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VAX

The study of chemical soll solidification, or
stabilization, involves & new branch of soil meehanis-s
ngmely, the study of modificstions of the engineering
properties of solls by chemicel sdmixture, The proper
understanding of such s study, therefore, clearly neces-
sltates & falr knowledge of chemilstry.

Further, this investigatlon waes undertaken as
specific for elays, the thesls study representing an sttempt
to apply cclloild chemical knowledge to the chemical
steblllization of clays, Civil Englneers are well scquainted
with the physical concept of particle size acoording to
which they resdily concede the Important fraction of most
clays to lie in the colloidal range of dimensions, Special
emphaslis must, therefore, be lald to the fact that the
proper understanding of such a& study is dependent upon
adequate femiliarity with colloidal chemistry.

Since 1% is ineviteble that Civil Englneers do not,
in general, have the knowledge of chemlstry and colloid
chemistry needed for the thorough understanding of this
thesis study, the presentation ef this thesis to Civil
Engineers poses a very difficult problem. The suthor
considers 1t highly unsatisfactory to use in the presentation
of ths actual subject matter of the thesis definitions and
explanations that will at best consiet of extracts from

standard elementary textbooks on ilnorgeanic, organle and



eollold chemistry. In order to assist the readers in
refreshing thelir memories on unfamiliar chemical i&miu@lam
and some of the fundamental colloid shemlecal concepts
1nva1vtd,_1:h¢ author ig appending 1) a glossary of chemical
terma (Appendix II, page 213) and 2) a brief presentation
of the ¢lay mineral coneept, upon whieh is based the
understanding of the fundamentals of colleld chemlistry that
are applicable to the common clay minerals. (Appendix III,
page 215) |



INTRODUCT ION

In Ostober, 1946, the Civil Engineering Department
of the Massachusetts Institute of Technology undertook a
research project on the solidification of soils by chemlcal
treatment, sponsored by the U.S. Engineer Corps,

Interest in solidification or stabilization of eolls
by chemical admixture has grown gteadily in the past riw
years, With bare indications of success on hand, interested

parties have extrapolated their aims to the point of

miraculous treatments which could be sprayed from the air

g0 as to solidify any soil, rapidly and falirly permanently.
For military emergencies, it may well be imagined that the
achievement of such spectacular golidifying treatments which
sould render any soil suitable for the landing of alreraft,
would be a tantalizing objective.

In conneetion with this research project the author
had the opportunity to conduct the extensive literature
review on all work directly or indirectly related to soil
solidification by chemical treatment. A brief review of
this study would serve as an excellent spring-board for this
thesis study, but it is felt that, since the FPinal Report
of the first phase of the Soll Selidification Project has
already presented that material, the introdustory remarks
may here be limited to the mention of a few of the salient



points, The reasders are requested to refer to the Report

{11)#

on the Literature Review if they wish to assertain the

detaills that are hereln omitted,

S8ince this brief survey is merely att.@ptad with &
view to emphasizing the significance of this thesis study,
1t is thought advisable to subdivide the effect of the
chemical admixture into two categories, namely an inherent
gtrength incresse, and an Improvement of the water-stability
of the soil, If we subdivide solls into the commonly employed
nomenclature of aands, sllts, and elays, and for the present
restrict our attention to clays, a study of all work
hitherto done on the chemical solidification of soils will
make one fact glaring and inescapable - there 1s no treate
ment that inherently Increases the shearing strength of a
elay , ¥¥

The caleium ¢hloride and sodlum chloride admixtures
do not presume to have any direst strengthening action, The
use of Portland Cement, which 12 a very successful method
of solldifying sends, drops in applicability very markedly
as one moves down the scale of partiele-size of soll: etnoét

on hydration effects a rigld bond between partlcles, but =since

% Numbers in parentheses refer to numbers in the Biblliography
found on page .

#4# Thils statement has te be modified a little, The fact is
that treatmente that do inerease the shearing strength of
a olay (e.g., Portland Cement) use excessive guantities
of admixture because the first frasction of the treatment
inactivates the clay, the rest of the treatment then
acting on it as on & plain filler,



soll grains sct merely as inert fillers that are "spot-
welded" by the cement to neighboring seil grains, eement
treatments on clays ave very poor, Bituminous treatments

ere conceded to be of two types: in the sase of cohesionless
solls, the use of higher viscosity bltumens imparts the
necessary cohesion, but in the case of clayey soils the
bituminous treatment merely waterproofs. The sodium

silicate solidification process is applicable only to mands;
although a rescent research project studled the possiblliity

of using silicates of soda for the stabiiization of olays,
there is no clearly distingulshable data to indicate any
promise, Finally, the recently opened fleld of natursl and
synthetlo resins emphasizes the same point, All eof the
natural resin treatments merely serve as waterproofing
treatments, with the exception of £tabinol whieh consists

of & mixture of & natural resin and Portland Cement « snd
perhaps for that very reason is not reported ga-haing very
successful in the solidificetion of clays. The possibilities
in the use¢ of synthetilc resins are go many and so varied,
.bhnt the suthor 1s loth to make any statement conserning
their applicability for solidification of e¢lays, but research
reports to date have reported sucscess merely in the use of

resing for the solidification of sandy or silty materiels.®

# As & matter of faot, thils thesis study may well be
considered to be within the broed field of application
of synthetic resins to solidification of soile.




Thus one of the important deductions that arose out
of the literature survey, was the fact that no chemical
method 1s at present evallable for strengthening a clay,

Some of the more effective chemical Qraaﬁﬂmntu may still be
applicable to clayey soils, but in effect the clay fraction
is & deteriorating component. The fatter the elay, the more
active the clay, the greater is the decresse in effectivensss
of the solidifying treatment, Of course, prasctically all
chemical stabilization work has until now been carried out
on gurface soils in connection with highway end airport
construction, Thus it may well be argued that the case of
8011d1fying a saturated all-clay soil has never arigen in
highway anﬁ runway construction - which merely toushes off
another point which the author deems worthy of mention as

a2 prelude to thls thesis study.

?rtohluallx all the research work done to dete on
chemical soll solildification has used ﬂﬁ#&iliﬂd ﬁntufil solls,
Here 1t 18 Virginie Sandy Lgam, there it is Clermont 8ilty
Clay; end in all cases the reader ig left utterly st a loss
to enalyze the results from the point of view of guantitative
effects contributed by the various components, A few of the
more recent inveastigetions have shown a desirsble trend
towards initilating the research with simplified soil asystems:
in the csae of some of the latest research on the use of
synthetle resins for soll solldification, clean silics mnd

was used, and in the case of the investigation of "Silicate



of Sods e A Soll Stadilizing &gent"“‘s'} the action of the
ellicate of sodas was first studied on samples of acv&rgl
pure clay minerals, |

Pinally, the review of litersture made the author
aware of a rather striking correlstion between the "sctivity™
of & clay as regards engineering charscteristics and the
chemlcal reactivity of the clay. And in general it seemed
that the resson why solidifying treatmente became less and
lese successful as they were applled to fatter and fatter
clays, could be sought in the phllosophy of the trestments.
These treatments expected the clay conmnnenﬁ‘or the soll to
remain merely as en inert flller, as the sand and eilt grains
appeared to do quite obligingly. It wes conceded thet the
larger surface area of flller would rsduira sultsble
inereases in percentage treatments, and due arrangements
were made to meet that demand, But the clay had a surprise
in store: 1t refused to set as an inert filler, it.aftun
reacted with the admixed chemical, insctivating eeﬁaidarmbla
fractions of 1t, Unwilling to relinguish the original
treatments, and determined to achleve results in spite of
the clay, investigators had %o resort to using excessive
amountes of the treatment, or in some way to anticipate the
truntmanﬁ by' another chemlcal ﬁfant@mnk_that unﬁld satiate
the elay. Conslder the Portland Cement traatmént, for example;
in the case of mnnj clays 1t was found thet base-exchange
might take place, depriving the Portland Cement of some of

ite caleium, and thus it was found that either an excess of



Portlend Cement had te be used, or slse & pretreatment of
the c¢lay with ocaloium chloride might prove asdvantageous.

Thus it 1s thet out of the literature review arose
the three maln points that led to this thesis investigation,
First, the obvious need for some work on the ghemical
treatment primarily of clays; second, the fiam decision to
initlate the investigations with the use of a aimplified
soll syatem - namely, a pure clay mineral; and third, the
interesting objective of attempting a solidifying trestment
that might coax the clay into cooperation rather than
hand-guff it into submission,



It was cursorily stated in the Introduction that
there appeared to.bc an unmlstakeble correlation between
the engineering properties of olays and their chemical
reactivity. The nature of the chemical resctivity must be
promptly specified; the author has in mind the common
base~exchange reaction that s so often mentioned in
connegction with clays. In the past few decades, since its
discovery, the base-exchange reaction of claye has proved
to be the one lmportant reasction by meens of which the
properties of clayey solls may be radically changed,

For the sake of clarity, spece will here be devoted
to mention of some of the details intimately connected with
the collold chemistry of the ¢lay minerals. It has long
sinece been establlshed that c¢lay particles are crystalline
platelets. The orystallographle structures of these orystal-
line platelets have been studied by eareful Kwray
diffraction work, and on the basls of these structures 1t
may be asserted that the clays commonly encountered in
Soll Mechanles work fall into one or more of the following
groups: the montmorillonites, the 1llites, and the ksolinites,
To a greater or smaller extent, the c¢lay minerals exhibit
the property of base-exchange, and a consideration of the
erystal structure of the clay minerals will serve to explein
this property. However, & discussion of the erystal

structures of the slsy minerals would here represent a lengthy



digression, Appendix IIX of this thgnisﬂ taken from the

Final Report on the first phase of the Soll Solldiflcation

Prajcat‘ll) presents a summary of the clay mineral concept,

and for further information the interested reader 1s

requested to refer to the bibliography in the above referensce.
The cryatel units of the clay minerals as they

oceur in nature ere usually negatively charged and, thsrafar§,

ecarry enough adsorbed cations (positively charged ions, such

as Na*, Ca™") to establish the balance of charges dlstated

by the Law of Least Free Energy. In contact with water,

however, these adsorbed cations dlssociate from the minute

¢lay erystals into the surrounding water, In the presence

6f water, therefore, the ¢lay mineral units surrounded by

thelir positive counterlions form the colloidel migelle ihiah

participates in the base-exchange resction as piqtumm& below

(Fig. 1), :

@

cLay \@

CRYSTAL i [0-]

@

@

O Monovalent cationj e.g., ¥a" in the case of aodium-clay

@ Divalent cation; e.g., cat*

- Monovaslent anion; e.g., C1°



The ecounterions of the clay particle can be exchanged with
cations from the dispersion medium, Thus, for example, by
adding oealoium chloride, Gaﬂla, to a dispersion of a sodium~
elay, we will obtain a caleium-clay by base-exchange of
caloium (G;**) ions for the sodium (ﬁa*} counterions, (Note:
henceforth in this thesls the exchangeable base associated
with a elay wlll always be specified when naming s clay -
thus a sodium~montmorillonite, a calcium~kaolinite)

The specifio resetion in the case of the exemple

- given may be written:

clay :g: * anlg——* ¢lay [ Ca + 2 NaCl

Such a bass~sxchange resction will obviously be more
pronounced, the greater the number of exchangeable fons that
the clay particle carries. The clay particle in Fig, 1 18

shown carrylng sixbteen sodium (¥a”) lons: 1t is, therefore,

able to adsorb eight divalent celeium (Ca’”) ions by base-
exchange, The number of sodium ilons that are sctuslly
associated with a particle of sodlumeclay depends on the
atruatural configuration of the clay orystal, as is explained
in Appendix III. 8inece the number of polyvalent catlions that
can be exchanged for the sodium lons of a sodium-clay depends
on the number of sodium lons assoclated with the elay particle,
it is evident that the number of polyvalent catlons that

can be exchanged will depend on the structural configuration
of the clay crystal, It i1s difficult to determine the number



of cations that can be adsorbed by eash individual clay
partisle, and sc the common measure used relates to the
numver of cations that are adsorbed per 100 grams of clay.
This measure of the abllity of & slay to adsorb catione im
3 gapacity, which
is expreszsed 1n milliequivalents of cations per 100 grams
of elay., Montmorillonites have the highest exschange
capacity, ranging from 60 to 100 me,, 1llites follow with

called the cation-exchange or base

exchange capseltlies renging from 20 to 40, and ksolinites
have the lowest exchange capscities, 3 to 15 me,

The comments on base-exchange will here be limited
to the above two paragraphs, since more detailed considera-
tion of 1ts theoretlicsl aspects will be given in a subsequent
chapter, Two basls points have been made in connection with
the chemloal reactivity of clays: the lmportant considera-
tions are the base-exchange capsclity, and the nature of
the sxchangesable base present, Intensive resecarch on base-
exchange of clays has been carried out in the fields of
colloid nhn;;ntry and sgriculture, and more regently the
knowledge tnnriby accumulated has bLeen utilised by soil
mechanics investigators interested in opening the field of
801l chemistry for ite promise in soill stabilisstion, It is
elgnificant to note that slmost inveriably the nature of
the effests of the elay minerals and their exschangeable bases
on the engineering properties of soils were sredictable in



a qualitative menner on the basis of exiating knowledpe of
the fundamentals of colloid chemistry.”

Let us consilder very briefly the gualitative
relationships between the engineering properties of clayey
solls and 1) the magnitude of the exchange capacity, and
2) the nature of the exchangeable basges, assoclated with
the ¢lay component, |

Gensral Relationships Between Exchenge Capselty of s Clay

It should flrst be noted that in order to eliminate
the effects of exchangeable bases, the somparisons should
be made with clays that are all satureted with the same base.
it 1s True, however, that the preponderance of the effect
of the clay mineral 1s often felt in spite of changes in
saturating cstions; for example, the behavior of montmorile
lonites is in & class quite distinet from that of keaolinites,
regardless of the exchangeable base,

Originally almost all the research on correlations
between cnginaaring_prépartiaa and “"chemical" composition

of clays employed the 6anaayt of the silice/sesquioxide ratie

(aiﬂgfhgaa, where R,0, represents Al,04, Fe,04). Practicablillt

favors the retention of that concept in most s0il meshanics
work, but fundamental researeh has found 1t necessary to

revert to the specific determination of the alnyﬁuinerul

11

¥

# Serious deviations from this norm are possible and probable

in soils of high orgeniec content, ete.
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somponent and the exchange capacity. Laboratory investiga~

tions have confirmed theoretlocal expectations that the
exchange capscity is falrly directly ralaied to the
silicn/sesquioxide ratic,. In considering the tﬁret main
types of elay minerels, it is easy to coneclude by merely
examining their erystallographic structures, that the
montmerillonites have the highest 31“3/33ﬁ5 ratios, the
illites follow, and kaolinite has the lowestb ﬁioﬂfhgos
ratio, Simultaneously be it noted that the exchange
gapacities of these three prinecipal olay mineral groups
follow the sseme progression, Henee in defining general
trends of the effects of exchange capacity on clay properties,
it is suffieclent to define the relatlive behavior of
montmorillonites, 1llites and kaoclinltes.

The montmorillonites have a high water~holding
sapacity., They also have very lew permeabilities; 1llites
are intermediate, and kaolinites have ralutivaly'mueh greater
permeabilities, The montmorillonites also absorb much more
water than ksolinites, slthough at a mueh slower rate, As
a result of the high water-holding capaeity and nvillins
properties of montmorillonites, these clays tend %o show
the greatest amount but slowest rate of oenaalidntién.

Finslly, becsuse of the high water-holding eapasity,

1z

montmorillonites have high liguid limits and plasticity indlees .

A1l of these results can be explained qualitetively
by consideration of the erystal structures of the minerals
and the fundsmentels of collold shemlstry.



A general conclusion that becomes apparent 1s that
the montmorillonites are probably the most troublesome clays

in 801l engineering: thelr extreme senaitivity to change
by contact with water makes them partioularly amnoylng in
} #oll stabilization work. Simultaneously, however, their
high exchange capaolty makes them the most sulted for
modification of propertles by base«exchange,

General Relationships Between the Exchangeable Base of &
Glay and Its Engineering Properties

The importance of the effect of exchangeable bases
on the engineering propertlies of olays 1s obviously greatest
in the case of montmorillonites, whioh have the highest
exchange capacities,

A montmorillonitie elay containing sodium as the
exchangesble base can take up two to three times as much
water as & similar clay containing c¢aleium: in general the
montmorillonites saturated with trivalent cetions (a1™"*,
pe' ") have smaller water affinlty than the montmorillonites

4 - ++ o
y Mg , Ba , 'Pb )

saturated with divalent cations (Ca :
and these again have much smaller water affinities than the
montmorillonites saturated with monovalent cations (1i*, Wa'),
A godiume-montmorillonite will, therefore, have & lower
permeability, a greater total amount of coneolidation under

a glven load, and a slower rete of water abgorption and

shrinkage than a calcium-montmorillonite, At the same water
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content a sodium-montmorillonite hss s much higher shearing
strength then a caleium-meontmorillonite; but since & calecium-
montmorillonite 1g in turn more readlly compacted, a come
parison of shearing strengths at a fixed compactive effort
will not show the caleium-montmorillonite at such a loss.

