cured one hundred-twelve days (5,000X).
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elongated hexagonal prisms seen at B are of considerable size 
and are probably ettringite.

It is hard to distinguish anything in Figure 19(a), 
indicating that the reactions in this zone may be essentially 
completed. This is probably a large area of late-stage reaction 
between the Portland cement and kaolinite. It is similar to the 
large featureless zones reported by Mitchell and El Jack (1965). 
The parallel hexagonal prism intergrowths or bundles in Figure 
19(b) similar to those in Figures 18(c) and 18(d) may be 
ettringite. but also bear a strong resemblance to the Belite 
(dicalcium silicate) reported by Takemoto and Suzuki (1956).

: The reaction products of the Portland cement-kaolinite 
system are often quite similar to the late hydration products of 
Portland cement (Moh, 1965). As a result, it is difficult to 
distinguish between the two.



53

Figure 19 - Electron micrographs of Portland cement-treated
kaolinite cured one hundred-twelve days (continued)
(5,000X).



Chapter 5 
DISCUSSION OF RESULTS

An attempt will be made to correlate the findings of the 
unconfined compression testing, x-ray diffraction study, and 
electron microscopy of the Portland cement-treated kaolinite. 
Mention will also be made of results which agree or disagree 
with previous work done by other investigators.

Comparison of the unconfined compression strength test 
results with the intensity of the tricalcium aluminate (C3A) 
peaks in the x-ray diffraction study reveals that the high rate 
of strength gain, which terminates at approximately seven days, 
corresponds with the disappearance of the C3A peaks at seven to 
fourteen days. Tricalcium aluminate is the high-early strength 
component in Portland cement.

Although individual rods of calcium silicate hydrate are 
visible at lesser curing times in the electron micrographs, 
clusters of aggregated CSH particles first appear at twenty-one 
days. This.occurrence corresponds with a large increase in 
intensity of the 3.05 A CSH x-ray diffraction peak noted at 
twenty-one days.

Calcium hydroxide is strongly present at all curing times. 
The one-day x-ray diffractometer peaks, however, are not as 
intense as those observed from three days to about twenty-eight
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days. Large zones of apparently amorphous Ca(OH)g are noted in 
the one- and three-day micrographs and these amorphous zones, at 
later times, contain some tabular, well-crystallized calcium 
hydroxide. Thus there is a correlation between the intensity of 
the peeks on the x-ray diffraction traces and the degree of crys
tallization observed in the micrographs.

The severe degradation of the kaolinite particles with 
time occurs, at an early stage, at the edges of the platelets 
and persists throughout the length of the study. This is in 
accord with results published by other investigators (Diamond, 
White, and Dolch, 1963/ Diamond and Kinter, 1965/ Moh, 1965/
Sloane, 1964/ Mitchell and El Jack, 1965). Widespread degradation 
is first observed in the electron micrographs at twenty-one days. 
The drop in intensity of the twenty-eight day x-ray diffracto
meter peaks at 4.48 A (020) and 4.19 A (111), indicating edge 
attack, is in accord with the microscopic observation.

Ettringite (calcium aluminate trisulphate hydrate) x-ray 
peaks are strongest at five days. In the five-day micrograph 
(Figure lib, page 40) the fuzzy particles at B may well be 
ettringite. Ettringite is a minor constituent of the system and 
could easily be missed in the replica scanning process. Ettring
ite .was observed in later micrographs as isolated aggregations I 
of large hexagonal prisms. The mobility of the hydration products 
in an aqueous environment may account for these isolated zones.
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A -clearly identifiable crystal of a hexagonal platey 
phase of cement hydration is not seen .until eighty-four days 
although x-ray diffraction shows that these phases are present 
at most curing times. Due to confusion in the morphological 
identification of early and late hexagonal platey phases, it is 
likely that some crystals identified as other components may be 
in fact these phases. This confusion could probably be resolved 
by electron diffraction. However, the available accelerating 
voltage of fifty kilovolts was not sufficient for single-crystal 
electron diffraction.

The hydration, and reaction processes, in terms of the 
increase in unconfined compressive strength, are expected to 
continue for a long period of time, but at a continuously 
decreasing rate. The curve presented in Figure 7, page 29, 
supports this view (Mitchell.and El Jack, 1965).

