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PREFACE
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S
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COL J. L. Cannon , CE, and COL N. P. Conover , CE. Mr. F. K . Brown was
Technical Director.

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~ _ ~~~~ - _ ~~~~.- ~~——-— —-~~~~~~ _ _ 
_ 

_



— -~ _ .-, -I.~~ - _ — _ -~
.- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -, - .  . _ -- . _ - :

CONTENTS

Page

PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
CONVERSION FACTORS, U. S. CUSTOMAXY TO METRIC (SI)

UNITS 0F)~~ASURE)~~NT . . . . . . . . . . . . . . . . . . . .  3
PART I: INTRODUCTION . . . . . . . . . . . . .  .  4
PART II: UTERIALS, MIXTURES, AND PROCEDURES . .  S
PART III: RESULTS. . . . . . . . . . . . . . . . . .  9
PART IV: DISCUSSION  13 t
PART V: CONCLUSIONS  16
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . .  17
TABLES 1-3
PHOTOS 1—6

I .
_ _  

2

—-~~~~~ .—~ — S—— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~_ _



~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

__“ __
~- - _ ~

-,-.—-_ v ~’-...-—-’-’- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

CONVERSION FACTORS, U. S. CUSTONARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows :

Me3.tiply - . By To Obtai n

inches 0.0254 metres

inches 25.4 millimetres

pounds (force) per square inch 0.00689476 aegapascals

Fahren heit degrees 5/9 Celsius degree s or Kelvins*

* To obta in Celsius (C) temperature readings from Fahrenhei t (F) read-
ings , use the following forail a: C • (3/9) (7 — 32) . To obtain Kelvin
(K) readings, use: K. — (5/9) (F — 32) + 213.15.

_  
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• TUE 7. 6-ANGSTRON REACTION PRODUCT
IN SMECTITE CLAY-LINE MIXTURES

PART I: INTRODUCTION

1. In his thesis ,~ George H. Hilt provided data on a crystalline
reaction product he had found in clay—line , soil—line, and fly ash—lime 

-

0
mixtures. Its longest and strongest X—ray spacing was at about 7.6 A.
He indicated that the material was similar to C4AB13* and that it might
be C4AH13 or a form of it that included silica or carbonate ions . The
work reported herein was done to extend his findings. It was hoped that
it would be possible to grow lar ger single crystals of the crystalline
reaction product than he had grown . This work fits into the entire
study of soil stabilization and the chemical reactions that occur durin g
hardening of soil , line, and water mixtures.

I

- 

-

* C CsO, A A l 2O3, H H 20,~~~~~C02 .
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PART II: MATERIALS, MIXTURES, AND PROCEDURES

2. The intent was to use materials and mixture s generally similar
to those Hilt 1 had used to minimize experimentation and to Insure that
the desired reaction product was obtained.

3. The following three smectites * were used :
a. WES—45 CL—i. This material is “Voiclay” from the American

Colloid Co. The source is prob ably the Black Hills of
South Dakota . This mater ial contains sodium as its prin-
cipal interlayer exchangeable cation.

— b. WES—45 CL—2. This materia l is Panther Cree k Southern
beutonite , also from the American Colloid Co. It is from
White Springs , Mississippi . It contains calcium as its
principal interl ayer exchangeable cation .

c. WE$—45 CL—3. This material is purified hectorite fro m
near Hector , California . It contains sodium as its main
interlayer exchangeable cation but differ s from the other
saectites used in that it contains magnesium rather than
aluminum as a principal constituent of the octahedral
portion of the clay structure.

4. The intent of using the different kinds of snectites was to
determine if their differences affected the desired reaction product.

5. Fly ash from Wilsonville, Alabama , was used in some mixtures.
It is identified as WE S—283 F—74 .

6. Reagent—grade Ca(O H) 2 was used as lime in the mixtures. It
was not assigned a serial number .

7. Reagent—grade CaCO3 was used in some mixtures. It was not
assigned a serial number .

8. Each of these six materials was examined by X—ray diffraction
for purity and to determine its composition .

9. Distilled water was used in all mixtures .
10. Trial mixtures were made with the Voiclay and the Panther

Creak smectit*s. These contained 20 percent of lime by weight of clay
and a water to total solids ratio of 1.40, 1.50, 1.75, and 2.50 for the
Volclay and 0.80, 0.90, and 1.00 for the Panther Creek emectite. No

* Moutmorillonitic clay.