Mo systematlic quantltative results are, however, available

on these comparisons; at best 1t may be agsumed that the
difference between the shearing strengths of scdium-
montmorillonite and calclum-montmorillonite sub jected to the

same compeotive effort 1a probebly small.” Hence the
advantage of water stability effected by exchange of caleium
for the sodium 1s the determining factor favoring thie
exchange for soil atuﬁiiisntiea, when compaction iz used,

Complex Netal~Orgenle Ion Exchange
The above two parsgraphs outline the general scope

of base~exchenge hitherto ampplied in soill engineering work,
Recent developments in the fleld of collold chemistry consi-
derably broaden the promise in the use of base~exchange

for the stabllization of claye. These advances have been
based on the use of bese-exchsnge with complex metal-organiec
lons, which will herein be briefly dzplainté._

When csleium chloride, OeCl_, is dissolved in water,

a’
it lonizes as represented by the equation:

&

caCl, = ca*t + 2(01%)

¥ B Tew tests run by the suthor checked thie estimste quite
well, GSee page "



Such a solution of caleium chloride will, by virtue of 1ts
calodunm (Ca’) ions, enter Into a base~exchange reactlon
with s suspension of godlum«bentonlte; this exchange resction

nmay be represented as follows:

Tt 400" —— [elayfoa + e(Na’)

clay

The case above detalled represents base~exchange of a

eimple cation, ﬁaax polyvalent salts, however, arse capable
of fonizing to yleld complex ions, and then the base~exchange
resstlon takes place with the supplied complex ion Just as
easily as 1t would with a simple cation., Lead acetate,
Pb(aﬂaﬁaeJa, for example, when dlssolved in water ilonizes

to give either simple divalent lead lons (#*) or complex

monovalent lead acetate tmnﬁceo*) ions .,

G 2

b (@-Haeeo)a s (mssaomn) + (cmseoo)‘

Pb (OHgCO0), —= PFb ~ + 2(0H4000)

Such a salt as lead acetate, ?b(cﬁaoam)£, is called s

difunctional salt, and ite ifonization bebavior 1s represented
by the following uquﬂtiane

Pb{0H,000), === (PbOH,000)" # (CH,C00)" == »*™" + a(oH,000)"

The nature of the lonization ls controlled by the consentra-

tion of the solution, the complex monovalent lon belng

nmore abnndanﬁ in eénaontrataﬁ golutions., It need hardly;ﬁgj

pointed out that this phenomenon cannot oecur with salts

of monovalent caticns,

15
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Bage-exchange of sodium-bentonite with lead acstate

can now be seen to contain two possibilities:
: 0

000)*— [STag] 220088 + g wa®

T 2(PbOHy

""Nﬁ

0

and clay :§: + T elay | Pb + 2 e

the exchange with the complex lead scetate ion prevalling
in congentrated solutions.

Research on the use of bentonlite for the production
of "synthetic mica", Alsifilm, ylelded regults of much
interest in connectlon with buaouaxahanga of simple and
complex ions, but there is no knowledge of the possible effect
of complex lon base-exchange on the englneering properties
of clays.

Base~Exchange With Polymerizable Complex Metsl-Orgenis lons
The behavior described above in connestlon with lead

goetate is not specific for lead acetate: a number of salts
of divalent metals exhibit the same phenomenon, In general,
i1t may be gtated that salts of weak acids are capable of
lonization into complex lons, A number of organic aclds

are relatively weak aolds,

Of specific interest to this study sre tﬁn unsaturated

ﬁonobniin.aaids, guch as sorylic and methsorylie eecld, which
are weak aclds forming difunctional salts with divalent

metals. It is thus possible to attach, by base-exchange,
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the complex lead aerylate (CH,GH COOPb') or lead methserylate
(0 0 CHy 600Pb”) lon to a sodium-bentonite oley.

This fact 1s of special interest hoaguao; in view
of the unsaturated nature of the acid radical employed, the
organic eomponent of the complex ion is cspable of
polymerization, The nature of polymerization will be

explained in a subsequent chapter, but for the purposes of
the present outline it may be oconsidered a remction which
chemically beonds ene such organie radical to snother, Thus
two olay perticles with attached lesd ssrylate lons can

by polymerization be chemloally bended to one another as
shown by the rallew;na ;th;ntle drawing:

[
elay = P-= 0 =0 =G =0 «

- 3 -« 0 « Pb - | clay

This fundamental invention, which has been termed
the diaaav.ry of inorganic plaat&a;,ia desoribed in U, 8.
Patent #2,401,348, "Molding Composition, Molded Product,
and Method of Making®™ granted to Ir, B, A, Hauser and
Wr. £, A, Dennemberg of M, I, T., June 4, 1946, The specifie
process described as an example in the patent is, in shors,
the following: bentonite saturated with baaewaxahnngéd lead
acrylate 1s dried and powderedj; this powder 1s then heat-
and-pressure molded resulting in & hard regincus product,

The polymerization of the serylie radical, which is secomplished
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through the elevated temperature (with or without tﬁs use
of a catalyst like benzoyl peroxide), effects a strong
chemical bond between the clay particles. Purthermore,
gince the surface of the slay particles is thus rendered
orgaenie in pature and highly insoluble in water, the molded
product 1s quite resistant to attack by water; this 1s
especlially true if the precaution has been taken to wash
the ¢lay free of exchanged sodium lons.

The specific procesa desoribed sbove by an example
serves to gilve a general 1des of the invention in terms of
a2 partleular application, Of far greater importance, however,
is the underatanding of the significence of the new ldea
involved., It will be recalled that the tremendous and ever-
growing plasties lndustry is fundamentally based on
polymerization, Henceforth, base-exchangeable materials esuch
ag clays o@ﬁlﬁfin some measure share in the sdvances of the
plasties industry. The degree to which this might be true
would depend on the specifie conditions dictated 1# any
gii&n Qirﬁﬂnatanao;p

The way has been opened, and wan@crful posalbilitien

arise,
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Scope

The previcus chapter hnd'ns its purpose the brief
outlining of the ideas which originated this thesis
investigation, In view of the fact that the base-exchange
resotion 1s avellable for improvement of the engineering
properties of clays, 1t was thought desirable to study the

soll stabllising effectiveness of the base-exchange treatment
that seemed most promising, namely, base-exchsnge followed
by polymerization, The aim of this investigation may
ascordingly be deseribed as the following: to develop the
¢onditions necessary for rendering the base-exchange and
polymerization treatment for clays a practical possibility,
end to investigate the effectivenesz of sﬁdh a treatment in
the atabiliintion of elays. The investigations are fraught
with the compromise betwesen the deslre to study the
fundamental phenomena systematically snd the objective of
early arriving at en estimate of the effectiveness of the
treatment under conditlons approximating those of practiocal
use,

It was decided to confine the bulk of the investigations

to sodium-bentonite clay for at least three cogent reasons.
Firstly, because the cornerstone of thisatudy-vns_tho

¢olloid chemical work on sodiume<bentonite reported in the

U. S, patent referred to in the previous chapter, Becondly,
because thereby the objective was nohioved of sbudying a
eimplified system of what might be considered a pure synthetie



elay soil, Finally, because simulteneously the results
obtained with sodium-~bentonite would be highly significant
as representing the order of magniiude of results to be
expscted at the extremity assoclated with very active clays
of high base-exchange capacity.

A few tests were run on caloium<bentonite and
hydrogen~keolinite in order té aseist in the interpretation
of results, '

All such tests were carried out in & manner approxi-
mating what might in fleld conditions represent the treatment
of & ¢clay at natural weter ocontent with e specific chemical
admizture, The details of such conditions will be disoussed
later, but one important consideration must here be
emphasized: the process of admixture obviously disregards
the advisebllity of securing the optimum conditions of
cooperation from a ¢lay at natursl conditiomns by not
disturbing ite "strusture”, Hence all the work herein
reported must elearly be interpreted as connected with
remolded clays, and the problem of optimum mesns of spplicae-
tion of the treatment to clays is herewlth understood not
to have lald within the scope of this thesis, Actually,
from the point of view of fleld practlice admixing processes
in ¢lays are rather difficult, and therefore the incentive
to develop sultable processes of application of this
treatment is greatly multipllied,

Breaking down the work inteo falrly distinguishsble

gections, 1t may be summarized as follows:



e N i e e S

1) Investigate the possibility of effecting
polymerigation of salts like calcium aerylate and calelium
mothsnrflah. in agueous solutions at ronm_tamportturnn. The
application of the banc-sxahpngo and polymerization treatment
to clays satursted with water obviously hinged on the
achlevement of positive results in ‘Bhin invﬂatlgati@na

2) Study the.partinpnt phases of the base-sxchange
resction cecurring on addition of caloium methacrylate to
a sodium-bentonite olay gel at verious water contents. The
elgnificance of this study was primarily connected with the
evaluation of the effects of base-exchange alone, without
subsequent polymerization, on the properties of clays,

3) Study base~exchanged and polymerized clay
gystems in comparison with the original untreated clays and
with clays merely base~exchanged, The comparison with the
original untreated clay was necessary for an overall evalua-
tion of the effectivensss of the treatment; the comparison
with the base-exchenged but unpolymerized olay was dletated
by the asademic interest in assessing the contribution of
the polymerization to the propertieg of the elay,

The entire investigations were carried out on clay
systems satursted with water at the start; even though the
olsy minerals were svailable in powder form, the suthor
deemed it essentlal to begin by preparing elay gels at
reasonable water contents, to slmulate clay solls saturated
with water. Olay solls occurring naturally are sither wet

and essentially ssturated, or, if at all dry, form very hard



clods and surfaces-~they do not exlst in powder form,
Furthermore, dry clay pertiscles may well be treated as
diserete particles of coheslonless mst!riﬁl, wlth the added
advantage of muech better surface adhesion, Clay particles
are aundniated with troublesome behavicor only when wet; in
faot, the elay particle unit as usually considered has 1ts
bull of firmly sdsorbed water around it, Hence the work
was specifically aimed at the use of clay gels at natural
water contents for the appropriate slay mlnerals.



RESUME OF SIGNIFICANT aﬁagggg-

This thesls investigation can only be rightly viewed
as a preliminary investigation, With the sonclusion of the
work herewith presented, the method of treatment studied
cannot yet be properly evaluated in terms of applicabllity
to praettuai problems, The only sppropriate pequel to this
work 1s the furthersnce of the investigations, notebly
along lines suggested in thyﬁer XI. This thesis should,
therefore, be carefully studied in every detail by those
intending to further the investigatliona, For such readers,
for whom every single item detalled in the following
chapters should be significant, it 1s Inadvisable and diffi-
eult to present a summary of “significant results",

| However, the conglusion of the thesls does mark the
coneclusion of the preliminary investigations, The summary
presentation of some of the more significant results is,
therefore, appropriate, Obviously the reader must be well
guarded againet reading detalled information from the
generalized statements that are made in this section.

The clays experimented with are scdium<bentonite,

calciumebentonite and hydrogen-~ksolinite, In all three

cases, the shear strength charasteristics are of major interest ;

but only in the case of sodiume~bentonite i1s the decrease of
the water affinity of the clay by the treatment a factor of
great importance, The dliscussion of water affinity is,

therefore, ltmiﬁid to sonsideratlion af the sodium~bentonite



gase, In the following items it is implied, unless
otherwise stated, that caleoium aerylate ie used for the
base~exchange reactlon which is capable of subsequent
polymerization, PFor the polymerization, the catalysts
employed are sodium thiosulfate and smmonium persulfate.

1) The base-exchange resation uehioﬁaa B very
effective reduction of water affinity in the case of
sodium-bentonite, In the case of such clays as caleium-
bentonite and hydrogen~kaolinlite, no notiéeable decrease
of the water affinity of the clay is effected, The base~
exchange reactlion alone controls the water affinity,

Unfortunately, as was expected, the base-exchange
reaction involves a very sharp decresse of the shear
lhrenéth of the elay. This decrease of strength is
attributed partly to base~exchange snd partly to the effect
of the excess electrolyte in solution, The decrease of
strength is particularly pronounced in the case of sodium-
bentonite and hydrogen-kaolinite, iut still is noticeable
in the case of calecium~bentonite,

2) Polymerization of salts like caleium acrylate
is effectively achleved, at low temperatures in the presence
of water, by the use of sppropriate redox catalysts. Several
sets of redox catalysts were employed, a wide varigtian in
thelr effectiveness belng evident, Vor the bfﬁutﬂnnt of
clays 1t was found that among the sets of catalysts tried,
godium thiosulfete and smmonium persulfate in eppropriate
proportions gave results pronouncedly better than corresponding
results obtained with other sets of catalysts,



It was found that complete polymerization and best
etrength results were obtained only when appreciable
gquantities of the catalysts were employed, The catalyste,
thersfore, affected the clay system in two ways: (a) through
effecting the polymerizetion (b) through their presence in
the system affecting other remections, sueh as the base-
exchange remction, Hence the nadiuﬁ thieaulfate and ammonium
persulfate catalysts could be expected te modify the base-
exchange reaction, especlally by making ammonium ions
available for exchange. Buech exchange invarlsbly thwarted
to some extent the beneficlal influenece of the original
base-exchangd reaction on the water affinity: thus the
samples of polymerized clay were gquite often found teo have
slightly higher water affinities than those of the base-
exchanged elay, prior to the addition of eatalysts,

3) Discussing the effectiveness of the overall
treatment in the stabllization of the three different clays,
the following rough conelusione can be drawn,

(a) In the case of sodium-bentonite, the

net effect of the polymerization iz to

achieve the recovery of the shearing

strength of the untreated clay., The use

of ineroaaing amounts of treatment does not

change the shearing strength, but improves

the water affinity characteristics. Unfortu-

nately 1t appears that the water affinity

charecteristics are "acceptsble" only when



appreciable smounts of calolum acrylate

are used, resulting in trestments of at
least 12% by welght of the wet clay.

(b) In the case of caleium-bentonite,
moderate strength lncresses are obtained,
Clay samples treated with sdmixtures
totalling about 9% by weight of the wet
elay, attain strengths sbout 2.5 times

the strength of the untreated olay;
correspondingly, treatments of about

4.5% by welght of the wet slay inerease

the strength of the elay to about 1.4 times
the original strength,

(6) 1In the eawse of hydrogen~ksolin, guite
pronounced strangth inereases are obtained,
With a 67 treatment, the clay at 41% water
content has its shearing strength increased
from 10,5 psi to 34 pei; the clay at 52%
water content has its strength inereased
from 1,6 psi to 19 psl; and the olay at 65%
water content has ite atrength increassed
from 0,4 psl to 10 psi. Thus in ﬁhs case of
kaolinite, the ratie of the strength of the
treated pample to the strength of the
original elay varies, lneressing with the
water contents mentioned from 3.3 to 12,5
to 28,



(d) Anelysie of shearing strength charscteristics
of the three clays indicates the exlistence of
2 definite relationship.between the ratio

regardless of water content for esch clay.

Compaering these curves for the three clays 1t

appeares that the trestment is about equally

effective when used with sodlum-bentonite and

ealcium-bentonite, The results obbtained on the
keolinite semples indleate that the treatment

iz much more effective with keolinite than with

bentoenite, in faet, in the order of magnitude

of 100 times a&s much,

4) The treatment should be viewed as being of
interest only in cases where the clays cannot be sub jected
to consolidation subgequent to trestment., Consolidation of
the samples to eny epprecisble pressure tends to wipe out
the difference in shear strength of polymerized samples in
comparison with samples merely base-exchanged.

6) The stress-straln charscteristics of trested
samples were studied only in the cese of sodlumebentonite,
The use of any appreciable percent treatment involved very
distinet modifications of the stress~strain charscteristics

of the clay. Thus, for instance, the peak shear stress value



was obtalned at mmeh higher wvalues of per cent strain in
the case of treated seamples,

Visual and tactual evidence support the stetement
that ma jor changes in the stressestrain characteristies of
the olays are also produced by the treatment in the case of
caleium-bentonite and Mrnp-nakael-inita .



The bulk of the lnvestigation was conducted on a
sodium-bentonite from Wyoming, for which the following

analysis 1s givtn.(?)

Density of Ury Wyoming Bentonite 2,703 '

%

Loss at 108°C 6,20
3102 68,88
11305, Hnaﬁi, FQBE 26,16
6"14] ] .3‘9
unas/kﬁe ae Neg0 gils
80, 9,00

PS80

The powder was taken as commercially supplied, there being

some Impurities. No perticular reason could be foun@ for

super centrifuging suspensions of the clay powder for the

geparation of the impurities and for the fractionation of the

clay to a speeifiec partiol&»iixu range, Consequently, the

base-exchange capacity of the clay with its impurities is

found to be only about 78 milli-squivalents per 100 grams

of clay, (Fig. 2, p. ) instesd of the higher flgures

{about 100 me,) usually quoted for the same clay when purified,
Using the same sodium~bentonite clay, a calcliume

bentonite elay powder was prepared in the following manner,

A large bateh of sodium<bentonite waes stirred in water to

form a homogensous aunﬁcnsion of about 8% solids content.



To this suspension caleium chloride was added in a guantity
caloulated to be four times the exchange cepscity of the
clay, After stirring the batech to complete homogeneity

and letting 1t stand a day, the clay was centrifuged to
wash out the excess of calcium chloride and the godlium lons
released by the base-exchange., The clay was washed several
times untll the supernatant liquid showed no presence of
galeium lons, when tested with ammonium oxalate., The clay
was then dried and ground in a ball-mill to a powder passing
a #3560 megh sleve,

Ho detalls are available on the Florida kasolin clay
that was used for a few tests, The clay was treated with
hydrogen peroxlide in order to digest the organie mncorial,
and was then slectrodlalyzed, The resulting hydrogen-
keclinite was dried and ground to a powder in the ball-mill,

In all the laberatory work distilled water was used,

In all cases where commercially evallable ahomiaul‘ could
_be obtained, C, P. grade materisls were used, Hydrazine
hydrate was obtained as an 85% aqueous solutlon from
Eastman~Kodak and t-butyl-hydroperoxide as a 63% solution
from Bay State Chemical Company.