Moh (1965) indicated that some form of calcium aluminate 
silicate hydrate would appear as a reaction product of kaolinite 
and calcium hydroxide. Sloane (1964) noted the occurrence of 
prehnite /CagAlgSigOj^OH)^? as an early reaction product by 
electron diffraction of dried suspensions from a kaolinite-lime 
water system.. Prehnite was identified in this project by x-ray 
diffraction of a randomly-oriented powder specimen.

The normal hydration reactions of Portland cement listed 
in any cement text were observed in this study. For instance, 
the diminution of the x-ray peaks of tricalcium silicate and tri-



57
<S3»

calcium aluminate corresponds well with the intensity increase 

of their hydrates, CSH and Other hydration products,

such as etfringite and tricalcium aluminate hexahydrate were also 
found in the x-ray study as minor components of the system*

The electron microscopy did not correlate so well with 

the other results because of the general lack of investigations 

of this type* Cement clinker constituents, in particular, were 
not positively identified in the micrographs in this study* They 

may appear differently in a clay-cement system than in a study of. 
cement alone. However, their hydrates, CSH and were

readily identified in the micrographs* It would seem that more 

extensive efforts should be made to identify the unhydrated Port
land cement constituents in a clay-cement-water system*

The general changes in aspect of the system with time 

were much more detailed at the electron microscopic level than 
discussed by Mitchell and El Jack (1965)» Zones of nucleation 

of the products of Portland cement-kaolin!te reaction were 

clearly observed* Also noted was the crystalline growth of some 
phases of Portland cement hydration, recognizable as individual, 
discontinuous zones in the ground mass * While very late micro
graphs show the gray featureless aspect noted by Mitchell and 
El Jack (1965), the present study also indicates that, at one 

hundred-twelve days, the system still contains a large amount of 
unreacted material, both kaolinite and Portland cement hydration 
products.



Chapter 6 

CONCLUSIONS

The x-ray diffraction study basically confirms the 
results of other investigators. Kaolinite, unhydrated Port
land cement constituents, Portland cement hydration products, 
and Portland cement-kaolinite reaction products were all iden
tified in the x-ray diffractometer traces obtained from essen
tially randomly-oriented powder specimens. Unhydrated Portland 
cement constituents identified were tricalcium silicate and 
tricalcium aluminate. Cement hydration products identified 
were calcium hydroxide, calcium silicate hydrate, tetracqlcium 
aluminate hexahydrate, and ettringite (calcium aluminate tri
sulphate hydrate). Clay-cement reaction products found were 
prehnite, calcium silicate hydrate, and two forms of calcium 
aluminate hydrate.

Only two recent studies affecting this project have been
/

performed using electron microscopy. Copeland and Schulz (1962) 
studied only Portland cement hydration products. Mitchell and 
El Jack (1965), while observing a broad general fabric change 
with time in a clay-cement-water system, did not report the 
specific changes observed in this study. The electron micro
graphs presented in this study show, among other things, the 
zones of nucleation of the products of the interaction of the
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clay and cement. These reaction products include prehnite and 
the hydrates of tricalcium silicate and tricalcium aluminate.
Also noted were many individual amorphous and crystalline phases 
of cement hydration products including calcium hydroxide, calcium 
silicate hydrate, and ettringite.

While the severe chemical attack on the kaolinite particles 
is evidenced both by x-ray diffraction and electron microscopy, 
it is also shown that much unreacted clay remains in the system 
even after four months of curing in a high-humidity environment. 
Also, it is shown that large amounts of unreacted Portland cement 
hydration products still exist in the system, indicating that 
further reactions between the kaolinite and the products of cement 
hydration continue for some considerable time.



Chapter 7 
FUTURE WORK

The most obvious area for future research would be the 
study of the Portland cement treatment of other clay minerals 
such as montmorillonite, illite, and chlorite. Application and 
refinement of the techniques used in this project, would certainly 
make such studies feasible.

Electron diffraction, in conjunction with electron 
microscopy of replicas, would resolve much of the confusion in 
the identification of the products of hydration and reaction.
An instrument with an accelerating voltage capability of 100 
kilovolts would be required for electron diffraction.