5 
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calcite was used. These mixtures were placed in plastic containers with
snap—on lids. Containers of each mixture were stored at 40 to 44°F* and
others were kept at room temperature (about 73°F) in a moist cabinet.
X—ray diffraction ~w*in fnat ions of portions of these mixtures were made
periodically for about 6 months • The X—ray results indicated that these

mixtures needed more lime . I -

11. Additional mixtures were made with each of the three smec—
tites and the fly ash using 100 g of clay or fly ash, 70 g of lime, 13 g
of calcite, and 183 g of water. The 183 g of water was not enough to

produce plastic mixtures with the Volelay and the hectorite. After ex—

perimentation to find a better water content for these two clays, mix-

tures were made with 320 g of water for the Voiclay and 750 g of water

for the hectorite. The amounts of clay or fly ash, lime, and calcite
were intended to furnish about 0.16 moles of A1203 (except for the hecto—
rite), 0.95 moles of Ca(OH)2, and 0.13 moles of CaCO3, respectively. These

proportions were selected to give a C3A/CaCO3 
ratio of about 0.8 and a

Ca(OH)2/C3A ratio of about 1. This was done to promote growth of the

7.6—1 reaction product and is based on data from Seligmann and Greening.2

All of these mixtures were placed in sealed plastic containers. Each

mixture was divided for storage at 50°F and at room temperature (about

73°F) in a moist cabinet. Specimens from the mixtures were X—rayed

periodically as before. When little or no reaction of the 50°F samples
was detectable by X—ray diffraction after 3 months time, all specimens
were placed in the room temperature moist cabinet.

12. Each of the mixtures was X—rayed by grinding a small portion

and packing the wet material into a sample holder so it was examined

while it was wet.

13. When the second group of mixtures was about 15 months old
the containers were examined with a stereomicroscope for the presence

of new crystals that would serve as seed crystals to grow larger single
crystals. It was found that many small crystals of the desired

* A table of factors for converting U. S. customary units of measure-
ments to metric (SI) units is presented on page 3.

6
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appearance were detectable on dried surfaces that had been formed by

contact of a mixture with a container surface.

14. After a check for purity of C12A7 by X—ray diffraction a
saturated solution of C12A7 was prepared as a nutrient solution to use
in growing larger single crystals of the reaction product. Individual
crystals from the Panther Creek smectite mixture were placed in this
nutrient solution. These crystals were obtained with a dissecting

needle from formed surfaces while observing with a steromicroscope at
l25X. Since the single crystals were not visible when placed in the
nutrient solution and did not grow to a visible size, small fragments

of the mixture containing many small crystals were placed in the nutrient
solution. Some of these solutions with their samples were kept at room

temperature, others were stored at 50°F, and others at about 120°F to

see if these temperature extremes would promote crystal growth.

• 15. When it became apparent that those efforts were not going to

result in the desired enlarged single crystals, several of the available -

crystals were carefully removed from a dried surface of a Panther Creek

smectite—lime mixture. These crystals were ground in alcohol and this

slurry was allowed to dry on a small glass slide. The dried surface of
this slide was then examined by X—ray diffraction to obtain an X—ray

pattern of as pure a sample of these crystals as was obtainable.

16. Since there was an interest in possible chemical substitution

in the structure of this reaction product , a sample of a Panther Creek

smectite— lime mixture containing added quartz was examined by X—ray
diffraction . The 3.34—1 quartz peak was used as an internal standard -

~

to determine what the true position of the 7.6—1 peak of the reaction
product should be. It was assumed that chemical substitution would
cause displacement of the 7.6—1 peak .