The investigations were carried out anﬁiruly with
caleium acrylate and caloium methacrylate, The preparation
of these chemicals Involves the simple resction between the
respective acld and caleium carbonate. Acrylic and methaery«
1ic acid are supplied by Rohm and Haas Company, Phlladelphla,
in aqueous solutions. The acrylic ecid was supplied in 60%
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aqueous solution, containing 0.5% hydroquinone inhibitor;

and the methaerylic scld was supplied in £20% agueous solution
with the same inhiblitor, The preparation of the salts is
chemically straightforward, To a glven amount of acid was
added the calcium garbonate powder in a guentity a little

in excess of the calculated weight needed for completion

of the resction:
@.8., Catdy + 2(CHCHOOOH) — Ca(CHZOHCO0), + Ha0 + GOy

Acoording to the solubility of the resulting salt, caloium
aerylate or caloium methacrylate, the necessary amount of
water was added so as to enable complete solution of all the
salt produced, The batch was digested for several hours
with econtlnuous stirring et 60°C, Activaeted carbon powder,
Norlite, was added to remove the inhibitor, decolorizing the
solution. On filltering off the excess caloium carbonate

and the carbon blasck, a colorless solution of the desired
#alt, calolum eorylate or calelum methacrylate, was obtained,
In some cases 1t was necessary to repeat the addition of
carbon black a couple of times before complete removal of
the inhibitor was schieved, The erystals of the desired
galt, calolum asrylate or calcium methacrylate, were obtalned
partly by orystallizing from the saturated solution through
cooling and evaporation on stending dn an evaporating disk,
and partly by evaporating unﬁar-nuﬁtiah at 40°C, The dry
erystals were yround to s fine white powder for use, The

yield in such preparations was 90%,



In simllsr fashion small batohes of lead aerylate,
lead metbasrylate, bariwm acrylate and barium methacrylate
were alao pmoygxad.with & view to furthering the lavestiga-
tions to include in some measure a study of the effect of
the metallic ion involved in the treatment. However, time
1imitations precluded the possibility of condusting such
further testing.

The use of the caleium salts for all the testing
was declded upon by the following considerations: 1) more
prectleal becauss of its avallability and lower cost
2) solubllity consideratlons 3) ease of finding catalysts,
It may be mentloned, however, that Professor flans ¥, Winterkorn
oxpressed the opinion that the use of salolum invited
bacterial activity which could destroy the stabllizationm,
The sisze of lonie redius was one étrnng factor favoring the
ugse of lead salts, but on other counts lead salts offer
difficulties.




BASE-EXCHANGE STUDIES

Upén the additlon of the calcium methacrylate or
calelum aarylaﬁu to a sodium~bentonite gel at a sgceiris
water content, base-exchange takes place as has bLeen mentioned
in the introductory ehapteyr of this thesis. Considering
calelum methacrylate as an example, at a given coneentration
of 1ts agqueous solution a dynamic equilibrium 1s established
resulting in making available within the system the complex
lons, OH,00K,0000a”, and the simple lons Ca* in specific

proportions,

_ +* -
(e-xaceﬂseaa}g Ca == aﬁnqc-%eooca + anﬁccaacoo.

and cngcgﬁpema* ﬁu“f* ﬂ’ﬂgﬂﬂﬂﬁ{}“
e o 2003* + natt
(CH,00H,000), On == 2(CH,0CR,C00)* + Ca

Accordingly, the existing sodium ions on the slay that are
available for exchange may be exchanged either by the complex
lons, CH,00H,0000a” or by the simple lone Ca'®, Actually,
the sodlum ions will be replaced partly by each, Further

it may be that at certain low water contents not all the
sodium lons are within easy reach for exchange, Hence it 1s
probable that the clay gel after admixture of the calcium .
methaorylate wlll contain all three kinds of exchangeable
ions attached to it in specific proportions,

The study of thie buseﬁqxahanga'raaatiua was under-
taken both for 1ts own sake in providing e clsarer undere
standing of the base-exchange taking piaso in clay solls
upon the addition of salts like c¢alcium chloride, and for



the possible iight that might be thrown on the relation
between the amount of complex ion exchanged and the resulte
ing preduect after polymerlization,
Theory

The study of the extent of base-exchange effected in
sodlum~bentonlte gole 1n several collold chemistry theses
has employed the method of determination of the sodium set
free, according to the following thecry: every sodium ion
sel free Ly base~exchange ls present in the liquid dispersion
medium; the concentration of sodium fons in this liquid dise
persion medium can be determined by appropriate gravimetric
analysis, and hence by a simple computation the amount of
sodium displaced from the clay may be determined., I1If we can
be certaln that the exchange was complete, such a procedure
slmaltaneously glves us the exchange capscity of the clay.

In using clay sols of coneentrations up to about 6%
the progedure used was the following., After sddition of
the exchanging salt some of the ligquid is extracted by centri-
fuging or super-centrifuging, and analyzed for the sodium
content by the method of Barber and Kaltaft.fﬂ] It 1s known
that for complete exshange, for the determination of the
exchange c¢apacity, the Law of Mass Ac¢tion necessitates the
use of an excess of the exchanging ion over the amount that
may be computed to be necessary in view of the exchange capacity.

Ns Na Ca
g:‘ clay | — ¢al olay [Ca + 21 Ca’ + gNa"
Na Na Ca




Heving determined the exchange capacity for the clay,
is 1t possible to determine, for a specifis case in consi-

deration where the exchange iz not complete and where the
rtﬁulting elay contains all three kinds of exchangeable ions
sbove mnntiﬁnaé-(vim., ﬁn*, ﬂﬁaﬁﬁﬁa§0ﬂﬂu* and Ga**l, how
much of each of the ions is present? Obviously, s determina-
tion of the sodium exchanged will give us the anaunﬁ'or une
exchanged sodium as the difference between thsloxohgngg

capacity and the exchanged sodium,

Na Ke e .
lia - Na P d Na A N i +
¥e e}n; LS TR Na - q}fy rCa + 4 Ca " + 6 Na
Ke HNa Ca

Hence the problem is one of determining how much of
the sodium 1s replaced by the ca*" lon and how mueh by the
cﬁaaenauaoaa* ion, Ve may note that in the above schematic
presentation one Ga** ion occouplied two Hc* places. However,
1f the exchange were btaking place both with ca™ iong and

with cﬂscanaaémca* ions, which will henceforth e denoted

as Calie® lons for the sake of simplicity, it will be noted
that one Calle” ion replmces one Na™ ion, On adding a given
amount of e¢aleium methaerylate, (hensceforth will be denoted
a8 ca(un)ﬂ for the sake of simplialty% to & clay gel we know
Just exaotly how much salcium is being supplied to the
system, TFor instance if we take the welght of calcium
methacrylate, Ca(Me),, equivalent to six molecules, we know
that the equivalent of six atomlie welghts of calcium have

been supplied regardless of the manner in which the caleium



methacrylate lonizes, But for every two sodium ions that
are replaced by two OaMe® ions the equivalent of two atomie
weights of calcium disappear from the liquid diaspersion
medium, wherees for every two sodium ions that are replaced
by one ca** ion, the equivalent of only one stomic welght
of calcium disappears from the liguild dispersion mndium.
Henge if the exchange ig predominantly with cate’ lons the
1iquid dispersion medium will be much poorer in caleium con-
tent than 1f the exchange i¢ predominantly with ca*t ions,
In fact the actual amounts of each ion exchenged may be
readlly computed from two simple simultaneous equations if
we not only determine the sodium content of the dlspersion
medium but also determine ite calelum sontent after the
exchange,

It 1s hoped that the following schematiec presentation
will aid in the understanding of this principle, Consider
the case where the six moleoules of celcium methacrylate
ionlze elther as I :

+

(a) 6 GI(HQ)B = soa’ s s(CaMe)” + 9(Me)™

et

ar.ﬁs (b) ﬁ-Ga(Hn}g = 20Ca"" + a(came)” + 8(Me)"

In either case the equivalent of six atoms of calcium are
supplied and the equivalent of slx stome exiet after lonlzae
tion, 7This may simply be checked by counting the number of
Ca symbols on elther side of the eguation, For some of these

Ga symbols to disappear on elther slde would represent a gross

transgression of the Law of Conservation of Matter,



liow conslder the same clay particle whieh has above
been pletured as having a total of elght exchangeable sodium
lons (& direct measure of the exchange capascity) and of
which only eix sodium lons are exchanged under the particular
conditions imposed., Suppose that the exchange takes place

in came (&) as follows:

Na Na Calle Na
we Jetay [\ + 5 0a™" + s(cakie)” — ¥ olay Foa + Came®
¥ s a8 " chue
+» 00 o 6 e

In this case, analysls of the dispesrsion medium for sodium
end caleium would reveal that we havu a$ah1nsad the six sodium
lone, and that we still have left the equivalent of two
saleium atoms remaining in solution and hence that the
egquivalent of four of the six supplied caleium atoms have
been taken up by the clay.

Wie cannot by any mesna change the proportions of
ﬁ;**, Calle’ and Na' iona asgoclated with the c¢lay particle
without altering the analysie of the llguid dispersion medium,
For instance, maintaining the exechanged scdium econstant we

may have
_ _Ha Va G
::: olay [Wa + 5 ca™ + 5(caMe)” —= 1@ Tolay}ca + 8(Cate)”
Na Na 8 Ca

+ 6 et
or, as may happen in the cese of lonlzation as in (b)

Ka Ha Calie Ca
Na Na + = + He R e ++
Yo | clay tﬁa + 2 0a" " + 4(CaMe) e flfY._a‘g. + Ca

e Na ' s CaMe ”

+ 6 Ka
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thus obtaining three or one equivalents of calolum in the
analysis of the dispersion medium rather than two as in the
previous sase,

The fact i1s that the relationship le controlled by
two simultaneous equations, one relating to the charges
associated with the ions, and the other relating to the

welghts: the lonle equation may be expressed as

CaMe + € Ca = 2 Ha

since the number of sodium places ocoupled by the ﬂuuq+ and
Gn** ions 18 ons per gale” 1on and two per Gaf* fon, And
the gravimetrie equatlon, whleh mersly represents the
determination of the mumber of equivalent atomie welghts

of ocalelum adsorbed by the clay, can be represented by the
asquation

Ga + CaMa = 2 Ca removed from solution

because whether a ca*™ or a CaMe” 1lon 1s auhtragtod the re-
sulting lose of celscium éanﬁanh of the aalutiaﬁ”an the same,
.Exparimnatally, the number of equivalent atomic waightn of
calecium removed from solution is obtained by suhtfgahing the
number remaining in solutlion from the number originally
pupplied,

Bolving these simultaneous eguations, we get the

actual amount of each lon exchanged :-
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2C0a +CaMe = Z Na = x (an experimentally determined value)

0s + Gallg = ¥ Ca disappeared =y ( " " 4 " ")

Subtracting
0o = X - ¥
Therefore,
Calle = 7y = (X = §) ® 2y = x

Davelopment of Experimental Progedure
In attempbing to study the base-exchange Iin sodiume

bentonite clay gels at water contents below 500%, a diffioulty
encountered was that sentrifuging the glay at 2000 rpm after
treatment with the caloium methascrylate would not yleld any
supernatant solution for chemical analysis., Three possible
solutions to this problem were considered: (1) to increase
the speed of the sentrifuge (2) to use an ultrafilter, by
which the gels could be filtered by aspplylng pressure from

& nitrogen tank (3) to add an inert liguid which would in no
way alter the lonile system under iﬁﬁactigatian'but whieh,

being completely miscible with water, would inerease the

“yolume of liguld in the system to any desired amount., The

firat two were rejeocted because there would always be a lower
1imit st which the methed would no longer be feesible without
farther increasing the speed of the centrifuge or preasure
from the nitrogen tank, and at lower water contents the

desire ito obtain reasonable amounts of solution to work with
would probably require the use of larger and larger batches.
The fact that calcium methacrylate had to prepared 1n the
laboratory with sonsiderable consumption of time, was a serious

deterrent to the use of large batches in any of the testing.
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A survey of common organic ligquids showed that
dioxane would probably meet the requirements, A cheock test
was run with the fellowing systems for comparison:

(a) 10,00 gm Na<bentonite + 100 eco Hg0 + 10.00 gm Ca(lMe),
(b) 10,00 gm Na<bentonlte + 100 eec

H 0 + 10.00 gm ﬁa(ﬂa)
{(e) 10,00 gm Na~bentonite + 100 e H, 0 + 5O ge dioxane

2
+ 10,00 gm catﬂa)
{d) 10,00 gm Na-bentonite + 150 ce 3@ + 10,00 gm Ga(ﬂt]ﬂ
{(e) 10,00 gm Na~bentonite + 200 ce H gd *+ 10,00 gm C:(Me)

After centrifuging, the supernatant 1liquid was analyzed for
sodium, caleium, and methacrylate ione. The results of

systems (a), (b) and (o) were exactly the same, within
experimental accuramcy, whereas systeme (d) end (e) gave
different results as would be expected., Thus 1t wae established
that dloxane sould be used as an inert liquid for base-

exchange analyses., Obviously such a check test could only

be run with a case at bhigh enough water content so that even

without the addition of dioxane enough supernatent liquid

sould be obtained for the analyses by centrifuging, Further
shecks at lower water contents could be run, if desired,

g by centrifuging et higher speeds, but this wae not thought
necessary.

An attempt te rerun a& few of the analyses after the
liquid had been standing for a day proved the exlstence of
some time effect whleh apperently threw cslelum and methacrylis
acld ions out of solution, It was discovered that this was
due to the fact that the commerclal dioxane used might contain

peroxlde: subsequent use of peroxide-frse dloxsane showed no
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- svidence of this trouble, It is presumed that the peroxide
initiated polymerization of the calcium methacrylste, throwing
it out of golution, It was also noted that on heating ebove
80°C in order to bell down and concentrate the solutions for

 mnalysis, a white floceulent precipitate was obltained., The
precauntion was, therefore, observed of concentrating the
solution by slight warming -~ or actually, since this was

rather impractical, of not concentrating at all in most cases.

fagtig@ Routine

Complete series of tests wers run at different water
contents and with different amounts of calelium methacrylate

' added, In order to simplify the deseription of the testing

routine established, a perticular case will here be outlined,
Consider the following case: sodium-bentonite at about 200%
water content, with the addition of caleium methacrylate
equivalent to a solution of 14 grams in 100 ee of water,”

The procedure used was the following: 10 grams of
dry sodium«bentonite powder were weighed out inte e 260 ml,
heavy~duty pyrex centrifuge bottle, the actual welght used

being noted, 20 ¢o of distilled water were thsn.intr@dnﬁnd
and the mass was thoroughly stirred into a homogeneous gel,
The stirrer was carefully removed avolding the removal of
elay with 1t, and the centrifuge bottle was stoppered and
allowed to stand for & day. Finally, 2.8 grams of caleium

# It wai found that 14 gms of caloium methacrylate dissolved
in 100 ¢¢ of water reeulted in a saturated solution at
room temperstures,
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methacrylate powder were introdused, the amctual weight used
being noted, and the mass was again thoroughly mixed until

1t wes quite homogeneous and all the calecium methasrylate
had digsclved, The stirrer wae then carefully removed
avolding the removal of any of the elay with 1£.% The
centrifuge bottle was stoppered and allowed to stand for a
day before testing,

. Finally, 50 ece of peroxide~free dioxane were
introduced, the bottle was restoppered, and violently shaken,
The batoh was then centrifuged for 10 « 15 minutes at 2000 rpm,
About 50 ce of elear supernatant soclution were thus obtained,
The abpence of a Faraday cone when the solution was held to
a beam of light proved the absence of small colloldal
particles which would interferse with the delicate gravimetric
sodlum and calclum determinations,

The sodium determination was carried out with the
use of ginc-uranyl acetate reagent developed by Barber and

Koltoff, The reagent conslsts of:

A, Urenyl acetate (ﬁﬂﬂﬂ) 10 gm
Asetic acid 30% 6 gm
Water to make 66 gm

# This gtirring may best be done in the humid room to avold
evaporation of weter, At the higher water contents the
stirring could easily be mchleved by inserting clean
glass beads, stoppering the centrifuge bottle and shaking
it vigorously. “
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B. Einc acetate (28 0) 30 gm
Acetic scld 30% 5 gm
Water to make . 65 gm

8slts of A and B were dlssolved by warming to 70°C,
The two solutions were mixed end allowed to stand for 24
hours, after which time the precipitate formed by sodium
in the reagents or in the glassware was filtered off, The
reagent was stored in & pyrex bottle,

The sodium determinatlon was carried eut'ucaarding
to the Barber and Eoltoff directions. For the gravimetric
test, 2 oo of the supernatant liquid were pipetted out into
& olean beaker and about 25 « 30 ¢¢ of the zine-uranyl acetate
reagent were added, and the mixture was allowed to stand for
30 minutes., The precipitate wes filtered through a porecelain
erucible with asbestos mat by suetion, and then washed with
2 ce portions of the reagent five to ten’fimel. After all
the reagent was drawn off, washing wes continued with 2 ce
portions of absolute aleohol satureted with urenyl-sinc-sodium
scetate prﬁaipiﬁata, and several times wzth_ithor. After
all tnd-athpn had been drawn off, the erucible was welghed,
tha-gnih in welght representing the welight af the prﬂeiﬁit&&a.
Sinse the precipitate has & composition (?@kjazh BQ(GHEQDQJQ x
6 H 0, the weight of sodium is (0.014956 x wt, of ppt.).”

The precautlions required in this grnvimptrie dutﬁwmin&a
tion have been innerpa;atad in the above ﬁauuriptian, and for

# Ratlo of atomic welght of Na to moleouler weight of
preclipitate = 0,01405,




further detells the original article may be consulted, It
mey be menticned that Barber and Koltoff state that the
presence of calclum does not affect this determination
within the limits considered by the author, A chesl test
was run proving that the dioxane alsc does not affect thie
godium determination,

In all tests at least two sodium determinations were
run, the results in all cases showing a deviation of less
than 1%.

For the calelum determination 10 se of the supernatant
liguid were carefully pipetted off into & beaker, snd an
excess of ammonium oxslate was added whereupen a fine white
precipitate of celecium oxalate was formed, Warming this
solution and precipitate proved gulte helpful in flocculating
the precipnitate and thus rendering 1ts filtration simpler,
After cooling, the preclpitate was suctlion flltered in a
poreelain erucible with asbestos mat: the precipltate was
washed with distllled water and several btimes with ether,
and then dried and welghed, The washing was then repeated
and after redrying the new welght of the crucible plus the

precipitate was checked against ite praviaai value to ensure
thorough washlng, 7The welght of the calclum oxalate
precipitate was thus ﬂbt§inad. In all teats at least two
caleium determinatlons were made, the results agaln showing

remarkable agreement.