During the course of this study, it was found that the 
method of mixing the dry constituents had a pronounced effect 
on the unconfined compressive strength of the compacted sample.
It is reasonable to assume that mixing methods would also affect 
the speed of the clay-cement reactions and should be studied.
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TYPICAL 
PARTICLE 
SIZE ANALYSIS 
--HYDRITE-UF

CHEMICAL ANALYSIS
The following chemical analysis is typical of Hydrite 

Kaolinites:
Aluminum Oxide........ 38.38 Calcium Oxide....... .......05
Silicon Dioxide....... 45.30 Magnesium Oxide..... ..... 25
Ignition Loss at 950 C. 13.97 Sodium Oxide........
Iron Oxide............. 0.30 Potassium Oxide..... .......04
Titanium Oxide........ 1.44

PHYSICAL CONSTANTS
Refractive Index: 1.56 Bulking Value: 0.04617 gal/lb
Specific Gravity: 2.58 Weight per solid gallon: 21.66 lbs
Moisture: 1% Maximum Average Particle Diameter: 0.2 micr.
Abrasion Index: Very low. No. 2 Mobs' Hardness Scale

Figure 20 - Properties of Kaolinite (Hydrite-UF)
(Data supplied by Georgia Kaolin Co., 
Dry Branch, Georgia.)
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This cement is referred to as regular Type I and/or II
low alkali cement. The term "low alkali" applies to cement with
a total alkali expressed as Na^O not to exceed 0.60% and is 
applicable to all types of Portland cement when specified.

The following analysis of Portland cement used in this 
study was supplied by O.F. Pierce, Plant Chemist, Arizona Port
land Cement Company, Rillito, Arizona.

Si02    23.82%
A1203  ....  3.53
FegOg........... 1.31
CaO............. 64.40
MgO..... . 3.42
S03..... .....1.83
Loss............ 0.85
Na20............ 0.07
K20............. 0.68

TOTAL 99.91
Total Alkali as Na 0. ___  0.52%
Insoluble Residue....... . 0.21
C3S.  .....  50.0
C3A  .........  7.1

Table I - Composition of Low Alkali Portland Cement
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d-Spacing (A) 7.19 4.48 4.37 4.19 3.86 3.59 3.398
(Indices) (0 0 1 ) (0 2 0 ) (1 1 0 )* (1 1 1) (0 2 1 ) (0 0 2 ) (1 1 1)

Curing Time 
(days)

1 w s ms ms ms m V S m

- 3 61 8! 81 61 88 88 81

5 U 88 88 88 99 88 88

7 91 81 88 88 81 88 86

14 91 81 98 88 98 08 68

21 91 m 61 m 61 68 81

28 61 91 98 89 ' 8$ 89 81

56 81 81 81 8$ 81 81 06

84 V S 91 89 81 68 S 61

112 81 91 81 99 81 88 81

*more than one exists
s - strong v - very
m - medium b - broad
u - weak . d - diffuse

Table II - Relative Intensities of X-ray Diffractometer Peaks
for Kaolinite
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d-Spacing(A)
(Indices)

3 . 0 2  
_(251)

2.78
(009)

2.73
(404)  ̂

eo
& 
* 

o in 
O 2.19

(319)
1.63
(40-1:

Curing Time 
(days)

1 m W - m m
3 w w m ■ mw m mw
5 88 m w w 91 88

7 81 88 81 88 mw IS

14 vw wd u 1 VW w wd
21 vvw w vw VV W 91 w
28 89 8 8 H 66 wd vw
56 8 8 w w vvw 86 98 vw
84 w vw 8 8 68 vvw

112 vvw Bfl 18 61 88 91

Notes: 1) 3.02 A peak may be screened by or be 
part of the 3.04 A attributed to both 
e3S and CSH.

2) 2.60 A peak can be lost between 2.61 A 
calcium hydroxide peak and 2.56 A kao
lin! te peak.

3) 1.63 A peak may be reinforced by 1.62 A 
kaolin!te peak.