17. A few of the crystals of the 7.6—1 reaction product were made

into powder iiiaersion mounts and examined with a polarizing microscope
to determine optical properties.

18. A formed surface of a dried fragment of the Panther Creek
smectite—lime mixture was coated with a layer of carbon and then with a
layer of Ag—Pd metal. This surface was examined with a scanning

7
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electron microscope (SEM) and several scanning micrographs were taken
• • 

- of the crystals of interest.

19. A sample of the Panther Creek smectite—lime mixture was
• 

• 
furnished to Dr. L. E. Copeland . He examined some of the 7.6—1 crystals

on the surface of this sample with an electron probe to determine if
chemical substitution could be detected.*

20. Compressive strength data were obtained by breaking crude

cubes from the high li me mixtures made with the Voiclay, the Panther
Creek, and with the fly ash materials at ages of about 3 months and

15 to 18 months. The cubes were obtained by cutting them from the

mixtures with a diamond saw.
21. All X—ray patterns were made with an X—ray diffractometer

using nickel—filtered copper radiation.

I

* Personal coneunication. 
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PART III: RESULTS

22. The objective of growing large crystals to do analytical work

on individual crystals was not achieved. Individual tabular crystals

about 250 pm wide by about 25 pm thick were the largest that were ob-

tained. Therefore, most of the work on the crystals was done on a corn—

posite sample made up of many hand—picked single crystals. These are

believed to be like those grown by Hilt.1

23. Chemical and physical data for the three smectites and the

fly ash are shown in Table 1; the lack of aluminum in the hectorite is

apparent.

24. X—ray data suggest that the Volclay is about 90 percent

smectite with a trace of kaolinite, and 10 percent quartz, cristobalite,

and tirdymite; the Panther Creek material is about 90 percent smectite

with a trace of clay—mica, and 10 percent quartz, tirdymite, feldspar,

and calcite; the hectorite is largely smectite with small amounts of -

calcite and dolomite; there may also be a little clay—mica and serpentine —

in it. The fly ash is largely glass with small amounts of quartz, mul—

lite, hematite, and magnetite.

25. X—ray examination indicated that the calcium hydroxide and

the calcite were essentially pure.

26. The observations made by periodic X—ray examination of the

mixtures are given below:

a. Two detectable crystalline reaction products were found
in the clay—lime mixtures containing Volclay and Panther
Creek srnectites. They were characterized by X—ray spac-
ings at 8.2 and 7.6 1. Storage at temperatures between
44 and 50°F favored formation of the 8.2—1 compound.
However , with additiona l time and storage at room temper—
ature (about 73 °F),  the 7.6—1 material was more cosnon.
These peaks were sometimes detectable after storage

• periods of about 30 days.

b. The probability that the 8.2—1 material is a reaction
product is complicated by the fact that the smectites
would be expected to have a second order X—ray reflection I ~at about that value. However, the sharpness of the 8.2—1
peak is believed to be adequate evidence that it is, in
part, at least, a reaction product.

9 
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c. There was no detectable 7.9— 1 reaction product . This
would be characteristic of C4AH13. It should not occur
since there was enough car bonate presen t to favor the for—

- 

- 

• mation of other compounds.
- 

- d. No reaction products were found in the hectorite smectite— 
- -

• lime mixtures. Further e~idence of a lack of reaction was
• the fact that these mixtures did not develop measurable

compressive strength. They were still soft to the touch
at an age of about 20 months. The crystallinity of the
hectorite seemed unaffected as judged by X—ray diffrac—
tion patterns.

e. The crystall inity of the Voiclay and Panther Creek amec—
tite X—ray peaks seemed unaffected after 6 months of stor—
age . However their X—ray peaks indicated a definite
decrease in crystallinity by an age of about 20 months.

f .  Calcium hydroxide and calcite peaks were still present in
the high lime mixtures after 20 months of storage.

i• In addition to 8.2— and 7.6—1 compounds, the fly ash—lime
mixtures also showed X—ray peaks that indicated the pres-
ence of ettringite. The 8.2—1 peak was always stronger

- than the 7.6—1 peak; this indicates a reversal of what
was found in the clay—lime mixtures.

ii. The amounts of detectable 8.2— and 7.6—1 reaction products - -

appeared to be similar in the Volclay and Panther Creek
smectite—lime mixture8 at the same water contents.