Sample Test Data and Computation

Test #1. System 10 gm oclay + 20 c¢ H O + 2,8 gm ca(uo)a

e

Weighed out Clay Ga(H&)ﬁ
38,8620 gms 17,0600 gma Added 20 eo ﬁﬂo
~28,8670 gms =14,2491 gms Added 50 cc dloxane
9.9960 gms 2,8009 gms

Sodium Determination: Took 2 ¢e per test

1) wt, of erucible (A) 18,1048 gm Wt. of ppt. = 0,2460 gn
Wt., of erueible + ppt, 18,5608 gnm :
2) Wb, of orusible (6) 16,6814 gn

Wit, of oruelble + ppt, 16.8984 gm Wb, of ppt, = 0,2470 gm

Average welght of ppt. = 0,2460 gm
Therefore, welght of Na in 2 ee of liquid = 0,01495 x 0,2465 gm
Welght of ¥a in 70 ec of liquid = 0,01485 x 0.2465 x %Q -

Welght of ¥a in 70 ec¢ empressed in milliaqpivalanta* =

REs ﬁﬂ = 5.6R me,
Hence base-exchanged nedium = 5,68 me, per 10 gms of olay

= 56,2 me/100 gme of clay
= 56,2 mm/100 gms of clay

Calelum Determination: Took 10 co per test

1) Wt,of erucible (11) 17.0802 gm
Wt.of crusible + ppt, 17,2465 gu
2) Wt,of erucible (7) 16,4041 gm
wt, of orucible + ppt. 16,8721 gm

Wt. of ppt. = 0,16638 gn

W, of ppt. = 0.1680 gm

Aversge welight of ppt, = 0,1671 gme

# Atomlo welght of Na = 23



Welght of Ca put into solution® = gggég-x.a.a gme = 0,5542 gme

Welght of Ca in the solution after bnnuntmehnnga**

foste x 02671 x 32 « 0,3662 gms
Welght of Ca absorbed by b.e. 00,1680 gns
Welght of Ca absorbed expressed in millimols = == ﬁ@g ® 4,19

Therefore, Ca absorbed by b,e, = 4,19 mm, per 10 gms of clay
= 41,3 mm, per 100 gms of clay
Setting up the simulteneous eguations, we have

Calle + 2 U = 56,2

GaMe + Ca = 41,9
Therefore, ca'’ = 14.3 mm, Calle” = 27 .6 mm,

8ince the base-exchange capacity of the elay is 78 me/100 gms,
we conolude thet for the system studied, (78 ~ 56.2) i.n.,
21,8 me, of Na per 100 gmes of clay are unexchanged.

A bateh of 100 gms of such a clay would, therefore,

have sssoclated with it 21,8 mm, of Na'
14,3 mm, of Ca' '
27.6 mm, of Oalie”

Sources of Srror snd Precsutions

It muet primarily be emphasigzed that the above
computation is based on the assumption that there is no
molesular adsorption superimposed on the base-exchange to
deprive the solutlion of further calelum, In his 8, ¥, thesls
on "A Btudy of the Remetions of Lead Salts with Bentanita”tvz
Hr, Geza E, leuman dlscusses the possibility of coulombile

¥ Atomlc wt, of Ca = 40,1, Mol, wt, of Ca(Me), = 210.28
#% Mol, wt, of calolum @xaiuto = 188,11



attraction causing adsorption of some lons to the slay surface,
it may be stated that such adsorption is concluded to be
likely only in cases where the olay surface 1s saturated with
the complex lons, In cases like the oneg under investigation
by the muthor, where the elay surfece contains large
proportions of ia® and ca™t ions, such additional adsorption
appears to be altogether unlikely. That no extra adsorption
of Qaﬂo+ ions takes place was checked in one case by a
dotonﬁlmatinn of the concentration of methacrylate in the
ﬁupsrmntant liguid.

Secondly, it may be pointed out that the gr@atout
possible care in performing the gravimetrie snalyses 1ls needed
beceuse of the nuturﬁlef the qenputa#imns. Thie observation
is especially important in the case of the anslysis for
calcium, It may be noted that the computation of the welght
of caleium absorbed by base-exchange involves the dlfference
of two values which are of sbout the same magnitude resulting
in & difference of much smaller magnitude, Hence even small
per cent errors in the calcium determination are magnifled
inte large per cent errors in reletion to the importent wvalue
of welght of caleium sbsorbed which determines the final

eomputation of amounts of ca*? ana CaMe® ilons absorbed,

Dlimeussion of Results

The results of these base-exchange tests are best
presented in graphical form, as is undertaken 1n the following
pages. The exchange capacity of the clay was established by

47



a few tests at very high water contente (1000%, 1500%)
and with high smounts of caleium methserylate added.
" Bwo faots sre evidensed by the first greph (Fig, 2):

(1) at each water content, the amount of sodlum exchanged
drops markedly es the amount of calelum methacrylate added
is decressed, (£) but even with the addition of high smounts
of calelum methacrylate, at water contents less then BOOR
there 1l a limlting value of sodium exchanged which is
lower than the exchange capscity, this limiting value
steadily deoreasing with a &aeiaalc of the water sontent,

The next three graphs (Figs., 5, 4, 8) represent the
detalls of the enalyses of basse-exchenge for the three cases
of sodium-bentonite at about 200%, 3004 and 400% water
content, Detailed dlacussion of these plots is unwarranted:
they serve best in giving general ideas of how the exehange
resction varies. One ineseapable fest 1s thet the maximum
emount of complex CeMe' ions ere sdsorbed under saturated
sonditions, Whether the other maxime and minima of CalMe’
lons adsorbed can be correlated with any properties of the
resulting elays will be disenssed ig ite npyrupriattfplie‘.

The graphical rarm-adaphﬁd for presentation of the
results requires some explanation,

(1) Pigure 2 presents curves labeled as applylng
to 2007 water content, 300f w, and 400% w, Correspondingly,
Figures &, 4 and § are described as representing conditions

at 2008, 300% and 4008 water a@nténtu. These water contents

are meant to represent the water content of the original

48
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untreated c¢lay, which is obviously a very important variable
to be considered, The addition of dry caloium methacrylate
powder to the clay obviously ceuses a redustion of the water
content, Hence the curves sotuslly represent conditions

not at & constant final water content, but at & water content
steadlily decreasing with incressing smounts of calcium
methaerylate added. The water content of the original
untreated clay is retained for reference to the entire surve
in order to avold confuslion,

{8) The sbscisseae in Figures 2 - 6 are denoted as
"tquivalent Persent Solution of Ga(ﬁa}a Added to Clay",
subsequently abbreviated to "Percent Solmtion of Gt(ﬂe}g‘.
With the addition of a given welght of Ca(Me), to & known

welght of wet ¢lay at & known water content, one can readily
gm., of Ca(le)p added

¢, of water in clay sample
ratio 1s referred to as the pertent solution mentioned ebove,

compute the ratlo x 100%. This

If the clay particles were inert fillers this ratlo would
be the most significant varieble with respect to varlations
in the amount of caleium methacrylate used for treatment,
Moreover, although the clay partlicles are not inert, the use
of the gsme ratlio was adopted az a satisfactory methed of
covering the variation of welght of Bn{%e)a added,

It is herewlth emphasized that the nomenclaturs
adopted with respect to the sbove two factors 1s kept
standard throughout this thesis, and ies very frequently
employed in the graphs dlscussing results of polymerization
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studies on various clays, Further clarification on these
points will, therefore, be considered unnecessary.
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RY POLYMERIZATION STUDIES |

. Polymers are substances, usually of high moleculer
welght, which sontain recurring structural units, Polymeri-
zation 18 an intermolecular combination funstlonally
capable of proceeding indefinitely: & simple molecule of
the monomer, usually of low molecular welght, will chemiecally
combine with snother similar molesule forming & molecule
conslsting of two structural monomeric unite firmly attached
by chemical bond, and by the same process a third monomeris
molecule will be chemically bonded te the dimer thus formed,
a fourth molecule will be chemically bonded to the trimer,
and so on indefinitely until the reaction is somehow blosked,
or untll all of the avallable monomer is used up. In addition
polymerization, the intermolecular combination capable of
proceeding indefinitely, is the combination of one unszaturated
moleenle with another., For example, sarbon atoms linked by
a double bond are converted to cerbon atoms in & leong chain,
The reaction is charecteristic of a great varlety of une
saturated compounds and 1s one of the most important general
reactions of organie chemistry.

In dealing with salts llke caleium aerylate and
caleium methaorylate we ha;; to do with unsaturated compounds
which are capeble of addition polymerimation, B&ince the
unsaturetion exists in the morylic and metheerylic acid
radlcal, we shall eimplify the diagremmatie presentation of
this polymerizetion reasction by studying merely the
corresponding acid, The formulae for acryliec and methacryliec



aclds are GHaaﬁﬂaQH'anﬁ cﬂgacaacaanz & look at the
diasgrammatic representation of thelr structures revesls that
one of the carbonegarbon linkeges is a double bond linkage,

gince the tetravalent cearbon valency must ba'aatiafiid.

3. s .8
|
HeC®=0 «0 «0 4«0 B-—G‘?-éaﬁ-ﬁ
(serylic acid) He0C«H (methaerylic aeid)
H

With suiteble activetion, addition palyﬁnri&ntion will be
instigated in an attempt to convert these double bonds into
single carbon-carbon linkages.

It will be notlced that by the mctivation which tends

to shange & carbon-carbon double bond into & single valency

linkage, e.8., = CmQ = to - é - é -, Ltwo single valence
bonds are made avallable for condensation with another pair
of valence bonds released in the same manner by another
simlilar molesule, If a sqguare carbon formation gould be

formed as shown on Fig. 6 (b), two molecules ecould mutually

ﬁ-.::%-ﬁc'?.?.ea
¢ =8
H=G#C -0 -0
$. = i .3 Fig, 6 (a)
. Ho -G ~0MC g V-
| ®

patiafy each other and thwart
the development of the chailn

reaction., But the laws of organic

chemistry do not permit sush
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gquare carbon formabtlons und so the reastion iz bound %o
procesd indefinitely because "n" molesules bound to eash
other etlll have two arme outstretohed, If the free arms
are 1n some way occupled, the chain eannot be continued;
thus a veriety of impurities in the chemlcel system may
blook the resction.

The ealeium scrylate molecule may be diagrammatically

pletured in quite the same manner,
H B o ® B &

ﬁﬁé“@wﬁ-@-ﬂlwﬁuéﬁéﬂé-ﬁ

and a ¢lay particle with exchanged celelium aerylate ilons may

be presented as:

o=

| o B = It may be moted further
aw *G‘”g-g.éaﬁhﬁ tmt’-ﬂ&mlTStm

E‘ since sarme are stretched
gi!; = 0 out in all three
E : § dimensions, the polymer
ﬁ will be eross«linked
inte a three-dimensional
network,

The sddition polymerization resction 1s szubjeet to
initiation, surface effeots, and inhibition as sre other
¢hain reactiors. The commonly used types of initstors are
free radleal gepersiors, sush as hydrogen peroxide, benzoyl
peroxide, with heat being applied as may be necessary., In
agueocus solutions at ra%m temperatures the effective genera-

tion of free radicals must be attempted by other means.
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The practicel applicetion of the base-exchange and
polymerization trestment for the stabllization of slaye
hinged on the posesibility of effecting polymerization et
rocm temperatures in the presence of water, Polymerization
of salte like calelum asrylate presents absolutely no
problem, 1f one may resort to the spplication of heat,

From the outset, the big problem that was faced in this

thesie Investigation was the necessity of schieving the same
polymerization in aqueous solutions st temperatures equivalent
to normal ground-water temperatures, or roomt temperatures.

Recent work on low-tempersture agueous polymerization
of ethylenic monomers, such as ascrylie acld and its derive-
tives, has evolved a new polymerizabtion technigue, deseribed
ag reduction setivation. ™If ¥ represents an ethylenie
monomer, O an oxidising agent which catalyses 1ts polymeri-
zation, and R a substance which 1s capsble of reaction with
0, and therefore normelly a reducing agent, then 1t may be
found that the rate of polymerizstion of ¥ in the syetem
4+ 0+ R 1s much faster than in the system ¥ + 0“(1) and
is effective at much lower temperatures.

The search for sppropriate reduction-oxidetion (redox)
catalysts for activation of the agueous room-temperature
polymerization of the calelum methacrylate was emnduatid
following the suggestions mede in the article referred to
above, The one major 1imitat19n that controlled th§ selec~
tlon of lonlo catalysts wes that neither the caleium nor the

methaerylic scid radleal could be permitted to precipitate



from solution by double decomposition, Fortunately, ammonium
persulphate, which is mentioned as possessing remarkable
efficiency ae the oxldising agent, was available for use,
singe the persulphates of celeium, barium end lead are quite
soluble. Silver nitrate, whieh has been reported to be a
very efficient reduction sctivator for ammenium persulphate,
¢ould not be used bnﬁaﬁae silver methacrylate was lmmediately
precipltated,

A purely gqualltative method was adopted for the
search of sultable catalysts, Teo small bateches of e
saturated solution of calcium methacrylate, varying amounts
and proportions of solutions of the redusing and oxidising
agents under investigatlon were added in small drops; after
. stirring, the batches were allowed to stand and were observed
for the formation of insoluble polymer. Samples were
observed for as long a perlod es 24 hours, but 1t seon
became apparent that any visible polymer almost invariably
formed within the flrst half-hour, The formation of polymer
wes unmistakeble, with the development of a rubbery or
stioky mass of insoluble matter., There was absolutely no
question in distinguishing such polymer from the precipltation
of insoluble salts like silver methacrylate.

It is well~known that minute but verying gquantities
of impurities may seriously vitiate results becsuse of
thelr powerful effect on the rate of the oxidation-reduction
reaction. Furthermore, the presence of oxygen is known to

inhibit polymerization reactions in these systems. THenece,
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orthodox studles of such polymerization reactions should be
sondueted with materials of high purity, and in an
gtmosphers of nitrogen., Furthemmore, since it 18 esserted
that the effsct of the mectlvators ls complicated by fastors
such as concentration and pH, suoh fasctors should be closely
sontrolled and studied., However, in view of the clivil
englneering application of sueh polymerization data the
duthor preferred to adapt the brief survey of the reactlon
to the less refined cirgumstances which would eventually
have to be imposed upon it,

The use of ammonium persulfate and sodlium bisulfate
scatalysts proved effective in polymerizing aqueous calelum
methaorylate and calcium merylate. The sodium bisulfite 1s
not available for use with either barium or lead salts,
because these metallic lons are precipitated by the
bisulfite, Since the persulfate~blsulfite combination is
reported as being particularly effective, and since 1t did
prove effective for the purpose of this study, it was
promptly used in the early tests on clay~galcium methacrylate
systems.

Subsequently & wider search was conducted with a
view to obtaining a few more sebts of ¢atalysts, The use
of smmonium persulfete and sodium thiosulfate proved very
effective, especially in the case of calcium acrylate.
Further work indiecated consistently that the acrylate was

more readily polymerized than the methacrylete.”

# This observation agreed with information supplled by
Rohm and Hass Company, Philadelphia.




The usze of the methacrylate had been recommended as glving
less brittle a polymer, but sinece all the wet clay-acrylate
or ¢lay-methasrylate polymers obtained by the author were
plastic, such brittleness of the dry polymer was concluded
to be of no importance. Hence in subsequent work attentlon
was centered on c¢aleium acrylate,

The hydrogen peroxlde~ferrous system of redox
catalysts was tried but apparently iron aerylate is
precipltated, Chromous, mercurous, cuprouns, titanous and
manganous metal lone are also suggested for use with
hydrogen peroxide, However, data then avallable on
polymerization of clay caleclum methaerylate systems with
persulfate«~blesulfite catalysts had shown that comparatively
large smounts of catalysts were required for complete
polymerigation, Antlelpating the effect of such cations to
be appreciable, the investigatlon of thie group was not
pursuned, Hydrogeneperoxide and hydrazine hydrate very
affectively polymerized a solution of calelum acrylate,
However, in an attempt to pélymemlss the c¢laye-acrylate
system, diffioulty was encountered in controlling the
concentration of the peroxide; apparently the evolubion of
oxygen by the peroxide on contact with the clay inhibited
the polymerization,

The further search for sultablg oxidizing sgente was
directed mainly at trying out the remaining allktali pere
sulfates, sodlum hypochlorite, ceric nitrate, and t<butyl~
hydroperoxide, Sodium persulfate, Euasaaa, is not avallable
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comnerclally. Potmssium pereulfate, Kgssﬁs,-wna'uduptad

as effective, Sodium hypochlorite, moderately recommended,
was not found to be effesctive, Cerlc sulfate which was
well recommended, could not be used since ocalelum sulfete
precipiteted: an sttempt to use ceric nitrate in 1ts stead
did not prove successful either, probably due to the
precipitation of seric acrylate, Tertiary-butyl-hydroperoxide
wae highly recommended beesuse of ite proven efficlency in
the redox polymerization of styrene: 1%t was found very
effective. Cumene hydroperoxide wss slso ¥ried in a sodiume-
dresinate emalsion, but was not found successful.

For the three oxidising catalysts (emmonlum persulfate,
potassium persulfate, and t-butyl-hydroperoxide) éthar
gulteble reducing agents were desired. A very wide qualita-
tive search was conducted. Sodium sulfite, sodium nitrite,
sodiun oxalate, hydroquinone, hydroxylamine, hydrazine,
quinone, ¢atechol, phloroglucinol wnroltricd.* This search
was not intended to be exhaustive, It wes merely hoped
that enough different sets of catalysts could be discovered
g0 as to evaluate the range of variation of properties of

the polymer produced by various catalyste.