Table III - Relative Intensities of X-ray Diffractometer
Peaks for Tricalcium Silicate



d-Spacing(A)
(Indices)

2.70
(440)

1.91 1.56
Curing Time 

(days)
1 w w w
3 81 II 88

5 w 81 H

7 vvw “ =■
14 81 °’eD w w
21 81 .vw H

28 81 ” « 00 =
56 vw
84 «, <»

1 1 2 81 v w

Table IV - Relative Intensities of X-ray Diffractometer
Peaks for Tricaleiu® Aluminate



d-Spacing(A) 4.92 3.12 2.61
(Indices’) (0001) (10-0) (10*1)

Curing Time 
(days)

1 B W ms
3 V S 98 98

5 08 1$ 88

7 98 tm 89

14 89 mw 68

2 1 68 8$ 88

28 S m s

56 98 vw w
84 88 88 m

1 1 2 88 61 88

Table V - Relative Intensities of X-ray Diffractometer
Peak for Calcium Hydroxide
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d-Spacing(A) 12,5 3.07 2.80 1.83 3.04-3.05
(Indices) (001) (220) (400) (040) —

Curing Time 
(days)

1 mb w w B

3 m wb m m m
5 ms w m . ms mw

7 wb ii w m w
14 mb wb n w m

21 m m m mw s

28 wb H w 81

56 ti II wb m 88

84 mb ” ” w vw
112 ms mw mw 8$ mw

Notes: 1) 3.07 A peak appears as shoulder to 
3.04-3.05 A peak attributed to both 
CgS and CSH and contributes to the 
strength of that peak.

2) 2.80 A peak may be shoulder on 2.78 A 
CgS peak (very difficult to distinguish 
between them at later ages)

Table VI - Relative Intensities of X-ray Diffractometer
Peaks for Calcium Silicate Hydrate
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d-Spacing(A) 
(Indices)

7.9
(0 0 0 1 )

3.95
(0 0 2 )

2 . 8 8 2 . 8 6 2.45 1 . 6 6

Curing Time 
(days)

1 s mw m m wb s
3 it m mw mw w 88

5 mb 88 w w vw 86

7 m IS wb wb 81 98

14 ' ms 98 69 89 m 88

21 01 wb Vtf w w 88 .

28 it mw vvw v w vvw 88

56 mb 81 M 69 w b 98

84 ms vw VW " ” 98

112 w m wb wb wb 88

Note: 1.66 A peak is also peak for kaolinite 
and CSH.

Table VII - Relative Intensities of X-ray Diffractometer Peaks
for Tetracalcium Aluminate 13-Hydrate
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d-Spacing(A) 
(Indices)

9.73
(1 0 -0 )

5.61
(ii-o)

3 . 8 8
(11-4)

2:56
(2 1 *6 )

2 . 2
(2 2 *(

Curing Time 
(days)

1 mb m M m m

3-- m 88 98 08

5 s m 88 86 08

7 m 01 88 “ — 08

14 81 8 8 98 m 0 8

21 mb mw 98 08 “ *»
28 .08 88 96 88 mw
56 ms 86 88 M
84 - - Mb VW 88 98

11 2 86 88 VM

Notes; 1) 3.88 A peak can be lost between 
3.86 A kaolinite peak and 3.95 A 
C4AH13 peak.

2) 2.56 A peak also kaolinite peak
3) 2.21 A peak is shoulder on 2.19 A 

CgS peak.

Table VIII - Relative Intensities of X-ray Diffractometer Peaks 
for Ettringite (Calcium Aluminate Trisulphate 
Hydrate)
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d-Spacing(A)
(Indices)

5.26
(Oil)

4ol5
(1 0 2)*

3.53
(1 1 0 )

3.46
(in)

1.68(iso;
Curing Time 

(days)
1 vw vw
3 V vw 0 6 98 cm <=,
5 86 86 08 98 vvw
7 mw w 89 88 vw

14 m 8 6 w 88 61

21 mw M mw w 68

28 61 98 98 89 w
56 w 6 8 98 98 m
84 m 88 W 81 88

11 2 #6 96 88 88 w

* more than one exists
Notes: 1) 4.15 A peak appears as shoulder 

on 4.19 A kaolinite peak.
2) 3.53 A peak appears as shoulder 

on 3.59 A kaolinite peak.
3) 4.36 A peak appears as shoulder 

at base of 3.59 A kaolinite peak.

Table IX - Relative Intensities of X-ray Diffractometer Peaks
for Prehnite /CagAlgSigOj^ OH) g _7
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