27. Examination with a stereomicroscope of dried portions of the
mixtures, especially the surfaces formed by contact with the plastic
surfaces of the containers, showed an abundance of small, transparent,
tabular crystals. This examination was best made at 100 to 125X. A
partial list of the X—ray spacings obtained from a composite sample of

these crystals is shown in Table 2. Spacings for calcium monocarbo—
aluminate (C4A~H11) and for the reaction product Hilt

1 found are alao

shown for comparison. All of these X—ray patterns appear to be essen—
tially the same. The fact that the present crystals are the same 7.6—1
reaction product found in the X—ray patterns of the whole mixtures shows

that they are the material that was intended to be studied. The use of

quartz as an internal standard indicated that the correct spacing of the -
~~ 

-

7.6—1 reaction product was 7.57 1. Thus, no chemical substitution was

indicated by the X—ray data.

28. Portions of the formed surface of the Panther Creek smectite—

10 —
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lime mixture that were examined by SEN are shown in Photo s 1-6. These
0

show the appearance of the 7.6—A crystals at magnifications ranging from
330 to 5200X. Photos 1 and 3 show that the crystals appear to be de-
formed hexagons. —

29. R~~in{nation of some of the 7.6—A crystals as powder ime.ersion
mounts with a polarizing microscop e showed the following :

a. The crystals are biaxial negative. Therefore , they do
not fall in the hexagonal system.

b. The birefringence was low with a refractive index close
to 1.557. Some of the crystals tended to disappear in
the ismersion oil at or near this value. Due to their
tabular shape only the refractive indices seen on flat
lying crystals were checked .

30. It has been reported3 that C4AäI11 forms colorless , hexagonal
plates with refractive indices of N0 — 1.552 and Ne 1.532. The com-
parison of optical data between C4A~H11 and the 7.6—~ crystals grown in
this work fails to show precise agreement even though X—ray diffraction
data indicate that the 7.6—~ material is C4AëH11. This indicates either

that the data in the reference are in error, our data are in error, or

that C4A~R11 has a range in optical properties .
31. In addition to limiting the optical data that were obtainable,

0
the predominantly tabular shape of the 7.6—k crystals caused the X—ray
diffraction patterns to show strong preferred orientation of some peaks.

32. Compressive strength data are shown in Table 3 for the
Volclay, Panther Creek, and fly ash—lime mixtures. These data show an
increase of strength with time for all mixtures and a decrease in
strength with increasing water content for the Volclay mixtures. The
other s were made with a single water content. The fly ash—lime mixture
is about six t imes stronger than the clay—lime mixtures at matching
ages. The strengths of the two smectite mixtures are similar at equal
ages and similar water contents. X—ray diffraction data for the 3—month—
old mixtures and the 15— to 18—month—old mixtures shown in Table 3 show

0
more 7 • 6—A material with increasing strength for the two suectites •
However, the amounts of 7.6—A material are about equal for the fly ash
mixtures having substantially different stren gths . It is not clear 

—-— ~~——-.— •• ~~~. 4
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from the X—ray diffrac tion data whethe r or not the i.~4 crystall ine

reaction product is contributin g to the str engths of the mixtures.
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PART IV: DISCUSSION

33. When Eilt ’ was working with his mixtures and trying to iden-

tify the 7.6—1 material , the crystalline products of these reactions were

relativel y unknown and there was confusion about the identification of

hydrated calcium aluminates . Since that time, Diamond and Kiuter6 re—

viewed soil—lime reactions. They pointed out that a calcium silicate

hydrate and a calcium aluminum hydrate are produced by these reactions .

- 
They also said the latte r is a hexagonal compound which is probably an -

impure tetraca lcium aluminate hydrate that is characterized by a 7.6—1 -

X—ray diffraction spacing.