& Many of the reagenis recommended had to be omitted
besause ths{'wara not commerelally avallable (e.g.
metablsulphites); or because some of their prnpsrtles
%‘d? them particularly obnoxious (e.g., mercaptans and

B
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The sets of redox gatalysts finally used were:

Monomer Oxidizing Agent Reduction Activator
Caleium Methae¢rylate Ammonlum Persulfate Sodlum Bigulfite
” " Sodium Thiosulfate
Caleinm Aerylate Ammonium Persulfate Sodium Bisulfite
; " o fodium Thicsulfate
These may also be immonium Persulfate  Hydrazine Hydrate
used with lead and n " : . : &
barium saltas ﬁ’g;;:i::giizd'
Potassium Persulfate Sodium Bisulfite
* . fodium Thiosulfate
" " Hydrazine Hydrate
Wi " Hydroxylamine
Hydrochloride
t-butyl-hydroperoxide Sodium Bisulfite
" " » Sodium Thiosulfate
" " T Hydrazine Hydrate
" » " Hydroxylamine

Hydrochloride




EVELOPMENT OF APPARATUS AND TESTING TECHNIQUES

The primary concern in g study of the characteristics
of the treated and untreated claye was to measure the
shearing strength and to obtain some measure of the water
affinity. It wes also of interest to obtasin s relative
measure of the extent of polymerization sschieved. In view
of the antleipation of the running of scores or hundreds of
tests in pursulng the snalysis of the numerous variables
involved, special consideration was given to two fectors;
namely, simplicity of testing technigue and procedure, and
economy of material;

Shearing Strength
The requirement of economy of maberial put out of

congideration the standard direet shear, unconfined compres-

gslon, and triaxial compression tests. One other point that

had to be borne in mind wes that the samples would have to

be placed in the teating units immediately upon mixing and
then allowed to polymerize "in gitu" for the proposed curing
time; reworking the material after polymerization, in order

to mold it or to place 1t in the testing unit, might either
not be possible at all or might concelvably destroy some of
the strength galned by polymerization, If the direct shear
machine were to be used, for instance, the reguirement of

24 hours of curing time per sample would make 1t impossible

to test more than one sample in every 36 hours or more, unless

additional shear boxes were avallable., The use of smesll
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eylindrical samples to be tested in unconfined compression
by a very sensitive proving ring was considered., But snother
trouble that wag faced was the following: the base-exchange
decreases the strength of the aadiandbcntoﬂita g0 markedly
that a stiff sodium~bentonite gel at 200§ water é@nttnt
would after base-exchange with the selcium methacrylate
become so soft as to make 1t 1mpasﬁib1a to mold eylindrical
samples that could stand up without sloughing off, The
application of some form of ring shear wag, therefore,
suggested: the sample is suitably confined, end without
the use of too much material an apprecisble ares of the
clay 1s subjected to shear, thus resulting in a more
measurable shearing force.

Thus was evolved a simple ring shear testing machine
which 1is pletured in seversl views in the photographs,
Figs. 7 = 11, on pages 66 - 69, No detailed written
depeription of the apparatus will be given since the
photographs are almost self-explanatory and well demonstrate
the simplicity of the apparatus,

Flg. 7 shows the verious parts of a single test
unit, Ten such test units were made, in order to maintain
e steady snd rapid testing progrem, Since the treated olay
was allowed to polymerize and cure "in situ" (1.e., in such
testing unite) for 24 hours before testing it was necessary
to have many testing unite, Flg, 8 shows a olay sample being
placed in the testing unit., Fig, ® shows the testing unit
riﬁ@bed-with the top cover and aluminum cap which made 1t
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fffmibla to clamp the testing unit, sc as to aveid any
;ﬁ“tarbunso of tha.alay. This clamping procedure wag adopted
i%hp traneferring the unit %o the testing apparatus in view

" of the fact that the testing unit would be changed from &
position in which 1ts axis was vertical to one in which the

1}!&1! was horizontal, Fig. 10 shows that unit in place in
;{ihn testing apparatus. The top and bottom aluminum caps
j"lf‘ been removed,
The tests were run by motor, the torque applled
.-Balng steadily ineressed by allowing the string whish
transmitted the tension to wind on a shaft slowly rotated
by the motor. The tension was measured by springs whioch
were calibrated, Filg, 11 shows the same equipment adapted
with a bigger pulley for the sake of samples with higher
shearing strengths, and adapted with & pointer and s dial
for the sake of obtaining approximate stress- strain diagrems,
All the important detalls concerning thiu.ahmar
testing equipment are given in Figs, 41, 42, 43, page
This information ineludes the dimensions of the teating
ﬂnibu, the calibrations of the springs with the computed
1 factor for converting readings intec resultes 1n pounds per
sguare ineh, and a pleot which may be used for the determina-
tion of the rate of stress increase under the agsumption eof
negligible strain, All the tests were run at the same speed.
With respect to the stress-sirain diagrams it must
be mentioned that they can st best represent close approxile

metions to the actual stressestrain relstionship, The main



;Liifriaulty lay in estnbliﬁh&ng the zero stress-zero strain

? ﬁaint. The springs all have a certain initial tension and

~ thus the real zero-stress polnt cannot be easily obtained;

' the condition corresponding to a complete slack in the

tension string cannot eatablish the sero pelnﬁ either,

because of inevitable frioction in the appsratus., The proce-

' dure adopted was to plot the eurve of stress ve displacement

of the pointer on the dial, and then to preduce the initial

straight line (approximate) beckwards to intersect the

gzero-stress axis. This approasch was reasonably effective,
liost of the shearing strength data was obtained by

use of the simple ring-sheear apparatus above desecribed,

Parther, a few tests were run in the direct-shear machlne,

and finally also a few of the stronger semples, sueh as,

for instance, the samples of treated kaolinite, were molded

in oylinders of 0,72" diameter and sbout 1,5" in height, and

were tested in unconfined compression using a sensitive

proving ring.

Water Affinity |
The desire to acquire ddequate water affinity data

in a relstively short period of time, with the use of a small

amount of the clay, pointed to the i1dem of apreading a thin
layer of clay on s porous plate melntalined at water level,
and noting the difference in water content of the clay after
thus ebsorbing water for an arbltrary length of time. The
amount of water that a clay absorbs 1s directly related to

ite swelling tendency; thus to some extent the preliminary

7Y



. selection of the better semples of treated clay could be

' based purely on a measure of the swelling at zero applied
pressure, It is true that the more slgnificant relation
sought in connection with this research should be the loss

of strength of the sample after water asbsorption; qulte
probably some semples would be able to absorb more water

than others without showing as much of a decreese of strength,
But the requirement of a strength test after water absorption
a8 well ss before would almost double the amount of material
required per run; this was considered unwise for the
preliminary selectlon,

The first attempts at developling the technigue for
such a water-absorption test were conducted as follows.
Sodiume-bentonite clay at about 200% water content wae caree
fully spread to an even th&aknoat* of 1.6 mm, on a porous
stone of the type used in the consolidation apparatus, The
porous stone was lald on the perforated plate of a clean
deslcoantor partly filled with water: the water level was
carefully adjusted te coincide with the top of the porous
stone, It was believed that the probable source of error
eoneisting of & variation of the type of econtact between the
clay mel and the porous stone would be essentlally eliminated

by establighing a free water surfece at this level,

# A simple scraper was made for the purpose,

i)
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It wes found that almost absolute elimination of
evaporation of the water from the clay could be effected in
puch desiccators filled up to 2 gertain

level with water, The humidity in the
humid room never was satisfactory
Jmnaugh to prevent such evaporation,

| Naturally, however, the deslceator

had to be kept in the humid room
because otherwise, on opening the |
11d to plece the porous stone in 1t, the volume of alr enclosed
within the desiccator would drop to a relative humldity far
below 100%.

Exactly twenty~four hours later the porous stone
was carefully removed and some of the slay seraped off for
a water content determipation, The same prosedure was
followed with ten such porous stones and the water plek-up
of the clay as eatabllished by the ten determinations was
compared. ﬂnfartuﬁatsly, the results showed rath?r large
differences, The tests were repested to determine 1f the
different results could be assocleted with partioular porous
stones. The lsck of consistency was alarming.

Por some time attention was, therefore, shifted to
other posslble methods, The two methods investigated were
(1) a method separately developed by Winterkorn and Bavar,
and preundlien!l®s 8); ana (2) & method consisting of
centrifuging a suspension of the eclay at a fixed speed and
for a fixed length of time, and then {inding the water content



of the sediment, The details of this work will not be
discussed, since many objections to the two methods arcse
durlng thelr attempted apgliaati@g. It was observed,
however, that the Winterkorn-Baver (or Freundlich) method
was baslcally no different from the porous stone method
earlier attempted, except insofar as powdered collolds were
pleced on the porous stone, and the water plok-up was
meagured by the decresse in volume of water in & microe
plpette attached to the porous stone container. From meny
polnts of view, the necessity of drying and powdering the
¢clay for this test was highly objectionable, It also

became evident that despite the relatively elaborate appara-
tue and cumbersome testing prosedure; involving even s
constant temperature bath, the results were not very clesaly
reproducible unless the grestest care was observed,

However, the use of the Winterkorn-Baver apparatus
suggested the possible source of error in the simple porous
plate procedure previously used, and encouraged renewed
experimentation with it, It was indicated, in fact, that
the source of error lay in the method of obtaining the
measure of the water plck-up, Indeed, on close obgervation
it wae notlced that the top of the porous plate had quite
&n appreciable amount of free water which could easilly be
soraped up with the ¢lay for the water content determination.
The remedy seemed simple: to apply a little suction to the
bottom of the porous plate just ﬁufora seraping up the ¢lay

for the water content determination, Accordingly, a can was

74
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fitted, as shown, and connected to an asplrater nozzle; a
eirele of thin rubber hose was glued te the rim of the can
in order to approximate an airtight
contact with the bottom of the
porous plate. On applying the
suction to the porous plate the

free water at its surface could

be geen withdrawing; when the surface
of the porous plate thus lost 1lts shiny wet appearsnce, the
clay was soraped up for the water content determination,

Evidently the trouble was preclsely what had been
suspected, Numerous check tests subsequently run showed
consistent results within en accuraey of sbout 3%, which was
consldered amply satisfactory.

The slmple procedure adopted for determining the
reletive water-affinity of the clay samples was the following:
(1) find the water content of the gsmple (2) spread the
elay on a porous stone as described above (3) place the
porous stone in water in a desiccator, observing the
precautions detailed above (4) at the end of 24 hours care-
fully remove the porous stone and obtain a water content
determination of the clay, observing the precautions outlined
above. The dlfference in water content, expressed also as
a water content, is henceforth given as the measure of water-
affinity; e.g., 1f a sample increased from a water content

of 212% to a water content of 565%, 1ts water plok-up 1s 353%,
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The seledtion of the 24-hour pericd is to be explained
iswtmnrily by the following ﬁuu'eonﬁidarntaﬁniz (1) The

~ two factors of importance with respest to nutar;arfinitr of
_ soils are the rate of water sbsorption and the megnitude of
7f§hi totel water absorption, Completion of water nbsarﬁtinn
1z probably not resched before several days, but the measure
~ of the rate of absorption is even more important than the
determination of the total absorption, The selection of

~ an arbitrary perilod of water sbsorption was dirested at the
. hope of obtaining the maximum of information from a single
test, BSoattered tests indlcated that the curve of water
plek~up vs time effectively flattened after 24 hours of
water sbsorption; hence relative values of totsl water
absorption could reasonably be estimated from knowledge of
the 24-hour water plek-up. Further, altheugh the rate of
water absorption was observed to be steadily decreasing
even within the 24-hour period, it wes relatively guite
appresisble during a large part of that period. Thus the
use of the 24-hour period permitted also the relstive
sstimation of rstes of water absorption; (2) The 24-hour
period was the most prastical period te use from the point
of view of planning an efficient testing program involving

scores of samples.

To obtain some measure of the extent of polymerization
wae conaldered essential, Aotually, it waee reallized that




olesular weight determinations constitute the only completely
fﬁﬁainrtatnry eriterion for evaluation of polymerization; but,

£; :nau1# molecular welght determinatlons be made on a

Measuring the degree of unsaturstion of the system
thta the most feasible solution, The usuel proecedure suggested
~ is the bromine saturation test. The chemical phenomenon
involved here is, in short, the following: double bonds or

'f unseturated linkages whiéh have not been satureted with other
. gtoms during the addition polymerization reaction, will
peadily absorb bromine atoms. This bremine sbsorption may

be demonstrated graphically in the case of acrylic acld:

A | R
f ’
n.-es-é-aﬂ-ua+&ra—+a--ﬁ:-g~c-oa
Br Br

Hence, since twe atoms of bromine are used up for the
saturation of each double bond, a measure of the bromine
absorbed by the system is a measure of the number of double
bonde existing in the system. Since in additlon polymerize-
tion the unsaturated linkages of one moleeuls become crose~
1inked (or satursted) with the double-bond linkagzes of
another similar molecule, only those molesules which have
not become ocross-~linked in the polymer system will ordinerily
' absorb bromine atoms,

It must be noted that although ablllity teo absorb
bromine as above described 1nﬁ13ato§ sbsence of polymerisae~

tion, it cannot generally be sald that the lack of sueh



1figty indicates presence of polymerization., The double
:ﬁ a;y be satursted by other means thus prohibiting the
_F%_naa of bromine, Howsver, thorough knowledge of the
8 belng dealt with will permit the evaluation of the
rflibllity of other substances saturating the double bond;
Fil if no such substences exist, polymerization is demonstrated
ff.fho lack of absorption of bromine.
' Many blsnk runs wers msde te determine 1f the bromine
K} turation test could be used for estimation of caleium
ﬁﬁthlerrltte monomer, Many variatlions were attempted, sueh
2‘3 using elther a water solution or & methanol solutlon of
' bromine, and running the blanks on caleium methecrylate alone
fmm in the presence of slay., It wasg thus learned that olay
?ihﬁofhoﬁ bromine, The really important aonalusiens-wtre
Ifghtuinmﬂ from the blanks run on calcium methserylate alone,
jlﬁl'ﬁausdﬁmtlll.;sf upon addition of bromine, the ecalcium methacrylate
~ gbsorbed considersbly more bromine than could be needed for
gsturation of the double bond, and subsequently more and
more bromine kept disappearing from the solutlion, This
suggested that perhaps a substitution reaction was golng on,
removing bromine from the solution. At any rate it was
guite evident that the bromine saturation test could not be
used for estimation of the calcium methacrylate monomer -~
at least, not without much grester refinement,

At this polnt the possibility of uwsing potassium
- permanganate suggested itself., The decolorization of acidic

potassium permnnggngtu solutions 1s used as a gqualitative
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test for unsabturation: could not this ldea be used for a
quantitative test? A trial run was made by titrating a
solution of caleium methacrylate ageinst & potassium
permangenate solution., The procedurs used in the standard
sodium oxalate~potassium permangensate tltration wee followed.
in every detall; and fortunately, reproducible resulis were
bbta&nud.

The next step was that of determining the actual
reaction inveolved. Theoretically, the following development
was undertaken,

Assuming complete oxidation, 1in view of the elevated
temperatures employed in the titration, methacrylic ascid
oan be expected to bresk down as pletured below.

L - L . a » L o L] L] - L] = 343602

i
GK-G"Qﬁ Coﬁ*ﬁga * & @ ® B @ ”045

3 &7

This complete oxidation requires & (0) ﬁar molecule of

methaeryllie acid,
The reaction by whiech oxygen 1l supplled:

2KH304 + 533&04 — amn394 * EHEG + Kgso‘ + 56 (0)
or otherwime 2(Mn0,)" + 6H —- 2(un)* + 5(0) + m;zge

The resction by which methaerylie acid 1s obtained from

caloium methsorylate,

e A s .
2H + 0al(0,H0,), Ca’ " + 20,B.0,



?#eﬁhino the three equations as shown below

" o
B + Ca(0 K 00), Ca ~ + 20,H0,
2 CH0, + 6(0) = ecaa + CHL000H + H.0

2 2(Mn0,)" + gt — 2(m)* + 8(0) + 3H0

(M0, )™ + Ca(CHg0,)y + 14E" — ™" + 400, + 20E C00H

+ aun™" + BHYO

It 1s evident thet for complete oxidation of csleium methacry-
late, as plotured sbove, four molecular welghts of potagsium
permangenate would be used up by one molecular welght of

~ galolum methacrylate, lence it is indlecated that

= = 3. 006 gm K¥MnO

4 8re consumed by 1 gu Ca(lle),.

Experimental data showed, however, that sbout 2,030 gm
ﬁ!nﬂ‘ were uged up by 1 gm &u{mdig. It was indlcated,
therefore, that under the condltlons of test employed, a
fairly distinet and reproducible endepoint in the titration
wae obtained at an intermedlate stage of the oxidation,

In order to inquire into the possible nature of
this intermedlate stage of the oxidation, the following
step-wise development was undertaken,
(a) The first possibility of oxldatlon is the sddition of

two (OH) groups

og ?H
Ca(00C ~-§ = eﬁaig — Ca{00C - ? - anaia
CHy CHy

In thie oxldatlon RHgD + 2(0) are required.
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~ Combining this equation with the equation by which oxygen

18 supplied, we get

| 10H,0 + BCa(0,0,Hy)y + 4(Mn0,)" + lom” —
. X gy

sca(a‘aﬁﬂ?}g + 4&(Nn) + 8H 0

e,

, sﬂu(ﬂa)n + &Eﬁnoi + 6B

F

50a (0,0, H, ) + 4Mn80, + 2K 850,
It i1s obvious that the reactlon proceeds beyond this inltlal
step.
(b) The next possibility involves two resctlions: first,
the oxidation to caleium pyruvate snd formie acid, and

next, the inevitable oxidation of formic acld.

¢
0 = ga_ d?
B\
¢ B + — | .
0!(64 4§7)3 4(0) ‘9a + BE,00, + 2H0
0o = ? «C =0
Il -
CHy ©

and 2H,00, + 8(0) — 200y + 2Hg0,
For these two oxidation resotlons, we can write

sca(oaaansia + 10H,C0, + 82 H,0 + 8 ¥nS0, * 4K,80,

and 10H 00, + 4KinO

500, + GH SQ

4 g - &Mn$04 kS axsao4 + 15330 + 1@@03

4
Combining the two, we getl

5““93935313'* 38H,0 + 12MnS0, + 6K, 80, + 1000,
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B Thus for the completion of oxidetion to step (b),
‘we £ind thet & total of 16 molecular waigﬁtu of potessium '
‘ rmengenate wﬁﬁld be used up by 6 molecular welghts of
methacrylate, Hence 1t 18 indicated that with

s 'I'-ﬁ‘ are consumed by 1 gm Ga(&a)g.