34. A considerable amount of other work511 has been done to sort -

out the different forms of hydrated calcium aluminates , largely in rela-

tion to portland cement . There is now general agreement about the iden-

tity of the varieties of hydrated calcium aluminates which is based on

the position of the longest X—ray spacing. A spacing of 7.9 1 charac-
terizes C4AH13 whereas 8.2— and 7.6—1 spacings signify the presence of

hemicarboaluminate (C4A~0 5H12) and monocarboaluminate (C4AäI11), respec-

tively. All of these ar e members of the APm group of hydrated calcium

aluminates. Schwiete and Ludwig
6 said they are hexagonal or pseudo— -

hexagonal sheets in which the water of crystallization is bound in layers
11normal to the C—axis . Taylor says the layers of materials in the APm

group pack together to leave cavities which may contain different anions.

For carbonate—bearing phases no significant change of the C—axis spacing

occurs with changes in the alumina to iron ratio .’1 Dosch, Keller , and

Zur Strassen7 state about these materials that a certain low amount of

embedded anions is sufficient to produce a characteristic basal spacing

and further exchange of one kind of anion for another probably only

influences the crystal sysuetry. The gist of it all is that the Aim

type of structure can accosuodate foreign ions. However, Dr. L. H.

Copeland* did not detect any silica in the 7.6—1 crystals that he

examined with an electron probe . It had been thou ght that this was a

likely candidate for inclusion in that lattice.

* Personal comaunication.