: It is thus indicated that, in the titration procedure

11'#%11&!0&, the oxidation is not even carried to completion

- of this second step. loreover, the assumption that the

.' oxldation would stop at the caleium pyruvate state 1is

"'iﬁ;‘._l,}triault to justify since pyruvic aesld would normally be

~ expected to oxldize to acetis seld, carbon dioxide and water,

It must, therefore, be concluded that the conslstent

. peproducibility of results obtained in the titration of

J' saloium metheerylate with potassium permangenate was due

] to the personal standerdizstion of the titratlion procedure

employed, rather than to the schlevement of a digtlinet

theoretical end-point in the oxidetlon, However, in s@ita

of the lack of theorstical support, the titration was adopted

for the volumetric determination of caleium methacrylate,
How could this titratlion with potassium permanganate

be used for determination of polymerization of cley-

methacrylate systems? Direect titration agalnet a alu"-

methacrylate suspension was lmposazible becsuse of the

difficulty of establishing the color end-point, The proce-

dure finally developed was the following, To the e¢lay-

methasrylate aystem a known amount of sulphurle acld was

X

7




added; the suspension was centrifuged, and the supernatant
solution was titrated sgainst a standard potassium
permanganate solution. The sulfuric acid, which was
necessary for asidifiecetion of the potaseium permangenate
titretion would simultanecusly serve to exbract Into
solution all the methacrylate ions essoclated with the clay.
This would be done partly by base-exchange and partly by

the precipltation of su304 which by removing the caleium,

, lons from solution would tend te push the ionization
of calcium methascrylate to the right.

+4

Ca(Me), == (Cae)” + (Me)™ = Ca™" + 2(Me)"

Finally, sinee the titration wss performed with the supernatant
liquid, it follows that only soluble materlal could affect
the titrstion~-a further separation between the polymeriszed
and nhpolymarised material,

The tests run to determine the properties of sodium-
bentonite wupon admixture with caleium methasrylate and
saleium sorylate (i.e,, base-exchange but no polymerization)
furnished the blank titration resulte that were used for
subsequent computations of degree of polymerization, A vast
fumber of sush blanks were available, as tabulated on page
' Ppom the experimental results obtsined for titration of
calelum methaerylate, a welghted average ratlo of 0,500
gn Ca(Me)y for 1 gm KMn0, was used, The blanks ran at later
dates showed higher ratios, averaging around 0,530 and 0,560,




. It i conjectured that these higher ratlios are explained by

. the incidence of & 1little polymerization in the calclium
‘tuiﬁhaarylato, on standing at room temperature during the
_ pummer months, The results with calcium ascrylate wers

’fﬁmeh more closely reproducible., The average flgure adopted

_ for use was 0,408 gnm aa{AkJs.rev 1 gn ﬁxnﬂ‘. It may be noted
~ that in the case of cale¢lum acrylate, the dlsagreement
fih.twean the sxperimentally determined ratlo and the ratio
somputed theoretically on the basles of complete oxlidatlon,
;iil of the auﬁa nature as above dlscussed in connection with
 galoium methaerylate. _

The only conceivable impediment to the u;ﬁ of this
. slmple procedure was the possible effect of the oxidations
B edustion eatalysts on this oxldation-reduction titration.
i_Ihdnod, a check test sorroborated expectations that any
excess of the sodium bisulfite would naturally vitiate

~ results because of its reducing astion, The possibllity of
precipitating this a#é@au of sodium bisulfite was investl-
gated, It was found that s saturated lead scetate solution
would effeotively precipltate the blsulfite ie ﬁa to leave

the titration results unaffected. In using the sodium
bisulfite catalyst, the use of lead acetate was, therefors,
resorted to, 8light excesses of ammonium persulfate 4id
not affect the titration: when present in large excesses
there was a slight effect, increasing a 1llittle with time,
reducing the amount of potassium permanganate used in the
titration. This effect was not éiauan@g§t1ng as 1t was
eangiéerudvsuggmativo of polymerization.




With other sets of catalysts unfortunately no simple
procedure was found for insctivating them, The procedure
adopted, therefore, wes of running blanks to ind the effect

of such sets of catalyests on the titration.

Final Testing Routine

The final procedure may best be outlined in relation
to & specific case; generalized desoriptlons will be added
where necessary.

Consider the case in which it ie desired to test a
sodlum-bentonite elay gel at about 200% weter content after
base-exchenge with the equivalent of a 10§ solution of
caleium methacrylate (mccording to the nomenclature used in
the chapter on base-sxshange studles); and to test also the
same clay-methagrylate system after polymerization with
eppropriate amounts of ammonium persulfete-sodium bisulfite
catalysts.

The amount of clay to be used was computed from a
knowledge that about 18 ee, of the sample would be needed
for the shear strength determlnation,.

Pirst, 7.5 grams of dry sodium-bentonite were care-
fully weighed out into a porecelain dish, Then, in the humld
room, 16 ¢c, of dlstillod water were added, and the mass was
thoroughly mixed with a spatula into s homogeneous clay gel.
Next, 1.5 grams of dry calelum methacrylate were weighed out
and added to the gel, the mass being thoroughly reworked
into homogeneity. The base-exchanged elay was then ready
for plaeing in one of the shear-testing units. It was found




aﬁxisublt to allow this testing unit to stand for a few
' houts before testing: the testing unit was, therefore,
ecarefully placed on & plate in a desiceator partly rfilled
with water, in order to avold water-content changes Dy
evaporation,

whnn-ﬁha sample was ready to be tested, the testing
unit was capped by the aluminum dise, ¢lamped, end brought
to the testing mschine, where it was clamped in its proper
ﬁeiitian for shear testing. The clamps end aluminum dise
sape of the testing unit were then removed snd the motor
was switeched on. The maximum reading on the appropriate
goring was recorded for use in computing the shearing etrength,
The shear test now belng over, the testing unit was quiekly
removed and taken inte the humid room. There the testing
unit wes opened and some of the clay was scraped off for
a water content determlnation, & second sample of the
¢lay wap then scraped onto the end of a nickel spatula; the
ipntuia and clay were quickly welghed snd the clay was
shaken off the spstula into a clean centrifuge bottle
provided with eclean gless beads end a rubber stopper. The
centrifuge bottle was quilckly stoppered and meanwhile the
spatula wi.l the remalning clay was rewelghed; thus by
difference the weight o we' clay 1ln the centrifuge bottle
wae known, The rest of the clay from the testing unlt was
then spread onte a porous stone for & water plek-up determina~-
tion, the initial time of water absorption being recorded.

An appropriaste volume of about 6 N sulfuriec acid, approximately




a7

100 ec., was then pipetted into the centrifuge bottle. The
¢entrifuge bottle was restoppered and shaken vigorously,
causing the clay to disperse, Subsequently the cley
dispersion was sentrifuged at 2000 rpm, and the clear
gupernstant solution titrated ageinst a standard solution
of potassium pemmanganate for concentration of nathaa;ylnte
fon. The results of such a titration would represent a
blank, since no polymerizetion was instigated,

The leboratory data for the above representative
case were taken as follows:

Sample 7.5 Na<bent, + 16 aa.Hﬂo + 1.6 gm.catmb}g
Shearing Strength; Springs A &1 — 9.9 om,
Welght of clay taken for analysis 17,813

Added O cec. lead secetate soln, + 100 ae.Hﬂﬁo‘

Titration: 8,90 ee. of (0.1263 N) KMno, vs 10 ce. supernatant
. golution

Water Content 0 256,636 .
- 25,697 322 = 181.5%
28,631 *
Spread the clay on porous plate #2 at 2:30 p.m,
At 24 hours, water content 0 27,289 _
' 24,025 $+288 = 23s¢
22,631 .

The computations may be outlined as follows:
Water plek-up In 24 hours = 235 ~ 181,56 = 53,.5%

Shesring strength (from calibratlon) = (300)(5.445 x 1074

= 0,212 1bs/1n®




' (0.1253 ) KMno

{tration blank:
g In £.815 gm, of wet clay there are 1,0 gm., of

gollds and 1,816 gm, of waber.

In 2.815 gm, of wet olay there are I"E"*Q?'ﬁ .,

'1¢'%*5 gms ,, of Ga(ﬂo) and 1,816 gm. of water

Therefore, in 3,376 gm. of wet clay there are

10,2000 gm. of Ca(Me), and 2,17 gu, water. Hence, 0,2000 gm.
 $1(¥@)$ are dissolved in 100 + 3 + 2,17 = 1056.2 co, of

golution, Hence, in 10 ce. of supernatant solution there ls

the equivalent of 0,0100 gm, Ga{Ht)a. in 8,90 g¢o, of
o there are 3333 x 0.1263 x $1.608 = 0.08522 gm.
Kino ,

Hence, in the titration 0.035228 gm., KMn0, is

equivalent to 0,0190 gm. Ga(ﬂa}ﬂ; or 1 gnm, Kﬁn04 is equivalent
to 0.639" gm. Ca(Me), '

¥ow the same system will be oconsidered with the

further additlon of the catalysts to lnstigate polymerization.
Take the case in which 0,2 gm, of sodium bisulfite and 0.7

gun., of ammonium persulfate were added as catalysts.

The base-exchanged clay was prepared as before,

Farther, 0.2 gm, of Hal80, were added and the mases was

3
thoroughly mixed; and finally 0.7 gm, of (Wi ) 8,0, were
added and rapldly mixed inte a homogeneous state, The

resulting clay system wes then quickly pressed into one of

# This particular test gave a rather high value: an
average figure that wss used was 0,500 gm. (See page




shear-testing units., The lmportance of speed must be

:tu@hnaizod in this etep, and especially so in some cases
;iggra the olay begins to set by polymerligation after as
i@hﬁfﬁ s peried of inductlion as one minute, The shear test
;ﬁmp run 24 hours later. The rest of the testing routine
‘was as above deseribed, with only the following exceptilon.
| _If-?!ﬁ the wet clay in the centrifuge bottle was added first
.ﬁ;.knaun volume éf concentreted lead smcetate solution
::¥]ﬁ7 2 ec.) and the e¢lay and glass beads were well shaken
to ensure complebte mixing with this solution: this
5 procedure was adopted as a simple method of getting rid of
_ any excess NalSO, (redusing agent) which would vitiate the
. pesults of the titration.,” The sulfuric ecid wee then
| added, and the rest of the testing routine remalned the
game ,

The laboratory data for thls case are here glven as
&8 example:
Samplet 7.5 gm. Fa-bent., + 15 co. H0 + 1.5 gnm, Gn(!a)

+ 0.2 gm, NelSO0, + 0.7 ga. {HH‘)ﬂ 2%

At 24 hours, shear test

e, T o o
Springs A %4 Sy Sy 9.2 om,

Welght of clay taken for analysis 17.840
-14
F @ .

% With all other reduging agents no such procedure was
available and suitable blanks had te be run,

## Springs 8 and 8, were pnllod to capacity, and the reading
was 6btu1 'd on apring 5
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Added 2 ce., lead acetate soln, + 76 ca, Hgﬂﬂi
- TMtration: 0,50 cec, of (0.1283 ) KMnO, vs 10 eco, of
. pupernatant solution,

. Water content R 22,399
; 20,859
19,8682

Spread the clay on porous plate #6 at 10:15 p.m,

At 24 hours, water content R 24,987
20,922
190 .882

Additional dsta: et 56 hours,
Water content M 21,790 3. 119 |
18,671 =2 = 4108
17.211 ) )
The computations follow eéxactly the same pattern as before
2.675 gm, wet clay — %f%-gm.'ﬂu(melg + 1,876 gm. Hae
S 3,154 gm, wet clay — 0,1866 gm, ca{He)s + 1.9 gm, B0
.. 0.,1856 gm. Ga(ﬁe)e was distributed in 78,92 ce, of solution
Sin 10 es, ér golution we should have the equivalent of
0.02381 gu, Ca(Me),.
In 0,50 e6a, of (0,1868 X) Kxnﬂ‘ we have 0,00168 gm,
KMo , But 1 gm. EMnO, 1s equivalent to 0,800 gnm, Gutmn)g
es determined by the blank; therefore, we asctually have in
solution the eaquivalent of ©.0009¢ gm, Gn(Ma)g per 10 oe,

Hence, Bn(ﬁa)g-ran&nrt& ingoluble wg.09$§1 am,
=0.,00099 gm.

Extent of polymerization =

Shear strength (from calibration) = tllﬁ@)(b.iiﬁ x 16'4}

= 0,619 1bs/in”



ﬁgt—or plek-up in 24 hours = 827,567

Weter plokeup in 36 hours = 252,5%

It may be noted from the neture of the computations
:.Ehst slight errors in dntgrnining the water content or the

:'weight of wet clay taken for the analysis of polymerization
are bardly reflected in the computed result; so aleo minor

- errore in the titrstion will not significantly alter the

T

computed result,




e

-;;; °  « 0,8, All the preliminary

j‘iasting for inveskigatinn of the several wa#&ahluﬁ we.s

. gondupcted on sodium-bentonite et about 200% weter content,
'fﬁanglly, in order to 1nveat;gatn the applicablility of the

3 treatment with sodiume~bentonite, further tests were ingluded
s on thie ¢lay at about 3008 water content and 100% water

sontent.

In the inveatigation of the effectiveness of the
trestment with the different clays at different water
gontents, the following three basle steps must be recognized
in every easez (a) a study of the shear strength and
water affinity properties of the originel untreated clay
(b) investigstlon of the shear strength and water affinity
properties of the clay after addition of varying amounts
of the reagent which supplies the base-emchanging and
polymerizeable complex lons tealmiwm-mnthagryiata, and
caloium aserylate) (o) investigation of the shear strength
and water affinity properties of the claey semples of caae {(v)
after further addition of cataiysts., Assuming, in the ideal
sase of admixture of insignificent smounts of catalysts, that

the catalysts ere not responsible for eny action other than

o2




93

that of effee¢ting polymeriszation, it is clesr that a
gomparison of sorresponding cases {(¢) and (b) would supply

& direct measure of the effectiveness of the polymerization,
The ocomparison between cases {¢) and eorresponding cases (b)
with, respest to shear strength is undertaken in two ways:
Siicaiy e :EE:E&Eﬁﬁfggfzzbﬁﬁ in e§§»:§p§§§§né°§as. (BY

which is denoted

secondly, by the difference of shear strnngths, which 1s
denoted ss the "increase of strength pei"™, Although it 1e
resognized that the catalyst addition 1is responsible for
significant effects other than the polymerizing effect, the
sbove idealized method of analyzing the results of polymeri
zatlion 1s retained throughout this text,

I, Properties of the Sodium-Bentonite

Heny ring-ghear tests were run on ssmples of sodium-

bentonite at different water contents and only the maximum
values of shear stress were recorded in the flrst serles of
tests, At lower water contents, three direct-shear tests
were run with the observation of complete stress-strain dets,
(Fig. 44, p. ) Subseguently, five more ringeshear tests
were run, an attempt belng made to obtaln approximate stress-
strain data from the ring<sheer aspparatus, (Flg. 45, p.
tabulaﬁeq results, p. ) The shearing strength of all these
tests are plotted on page » to glve the shearing strength

ves water content relationship for the sodium<bentonite,
{Plg., 12, p. 94) It must be emphasézed that this plot 1is
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;@hild only for samples prepared at the respective water

faaukanta appearing as ordinates of the curve. Two more
direct shear tests were obtained on samples of sodlum=

 bentonite prepared at about 200% water content and then

consolidated to 1 T/sf, end 4 T/sf, These tests and their
purpose will be mentlomed later, but it is of interest to
note here the remarkably higher shearing strength obtalned
with these samples, The difference in strength at any
given water content is quite clearly in lerge part due te
a difference of the number of sodiwm ions sctive, Consl-
dering pointe on the two curves et 120% water content, 1t
is presumed that for the semple that 1is consolidated from
2004 water content, 56 me,, which 1s 72% of the tobal
exchange capacity, of sodium ere active and the shear
strength is about 6 psi. On the other hand for samples
prepared at 120% water content only 48§ of the total
exchange capacity, or 37,5 me, of sodlum, are active and
the strength 1s about 2.2 psi. (Fig. 2, p. 49)

1t may be noted, moreover, that the stress-straln
curves of these consolidated semples indleate the develop-
ment of a little "structure" in comparison with the stress-
strain curves of the non-gonsolidated ssmples, (Fig,. 46,
The added shearing strength due to the development of
"gtrusture” is in part responsible for the large difference
in strength at & given water content between consolidated

and unconsolidated semples.




96

The other property of interest was the water
absorption of the bentonite, A sample of sodium~bentonite
inoreased in water-content from 208% to 842% in 24 hours,
giving a water plok-up of 6347 in the 24 hour perlod, It
may be noted from the shear strength vs.water content

plot that with such weter sbsorption et the end of 24 hours
the sodiume~bentonite hees no messurable shearing strength,
One time-teat was run, obtalning values of water absorption
at 8, 4, 7, 10 and 18 hours, The plot of the resultes is
presented herewith, (Pig., 13, p. 97) Finally a few tests
were ran on the water-sbsorption of & semple of sodliume
bentonite prepared at about 300% water content; in 24 hours

the water content increased to 860%.

IX. Properties of Sodium-Bentonite at 200% Weter Content
Upon Admixture with Calelum Methasrylate
The curves of ¥Fig, 14, p. 98, present the results

of tests carried out on sodium-bentonite elay to whlich
various amounts of calelum methacrylate were added. The
loss of strength with ipereasing addition of Ga(ﬂa)a is

very pronounced: it may be noted, however, that beyond the
peiﬁt of saturation of the solution, addition of the Gn(ﬁa)a
does not decrease the strength, It 1g evident by eomparison
with the shearing strength of calelum~bentonite (Fig. 31, p.
at the ssme water contents that the loss of strangth of
sodium-bentonite on addition of ealelum methacrylate 1s only

partly explained by sotual base-exchange: the effect of the
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excess electrolyte in solution on the shearing strength
seemg to be very marked,

dne further remsrk will here be made with respect
to shearing strengths, It 1s clear that the addition of
chemicals to & elay-water system so radically alters the
ghearing strength vs. weber sontent relationshlp of the
eley that it 1s quite pointless to refer to the shearing
strengths in relation to the actual water ocontents. For
example, & sodlum-bentonite clay gel upon addition of
caloium methasrylate rapidly loses ite shearing strength
although motually ites water content 1s decreasing with the
addition of the dry calcium methacrylate powder. However,
the water content of the untreated cley is obviously a
very important varisble to be considered. The method 1is,
therefors, adopted of referring to the water content of

the untreated olay, regsrdless of the nature and extent

. of chemical admixture which subsequently alters the water

gontent,
The water absorption curve shows relatively mlnor
maxima end minima which may bave academic significance in

relation to the base-exchange data.

111, Polymerization Studies with Calelum Methaorylate,
Sodium Blsulfite, Ammonlum Persulfate
a) Preliminayy tests: Na~bentonite at 200% w,,

Ca(Me), admixture equlvalent to 14% solution,
A number of runs were made on the same system, namely

2 sodiumdbentonite clay gel at 200% water content with

29
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caleium methacrylate addition constituting a 14% solution,
with wide variations in the emounts and proportions of the
two catalysts. The ssmples were tested at 24 hours., The
chart on page presents the results of these preliminary
tests undertaken with s view to studying the variation of

the degree of polymerisation and the characteristics of the
final product with variations in the semounts of the catalysts

3 uged.,

Then, two time tests were run, one of long duration
(over five days, testing samples abt the end of each day) and
one of short durstion (over 24 hours, testing samples at 2,
6, 11 1/2 and 24 hours). The results definitely indicate
that polymerization 1s rapld and elther goes to completion
rapidly or else is blocked, Falrly high consentrations of
oatalysts are negessary for complete polymerization, There
ts no definite indication, however, that a high degree of
polymerization (as the term 1s used in this study) reflects
on any of the strength cheracteristlcs of the product; in
faot the effect of polymerization on the strength 1s not
ma jor in comparison with the probable purely lonie (base~
exchange) effect of the cgtalysts, It does become apparent,
however, that it is advisable to use consentrations of the
ammonium persulfate at least as high as those of the
sodium bisulfite, and praferably higher, for otherwise a
thinly tacky produst results,

Finally, four separate semples were prepared at

gxactly simller conditions, to determine the reproduciblility
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1j??ttu1tu. Cases, like those tested, that go to complete
-jﬁ};arisntian are falrly reproducible, although there 1s
#8111 a notlcesble strength variation that makes it |
flfticulurly diffienlt to evaluate the relatively minor
;?Ltotn of strength increase that are attributeble purely
e polymerization,

' b) Variation of Concentration of Gl(ﬂb)a in the System
A complete serles of tests was run keeping the
oatalysts constant end varying the smount of calelium
methaorylate added, The results of thls serles of tests

~ gre tabulated in detall on page + The strength and

- gation was complete,

-

The two major obeervationg that can be mede are:

. (1) By consulting the chart on page , 1t may be seen
thet the effect of increase of strength purely by polymeri-
gation 1s sbout constsnt (using the Haﬂ&ﬂﬁ - (mn4)ﬁsga$ |
catalysts) regardless of the concentration of calelium
methacrylate in eolution, end this effect 1s small enocugh
80 that the controlling factor in determining the strength
of the produet 1s the base-exchange fastor, Thus, the
polymerization of caleium methacrylate with the bilsulfite~
[ persulfate oatalysts is of such a nature thst the calclium

| methacrylate/clay ratio has no influence on the strength of

the polymerized product,
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_ (2) It may be readlly notlced in Fig., 15, page 108,
%f'% the water plokeup characteristies show a very pronounced
ﬁ;=1mum. By comparison with Flg, 14, page 98, 1t may be
f?ﬁ,.a that the water ploke-up of all pelymerized samples is
?£§n&1dérab1y higher than the water plek-up of ecorresponding
:inpalymariza& samples, exeept when the treatment ls excessive
1§tenst1tut1ng what would be a 285 solution of ﬂa(ﬂa)ayngr
ﬂﬁ%ry glight (constituting a 2% solution of Gn{ﬁ&)ﬁ).
These results were obviously somewhat alarming,
E“Ia order to check on possible anomelous data, five more
geries of tests were run, not attempting, however, to obtain
| 80 many points on each curve, The results of these flve
 geries are ploted, together with the results of the previous
1'tlriea, on page 104, (Pig, 16). Thus on page are plotted
? strength and water plok-up characteristices of sodium-
, bentonite-caleium methmerylate systems polymerized with the
| following six sets of amounts of catalysts,
i ﬂiﬂsoa 0.l gn OR gm 0,53 gm 0.8 gm Qfa.gm 0.4 gnm
I Im‘)ﬂsﬂca 0.7 gm 0,7 gmn 0,7 gm 0.6 gm 0,6 gn 0.4 gnm
All of these series show the same trends: %Uthe same
steady decrease of strength of the sample with inereasing
amounts of Ca(ie), added, in spite of polymerization; and
in the water pick-up curve the ssme hump previously
obsgerved. Furthermore, it mey be noted that the relative
position of the "curves" for the various series strongly

suggests that the highest strengths are obtalined with the

higher amounts of ammonium persulfate added, Unfortunately,
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however, the water plekeup of the clay samples incresses
in the same dirsction. Oould 14 be that the lonlc effect

of the catalyst additions was ore-eminent in determining

‘the properties of the finsl elay product? Practically all
- the data appeared to fit this interpretation, if the intro-

duotion of ammeonium iens by base-exchange would yleld s

clay intermediate in properties betwesn a sodium-clay and

8 clay saturated predominently with CaMe’ end ca** fons.

For instance, 1t may be noted that in the case of the 2%

ﬂn(Me}a samples, the water plekeup of the polymerized sample
was conslisbently lower than in the corresponding case prior
to addition of the catalysts: 1in such a csese evidently

much exchange of ammonium ions for sodium lons takee place.
(At the bottom of the graph, Fig, 16, is summarized the
base~exchange data obtained from samples prior to the
addition of the catalyste.) The detalls of these series

of tests are tabulated on page

¢ zation Studles with Caloium Methasrylate,
Sodtum at fhiﬂs:ﬁlrm and Ammonium Persulfate

An attempt wees made to shift to the use of other

catalyats. Very brlef preliminary tests run with the
catalysts hydrazine hydrate and tebutyl-hydroperoxide
indicated no strength increase of the polymerized eliy over
the unpolymerized clay: the water abgorption of the
polymerized eclay wae still a 1little higher than that of the
unpolymerized clay, slthough not as notiseably so as in the
cases employing blsulfite-persulfate catalysts, The very

108




If@ﬁfsative uge of sodium thiosulfate and ammonium persulfate
j%%w palyﬁarinntlon of calcium aerylate solutions (Chapter 7)
 suggested the advisability of running a serles of tests with
gﬁhﬁso catalysts as applied to alay~mnthaurylat§ systems,
Accordingly, a series of sight tests was run on
15&1&y~msthaerylato systems at 200% water content comprising

;Thnd prcpartieﬁa of the catalysts were varied much in the

~ ssme wey as was done in a simllar series with bisulfite-

- persulfate catalysts. The results are tabulated on page
‘Ih is noted that the strength characteristloes of the

g polymerized product are quite similar to those of the
gorpesponding blsulfite-persulfate systems; again the evidence
is that the effect of the polymerization on the strength
increase 1s slight, The water affinity is quite noticeably
lower than the water affinity of corresponding bisulflte-
persulfate systems, KNo apparent ionlc explanation ocours
to the asuthor since the amount of sodium supplied into the
syatem 1s &bout-equivalant in the two cases, and the

concsntration of smmonium persulfate 1s the seame,

age-Exchange Effest of the Added Catslysts on the
nggggt;oa of tho ¥Final Product
In the last few sectlons the discussion has frequently

attempted to separate the lonie effect of the catalysts from
thelr polymerizing effect. That the catalysts above used
were participating in base-exchange was distinctly evidenced
by most of the data, In view of the possibility that sueh

e
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xbaaauaxehange might play an important role in determining
;tﬁl properties of the final product a series of tests was

. run with eppropriste blanks, in order to attempt to
f‘;vulaatn such an effect, Unfortunately, time limitations
forced the reduction of thie investigation to an insufficient

- number of tests. In order to arrive at sound conclusions

with regerd to a separation of the basse~exchange and the
polymerization factors an especilally extensive gseries of
tests 1s required sinee, in every cesse, the blank must
necessarily be a simuleted blank,

A true blank would be considered to be a blank in
which the actual reagents (e.g., caloium methacrylate,
godium bisulfite, snd emmonium persulfate) were sdded, but
the polymerizetion was completely inhibited by some methed
which simultaneously left the system otherwlse completely
'nndipturbad. if, instead, the approsch used consists of
substituting one or more of the actusl reagents by reagents
which are not capable of, or do not ceuse, polymerization,
but are ilonically similar, the blank ie referred to as a
simulated blank.

A first attempt weas made by using sodium ocarbonate
and ammonium persulfate In the clay-caleium methacrylate
system, Tests were run by adding 0,1 gm,ﬁﬁaﬂaa and 0.6 gnm,
(ﬂﬂ‘)a3303; scomputing purely on a basis of the.amount of
godium introduced, this is about equivalent to the system

0.168 gm, NaHSO, + 0.6 gm, (NH‘}EEgesand

3
0,80 gm, Nag 8,0, + 5 Ho0 + 0.6 gm, txﬂ‘)gagos Unfortunately,
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it becsme evident that from two points of view the use of
 godium carbonate and ammonium persulfate could be questioneds
_{i) the sarbonate would tend to precipltate qalmiwn (2)

 the persulfate causes polymerization even without the
gddition of reducing agent.

A few tests were run using 0.1 gm. godium thiosulfate
:.gina 0.3 gm, smmonium carbonate and 0.1 gm. podium thio=

~ gulfate plus 0.6 gm, emmonium carbonate, The above objection
ts the use of the cerbonate suggested the discontinusnce

of this series,

Finally two brief series of tests were run using
sodlum thiosulfate and ammonium acetate., 0.1 gm. of sodivm
thicsulfate was used in both series. The first series
employed 0,408 sn} of smmonium scetate which was calculated
to supply as much smmonium as is supplied by 0.6 gﬁ. of
ammonium persnlfate., The second serles employed 0.6 gm.
of smmonium scetate which was caloulated to supply as much
ammonium as is supplied by 0,89 gm, of ammonium persulfate.

A1l of these results are plotted’in Fige. 17 and 18,
pages 109 end 110, These two plots were used in order to
estimate the base-exchange effects of the catalysts, It
ig evident that with such scant dats, the interpolation
involves the possibility of major errors. Actually such
data, in order to be of any resl soientiflec value would have
to be closely assoclated with thorough analyses of the
exchangeable bases introduced, The procedure used in the

biao-oxahange studies could ve very simply adapted for this
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purpoese, by merely inecluding date on the amount of ammonium
supplied to the system and the amount of it present in the
supernatant liquld after base-exchange,

Unfortunately, time limitstions prevented the under-
taking of such testing. From a practical polnt of view the
above blanks were sufficlent to establish the fact that the
effect of actual pelymerization in inoreasing strength is
not major in the systems studled sbove, Noreover, from
e practical point of view, 1t i1s purely of academie interest
to gubdivide the total effect of the catalysts,

In the same plot are included results obtained by
a different approsch, If instesd of calclium methaocrylate
or caleium ecrylate, other ¢aleium salts were used, then
the actual redox catalysts gould be uged for the blanks:
if suiteble calclum salts could be found, such an approach
might even furnieh the best poselble blanks, Calclium
scetate seemed to be the most appropriaste salt for the
purpose, having & molecular welight quite nearly equal to
that of calclum acrylate, and belng sboubt as soluble as the
.mathserylate and aerylntc.* In order to cheek how close an
approximetion the use of cslelium acetate represented, a few
tests were run to determine the shearing strength and
water-affinity charscteristics of sodium~bentonite with the

addition of varying smounts of calcium acetate, The resulis

are presented in Flgs. 19, 20 on pages 112, 113; closer

% 1t must be emphasized thet these simple oriteria do not
presume to establish completely the sultabllity of the salt

111

for the use intended, Ionizatlon plays an important rolej and

the effect of the anion cannot be totally neglécted, Hence,
at best such a simulated blank represents an approximation.
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gimtlarity would almost be too mach to hope for, A series
of tests was then run, using caleium acetate, to evaluate
the 4onle effect of sddition of sodium thiosulfate-ammonium
persulfate catalysts; a sombioation of 0,1 gm., sodium
thiosulfete and 0.7 gm, ammonium persulfate was used. The
results of these tests ere included in Figs, 17, 18, pages
109, 110, The shearing strengths are guite similar to those
obtained by the other simulated blanks, The water-affinity
ourve also 1s fairly similar to the ourves obtained by the
other simulated blanks,

As 8 conclusion it may be stated that the lenle
e¢ffect of such cetulysts as sodium bisulfite-ammonium
persulfate and sodium thiosgulfate-ammonium perpgulfate may
be ressonsbly well estimated by appropriately and selectively
uging the data presented in Figs, 17, 18, pages 109, 110,
The numerical estimatlion of this effect ls attempted In the

charts on pages

V1. Properties of Sodlum-Bentonite at i Water Content
Upon Admixture with Galcium Acrylate

A similar series of tests to that mentioned in

gection II was run with ¢aleium aorylate, The results
obtained are quite similar to those obtalned with calelum
methacrylate (see Figs, 18, 20, pages 112, 113). The only
point that may be noted es belng somewhat atrange is the

faot that for similar welghts of calolum acrylate and ealelum
methaerylate added, the latter gives consistently lower
gtrength results although actually the molar concentration
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 of the solution 1s greater im the case of addlitlon of caleolum
| sorylate. (Holeoulsr welght of Ca(le), = 210.2, molecular
~ welght of Calhk)y = 182.1)

Mention 1s here alsc made of a single test that was
run with caleium asrylete, sodium thicsulfate and ammonium
soetate, to determine the probable ionic effect of the
catalysts. (Figs. 17, 18, pages 109, 110) MNore tests
would have been run were 1t not for s fear of runningoshmrh
of caleium scrylate towards the end of the investigations;
gubsequently time limitetions imposed diffieulties on
attemptes to obtain complete deta. Fortunately the indications
are that the differences between the systems contalning
Satﬁe)ﬂ and those prepered with Gathk}g are but slight as

regards ionle effeasts,

VII, Polymerization Studies with Calcium Acrylate, Sodlum
Bisulfite and Ammonium Persulfete
Binse the sesrch for redox estalysts had proved

much more fruitful with respect to caleium sorylate solutions
then with calcium metheerylate solutions, it was decided

to revert to the usze of caleium serylate for tresatment of

the clay-water systems, Asccordingly the following few
sectlons report results of brief series of tests condusted
on bentonites-scrylate systema with various sets of catalysts.
Since the purpose of these tests was to evaluate the effec«
tiveness of the catalysts in inetigsting polymerization
sultable for incressing the shearing strength of the clay

and desreasing ite water-affinity, variations 1n proportions .



and ampunts of the two catalyets In each set had to be
investigeted., For the sake of brevity all other variables
were meintained constant and thus the series of tests were
run on & sodium-bentonite gel at 200 water content treated
with caleium aorylate to mske up the sguivalent of a 10%
solution of saleium acrylate in the system, e;g., 7;5 gas ,

Na~bentonite + 16 cc, H O + 1.5 gms, caloium scrylate, It

8
was felt that the catalysts could be expected to rank in
about the same order of merit 1f tested under any other
conditions,

The first set of catalysts thusg investigated was one
of the sete that had previously been uped with celcium
methasrylate~clay, namely, sodium bisulfite and ammonium
persulfate, The repultes are presented in the chart on page
It may be noted that these results are quite similsr to the
corresponding resulte obtained with caleium methacrylate.

It wae notleed that in genersal the samples that
showed higher shearing strengths simultaneously showed
higher water-absorption, In the case of sguch catalysts as
podium bisulfite and ammonium persulfate, these samples with
higher strength and higher water sbsorption were usually
produced by using high coneentrations of smmonium persulfate
and moderate concentrations of sodium bisulfites 1t is quite
likely that the results are to be explalned in large part
by the partlelpetlon of the catalysts in base-exshange,
However, roughly linear relationships between strength and

water-~affinity were also obtained by the use of all other

118
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catalysts, 1nelud1ng_anqh sets as hydregine hydrate and

- t-butyl-hydroperoxide. For comparison of the effectiveness
I,bf the' various catalysts the procedure was, therefore,
 pdopted of plotting shearing strength vs, water absorption

| and thus establishing the various straight 1lines representing

conditions produced by the several sets of catalysts.
(Fig. 21 on pages 118, 119)

VIII, Polymerisation Studies with Yaricus Other Sets of
I A series of tests, simllar to that mentlioned above,

wag run for each of the remaining eleven sets of catalysts

mentioned on page 63,

godium bilguifite + t~butyl~hydroperoxide
" " + potassium persulfate
hydrazine hydrate + tebutyl<hydroperoxide
. ” + ammonium persulfate
" . + potasglum persulfate
hydroxylamine hydrochloride + t-butyl~hydroperoxide
" " " + ammonium persulfate
. " » + potassium persulfate
sodium thiosulfate + t-butyl-hydroperoxide
" " + ammonium persulfate
" ¥ + potassium persulfate

The results are plotted in Fig. 21, pages 118, 119
and are presented in greater detall in charts on pages

With each set of catalyets one simulated blank was
ran with ealolum acetate in order to delineate between the
polymerizing and non-polymerizing effectas of the catalyst
addition, The results are somewhat too scant end erratio
to permit drawing any but the most genersl coneluslons, The
contribution of polymerization to the shearing strength is
in all cases small (except with the use of sodium thiosulfate
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and ammonium persulfate). The previously noted curious
trend indiceting an increase of weter affinity to be

saused by the polymerizetion, i still supported by most

of this data; but such scant data cannot eceredit sush an
amaring statement, There is & possibility that the
polymerization resctlon in itself may ceuse a change in

the exchangeable ilons assoclated with the slay, by throwing
caleium asrylate out of solution, Such an effect might
explain the otherwise incomprehensible date.