13 
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35. Thus, in the present work we have reaction products char—
acterized by X—ray spacings at 8.2 and 7.6 1. Based on modern data ,5

~~~
it would seem that these should be calcium heaicarboal” 1~~te (C4

g
0 5H,2)

and calcium monocarboaluminate (C4A~H11), respectively . The kind of

exchangeable cation in the smectite did not have any detectable effects
on the reaction products that were developed . The presence of magnesium
rather than aluminum in the octahedral layer of the hectorite effectively -

prevented the formation of any -hydrated calcium aluminates since there
was no other source of aluminum. Since there was no cementation of the
hectorite—lime mixtures at 20 months age the implication is that the
usual formation of hydrous calcium silicate was also inhibited by this
chemical and structural form of smectite. This finding could perhaps

explain some instances where a soil—lime mixture does not harden as
expected.

36. The X—ray data indicate that the 7.6— 1 material produced in

the present work is the same material that was produced by Hilt3 and that

this is C4&~H11 (Table 2). Since the optical data indicate the 7.6—1

crystals are not hexagonal (i.e. , uniaxial negative) and have slightly

higher refractive indices than published values3 for C4A~H11, this
discrepancy needs consideration . In addition , Hilt 1 reported that his

crystals were uniaxial negative and had an index of refraction of about

1.548, so his refractive index is intermediate to those for C4Aä~11.
It is believed that the likely explanation is that there has been enough
chemical substitution, not by silica , into the C4Aã111 lattice to effect

slight changes in the optical properties of the 7.6—1 material without
causing detectable modification of the X—ray pattern. The same type of
explanation may apply to Hilt ’s’ 7.6—A crystals since their refractive
indices also differ from those for C

4
A~H11I

3

37. It is postulated that C4th111 and C4A~0 5H12 are normal
crystalline reaction products for most soil or cl*y or fly ash and lime j  ~mixtures. They form instead of C4AB13 because carbonate is almost always
available either in the form of calcite or as CO2 in air or water . It
appears that the 8.2-1 C4A~0 5 R12 probably forms first and tends to
convert to the 7.6-1 C A~H if enough carbonate is ava ilable. In those

“ ~~ 
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rare cases where no CO2 might be present the calcium aluminate would
probably be the 7.94 C4AH13 forrn or one with higher or lover water
content ; this would depend on the environment during formation and dur-
ing the examination.
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PART V: CONCLUSIONS -

0 138. The -7.6-A material in clay—lime mixtures examined by Hilt
and as part of the present work is calcium aonocarboaluminate hydrate
(C4A~H11) with the material examined here chemically different enough
to affect the optical but not the X—ray data.

39. The crystalline hydrated calcium aluminates C4A~0 51112 and
C4A H11 are to be expected as normal reaction products of most clay or
soil , water , and lime mixtures at nonextreme temperatures. The first

0
material is characterized by an 8.2—A X—ray diffraction spacing and the

0

second material by a 7.6—A X—ray diffraction spacing.

40. Since the fly ash and lime mixture also contained ettringite
(C6A~3H32) in addition to C4A~H11 and C

4A~0 5 1112, other such mixtures
may also contain these crystalline reaction products.

41. The type of exchangeable tnterlayer cation in the smectite
clay does not appear to affect the X—ray diffraction spacings of the
7.64 reaction product that is formed nor its amount . On the other hand

the data show that if emectite contains magnesium rather than aluminum
in its octahedral layer (i.e., hectorite) the usual clay—lime reactions

do not occur , at least not up to 20 months age which was the limit in
the present work. This lack of react ion with subsequent failure to —

develop measurable compressive strength could explain some instances in

the field when soil—lime mixtures fail to develop strength as expected .
Rectorite is a fairly rare clay mineral.

I
I
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Table 2

.
Comparison of X—Ray Diffraction Data — 7.6—A Material

Pres ent Work* A$TM Card 14_83** RiltL
____  A .L A L. Co ent
10.6 vvw
9.4 vvv May be noise
9.1 vvv
7.57 vs 7.59 100 7.59 10

4.36 6

3.99 6
3.77 vs 3.78 45 3.85 7

3.66 2
3.45 vw 3.46 6 3.42 4
3.34 vvw

2.84 vw 2.86 30 2.87 9
2.77 vw 2. 78 ‘8
2.71 vii 2 .72 14 2.71 1
2.65 vi, 2.65 4
2.51 a 2.52 18 2.52 6
2.49 vii 2.49 18
2.41 w 2.42 25
2.33 w 2.34 20 2.33 6
2.28 vw 2.29 4 2.30 8

2.24 4
2.20 4

2.15 vw 2.17 6
2.11 vi, 2.12 8 2.]1 5
2.08 ii 2.10 6 2.07 1

2.07 2
2.02 vw 2.02 2
2.00 vw 2.01 6
1.94 ii 1.94 10 1.93 3
1.91 vi, 1.91 2
1.89 w 1.89 4
1.87 vi, 1.86 8 1.86 3
t t 1~

4

* Composit. of hand—picked crystals.
~~ Joint C~~~itte on Ponder Diffractio n Standards , Ponder Dii free-

tion File, Set 14, 1964.
t Rich pattern contains additional lines.
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Typical crystal growth on formed surfaces of
Panther Creek smectite—lime mixture , X330. Age
of mixture is about 14 months. The arrow points
to the area shown in the next picture. Negative
06 09 76—5 .

Photo 1. SEM photomicrograph 1
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Enlargement of area indicated by arrow in pre-
vious photo, X5200. The two white spherical
objects are secondary calcium carbonate found
associated with most of these crystals.
Negative 06 09 76—6.

Photo 2. SEM photomicrograph 2
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Another area of typical crystal growth, X370,
on the same specimen as SEN photomicrograph 1.
The arrow points to area shown in the next
picture. Negative 06 09 76—9.

Photo 3. SEM photomicrograph 3
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Enlargement of area indicated by arrow in
previous photo, X2000. Illustrates complex
crystal intergrowth and stair—stepped
surfaces. Negative 06 09 76—11.

Photo 4. SEM photomicrograph 4
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A third area of crystal growth on the same
specimen as SEN photomicrograph 1, X500.
The crystals in the lover right appear less
tabular than usual. The arrow points to
the area shown in the next photo. Negative
06 09 76—41.

Photo 5. SEN photomicrograph 5
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Enlargement of area indicated by arrow in
previous photo, X5000. Many crystals show
entrapped bubbles such as these. Negative
06 09 76—38.

Photo 6. SEM photomicrograph 6
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