All the catalystes tended to ineresse the water
affinity of the treated clay in comparison with the base-
exchanged but unpolymerized semples, The use of hydro-
xylamine hydrochloride achleved the retentlon of almost as
low a water pickeup ag that of the unpolymerized ssmples,
especlally when used in combinatlion with t-butyl-hydroperoxide.
Unfortunately, however, the strength lncresses due to
polymerization in this case were not particularly aneaufnga
ing. Among all the catalysts; indeed, the only set that
gave strength results that spproeched the shearing strength
of the original sodium-bentonite clay at 200% water content,
was sodium thiosulfate~ammonium persulfate, A glance at the
plot on pages 118 and 119 (Fig, 21) will establish beyond
argument the remarkeble superiority of godium thlosulfate-
ammonium persulfate for catelysation of thils eclay-calelum
asrylate system, Unfortunately, 1t muast be emphatiocally
stated that in thies matter of polymerization catalysls there

cannot be the final assertion of ebsolute superiority of one
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 nata1yst over othars. Under the conditlons Inveestigated,
lﬁho sodium thiosulfate-ammonium persulfate catalysta are

;tha best among the twelve sebts tried, Dut the data obtained
.iprovt that the properties of the polymerized clay~-acrylate
system depend very mush on the catalysts used. Is there

. ary msurance that other catalysts not yet invegtigated in

. this study will not glve vastly better results? The

~ answer 1s no, with further resesrch and luck better catalysts

mey be found: therein lies unsmothered the further hope

of this process of stabilising clays.

Although the eventual discovery of any set of
catalystes uperior to sodium thiosulfate end ammonium per-
sulfate is likely to shadow the knowledge gained from a
systematic study of elay-acrylate systems polymerized with
these thiosulfate-persulfate catalyste, a brief serles of
tests wes undertaken for such a study that might serve as
a suitable conelusion for this thesls investigation, Hers,
at last, was obtalined a polymerlzed bentonite-acrylate
system that exhibited a shesring strength about equal to
the strength of the original sodium«bentonite., Hers, at
last, was obtained a set of cabalysts that so effectively
polymerized the calclum acrylate that the strength ilnorease
due purely to polymerlization was appreclsble, Here, at
last, was obtalned a set of catalysts that made lnvestiga-

tion of other variables in the system seem worthwhille,
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Accordingly, & series of tests was run on sodiume
bentonite at 2004 weter content with admixture of caleium
porylate equivalent to a 14% solution of the scrylate. The
. purpose was primarily to establish the optimum amounts and
proportions of the two catalysts to be used, Once again,
g8 had been the case in a similar study with the blsulfite-
persulfate catalysts, it was found that best results were
cbtained with the use of relatively high concentrations of
the ammonium persulfate and moderate or low concentrations
of the sodium thiosulfate,

The four best sete of concentrations of the two
catalysts to be used were then employed in sompleting a
gories of tests to investigate the effect of variation of
the amount of calcium acrylate added to the sodium~bentonite,
Accordingly, as had been previously done in the case of
galeium methacrylate, sodium bisulfite and persulfate
(Section III, page 99) the amount of caleium acrylate was
varied to correspond to 2%, 5%, 10%, 14% end 21% agueous
golutions of the aorylate in the clay-water system, The
results are presented in the charts en pages
Approximate stress~strain date were secured for most of
these ghearing strength tests: four sample stress-strain
curves are plotted in Fig, 22 on page 125, (Tebulated
results, pages

Disocussing the results of the stress-strain curves
briefly we may obaerve the following point, It will be
noted that in the cases of the 2% and 5% treatment of caleium
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‘atrylate, the pesk of the streses~strain curve is reached
:{ffibﬁut 9% strain, as had been previcusly obtalned with
‘untreated clay samples, However, in the case of the 10%
‘treatment of caloium acrylate, the peak is resched at
4@h@nt 23% strain; and in the case of the 147 treatment, the

- and B% treatments the polymerized claey had the appearance
.ftf @ stlff olay; whereas, with the 10f and 147 treatments
Iiht rubbery mass of polymerized clay could hardly be taken
';rbr & olay.

“ The strength and water-affinity results will be
:“ﬂiﬂﬁﬁaltﬁ in the following pages,

: X, Properties of Sodlum.Bentonite at 100% and 3
Gontent Upon Admixture with Calelum Acrylste
It appeared qulte likely that the properties of the
polymerized c¢lay would depend to a considerable extent on
the water content of the sodium~bentonite treated. At
equivalent concentrations of acrylate solution in the clay-
water system, varlation of the weter content of the aystem
invelves direct variations in the amount of ecaloium acrylate
added per gram of c¢ley. For exsmple, in the prepurntién
of samples for testing, the weights in the table on page 127
are used.,
Consequently, in anticipation of testing polymerized
samples at 100% end 300{ water contents brief series of tests
were carried out to determine the properties of the bagee

exchanged but unpolymerized clay-calolum serylate semples.
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¥a-bent gmes|Water ﬂn{kk)ﬂ for 5% soln.
_ ce
[100% water content| 18 16 0.78
g00% . 7.8 18 0,75
mg ] ft 8 18 0,90
\ a1 Gn(Ak)g_ gm c:(&k}&_
: , gn dry clay | gm wet olay
100% water content 0,08 00,0280
200% " " 0.10 0.0333
300% o - 0,18 00,0378

The results are plotted in Figs, 235, 84, pages 125, 126;
~ the corresponding resulte obtelned an the sodium-bentonite

st 200% water content sre included in the same plots.

XI,

Brief Polymerization Studles with Sodium-Bentonite at
100% and 300% Water Content, Using Caloium Acrylate, Sodium
Ihlosulfate and Ammonlum Persulfate

These two serles of tests were indeed very brief,

and, therefore, predict only general trends. Variations

in amounts of catelysts were not lnvestigsted., Using fixed
concentrations of the catalysts, a variation of the amount
of calecium acrylate in the system was studied with reference
to the propertles of strength and water-affinity of the
polymerized product,

The results aere presented in graphical form in
Plge, 85, 26 on pages 128, 129, and in greater detaill in
the chart on page Corresponding resultes of tesgts on
sodium-bentonite at 2004 water content are incorporated in

these graphs for ease of comparison,
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it is eovident thet both base-ezshange end
polymerisation play eminent roles in agttrn&nﬁng-tﬁg
propertiss of the trested slay. In every oase the strength
of the treated clay deoresses in the intermediate range
of calelum eerylate trostments: with 27 treatments of the
saledum sorylute & fairiy High strangth 1s retalined
primarily besauss uf'thn amall emount of baese-exchange
taking plees, wheress with R1E treatments of saloiume
aerylate the strength of the treated clay is high primerily
besause of the polymerisation which very effeatively
gounteraets the seakening effect of the base-exchange.
liense, 1t is observed that the ratio

whish 1w 8 rough measure of the effectivences of polymerizs-
tion, shows & steady lnsresse with incresse of per cent
troatment of saleium ssrylate, This ratloe hes been plotited

in per sente in Flg. 25, page 188, It will tims be noted
that with the 85 caloium merylute treatments, the ratio of
strength of polymerized sample to strength of sample merely
base-exchanged is about 2005 in all three cases (at vater
sontents of 1008, 200j and 300%); whereas with the 219
saletlum scrylate trestments the effisiency of polymerization

&8 above measured sbows a distinet lnorease with the lnorease
of water sontent of the ssmple treated, This suggests

s olesr proportlional relatiomshilp between the BN “'(*klg
' gn of dry elay
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m the

mr conditione of treatment where the pclymriutiea

,ﬁlﬂ the prominent role in determining the strength.
'Mnd, the relation is not simple end direet proportionality
u may be seen in the plot on page 138, (Fig. 87); in

ihh plot it will be observed that as the base-exchange
lﬂ‘h@!‘ inecreases in relative importance the slope of the
mt decreases .,

5 The significance of the raetio

. stre o1y G ple '
l*: h ;’f iy merss =, ‘::mp, 5 may be questioned,
MM, if the effectiveness of polymerization in strengthenw

"ﬁ g & clay were dependent on simple eementatlon, the guest
.‘ﬂ# & mezsure of the effectiveness of cementation would
bviously lead to the use of the difference (strength of
jﬁgnorimd sample ~ strength of unpolymerized sample)
_/153. In Fig., 28, page 135, are plotted the results of

‘inorease of strength (in 1be/in®) ve, the ratioc of
.' Oa(Ak)g

gn dry clay °
mt the resulte obtalned from the three series (at 100%,

At first thought, one 1s alarmed te find

m, and 300% water content) do not plet on the same curve,
1-; gpite of the fact that we have seemingly taken care of

ihl variation of water content by using £& Oa(Ak)_g_ for the
gm dry clay

 absolsse,

However, let us look at the case & little more

- earefully, Let us first consider merely the formatien of
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the polymer, assuming for the moment that the clay is inert,
In studying the formation of the polymer it ean be asgumed
here that the pelimorinntian is essentlally the same if the
concentrations involved are constant, regardless of stual
amounts used, Hence, 1f we have
10 ce. Hy0 + 0,3 gm, Ca(Ak)y + 0.1 gm. NagS,0,

* 0.5 gm. (NH,) 8,0,
or 20 ee, H 0 + 0.6 gm. Ga(kk)s + 0,8 gm, FagS,04

+ 1.0 gm, (Hﬁg)eﬁaoa
a2 polymer of the same characteristiecs should results,
Considering for thies diseussion a partiscular case, such
ag the treatment of the clay wifh 2 108 solution of caleium
acrylate, we study samples consisting of

(1) 156 gm., Na~bent, + 15 cec. B0 + 1.6 gm, caﬁgk)a
for 100% wat, cont,

(8) 7.5 gn., Na-bent. + 15 ce, Hz0 + 1.5 gnm. &a(&k)ﬂ
for 200% wat, cont,

20 + 1.8 gm, Ga(ik)e
' for 300% wat, cont,

and transposing the third case to the ssme volume of water

(&) 6 gm, Na~bent, + 18 ec, H

we get (3a) & gm., Na~bent. + 16 ec, HgO + 1.5 gm. Ga{Ak}a
If the clay 1s now considered to be inert, the formation of
polymer in all three ceses involves essentially the polymeri-
sation of & 10% solution of caleium acrylate. What happens
to all the water when a 10% solution of caleium merylate is
polymerized? In retrospect of the earlier search for
catelysts, 1t was recalled that the polymer usually settled,

oceluding an appreciable amount of water in ite structure,



put leaving some clesr supernatant liquid, Let us oall
this supernatsnt liquid the water that is squessed out of

the polymer by "syneresis", Would this syneresls account
j;{f'thn results noted on Flg. ¢ Assume, for example,
‘ﬁhnt on polymerizing the sbove 16 ce, of & 10§ selubion of
Iﬂiielum gerylate we obtain 8 ce. of water by syneresis.
?#hin water iz obviously teken up by the clay, and in case
“il) the 2 co, of water are taken up ﬁy 15 gm, of clay, in
'ﬁ%;p. (2) the 2 ec. of water are teken up by 7.5 gms of
1iﬁ;w, and in case (5) the 2 oo, of water are takem up by
.:]-gm. of elay. 1Is it not obvious, now, why the wgtar

- gontent of the sample does have s major significance in the
:jmt of Flg, 287 :

. In order to check this hypothesis a brief serles of
 tests weae summarily undertaken, Each of five centrifuge

' tubes was filled with 15 co, of & different concentration
. of calcium serylate solution ~-- 2%, 6%, 10%, 14%, and 21%.
- With the addition of appropriate amounts of sodlum thilo-

~ gulfate and ammonium persulfate catalysts, polymerization

~ was instigated in all solutions, and the centrifuge tubes

. were stoppered, After sufficient curing, the polymers were

nintrirugwda at a constant arbltrary speed and for a

% The analogy between centrifuging the polymers and the
effect of water affinity of the clay in absorbing the
water that is not occiliuded by the polymer may indeed be
quite proximate, If relationships can be established of
sentrifuging speed and time vs. the water affinity of
the clay such an approach may be used quite rellably in
a roughly quantitative manner.
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constent erbitrary length of time, The clear supernatant
1iquid was poured off into e graduated flask and measured,
The values are plotted in Fig, 20, page 157, These results
may, in fact, be used for a roughly quantitative cheek of
the order of magnitude of the effeots considered, In Fig, 28
a vertlcal line is drawn through the intersection of the 21%
"gqui-solution” line and the 100{ water-content line., This
1ine intersects the 200§ snd 300% lines at sbout the 11%
and 7.6% equi~solution lines. By reference to Fig., 29, we
£ind that 15 ee, of & 21% solution of calecium asrylate on
pelymerization expel about 2,2 ec. of water; 15 ec. of an
114 eolution of emlcium acrylate expel about 12,5 éo. of
water; and 16 ge. of a 7,87 solution of caloium acrylate
expel sbout 13.6 ee. of water, JHence 2,2 cc., of water are
absorbed by 16 gm, of olay, 12,6 cc. of water are absorbed
by 7.5 gm. of elay, end 18,56 ce, of water are absorbed by

65 gm. of clay. Redusing them all to = unit basis we find
that in the cese of 100% water content, 0,14 cc. of water
are absorbed per gram of elay, in the case of 200% water
content 1.87 ¢c, of water are absorbed per gram of clay,

and in the case of 3500% water content 2,70 cec, of water

are absorbed per gram of claey. These three cases are all

at the same ratlo of o Ca{A)g 14 1t not quite apparent
now why for the same gﬁtggyogluy en a‘(Ak)ﬂ., the increase

gm dry clay
of strength due to polymerigzetion is greatest at 100% water

¢ontent and least at 3004 water content?
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One question that still comes to mind ls the
following: how then do the resulte of tests at ell water
contents plot on the same curve in Fig. 277 One plausible
explanation is ss follows: Iin the actual polymerized clay~
acrylate systems the "excess water” is shared by both the
polymer and the clay; hence, by expressing the effectiveness

of polymerization as a ratio of

the effect of such excess water i1s well accounted for,

in the sbove discussion the base-exchange factor
has been neglected entirely. Obviously, this stuplification
reduces the discussion to the point of retaining merlit only
qualitatively. Actually it may be jJustifiably remarked
that Pig. 27, pege 132, should have been drawn with due
attention to the ionie effect of the catalyst additiom, 1if
the necessary data were avallable, The base-exchange effect
18 especially importent in explaining the high gtrengths at
low per cent trestments of calcium acrylate.

Unfortunately, samples that owe thelr high strengths
in large part to the base-exchange factor, retaln a relatively
high water-affinity. Exchange of sodium by ¢aleium or

saleium~-acrylate iong is necessary for decreasing water-

affinity: such exchange is inefficlent at low water contents

low
and withjamounts of calclum acrylate added., So although at
low water contents and with low amounts of Ga(&k}a, treatment,

the strength values are relatively very high this strength
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may be called an apparent strength, because it is accompanied
_bf relatively high water-affinity. Indeed, as will be
shown in the following seetion, the loss of such apparent
strength per increment of weter content inuréage is
relatively very great,

One factor that has not been songldered in the
above discussions of shearing strength is the non-polymerize
ing, or lonic, effest of the catalyst addition. In the
case of amﬂiunuhontonitn at 200% water content an attempt
was made to estimete the influense of this fasctor., The
analysls of the results is presented in chart form on
page » It ls again emphasized that this analysis merely
represents an adequate estimate, in view of the nature of
the simulated blanks that have to be employed. The intereste
ing point to observe is thet the estimsted strengthening
effest of polymerization is no smeller with 5% and 27 treat-
ments of calelium acrylate than 1t is with 104 trestmentse-
beyond that point there is & sharp increase 1nleha .
strengthening effect, Allowing the ald of visuasl observetion

to ateer the interpretation of sush results, it is postulated
that up to leas than 10§ treatmente of celcium acrylate the
polymerization establishes a lot of short links to strengthen
the elay etructure: the possible lengthening of sueh links
doss not further incresse the strength of the clay struoturs.
However, beyond 10% treatments the polymer itself forms a
complete network which is capable of disregarding the clay
structure and building up a structure of its own, which becomes
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gtronger with an inerease in the number of polymer 1links

and eross-links, The stress-strain data indicated the

. gstablisbment of an essentially different plastic material
beyond 10% treatments of caloium serylate, {(rage 124)

tion on Shearing Strength of

X1I, Effect of Water-A
Polymerized Clay

The selection of the semples thet were consldered
best was based purely on a determinatlion of the shearing
gtrength and the amount of water absorbed in the g4~hour
water-absorption testy However, as has been pointed out
earlier, the informastlon of greatest interest with respect
to the water stability of the treated clay shouléd be its
gshearing strength after water-absorption, Is 1t possible
thet some of the samples rejected for having higher water-
affinity might have still retained higher shearing gtrengths
after water-absorption than some of the samples that had
smaller water-affinity? Yes, among the various samples
produsced with the various sets of catalysts it 1ls éuita
posaible that such cases may heve erisen--especially since
the shearing atrangthn of practically all samples after
water-absorption were gqulte negligible, as could be
estimated by n;ght-anﬁ feel. DBut one thing is certain, in
gpite of its assertion depending on visual and tactual
assessment; no sample of treated clay hed e shearing strength
after weter-absorption that could be compared with the
phearing strength (after wator-abaarptian) of samplea

pelymerized with thiosulfate~-persulfate catalysts,



Before concluding the investipgstlons, some attention
hed to be devoted to the study of the effect of water-
sbgorption on the shearing streangth of polymerized clay.
Naturally, in view of the comments made above, the study of
this faoctor was limited to oclay treated with calsium |
aorylate, sodium thi@&uifaﬁa and axmonium persulfate,

The following systems were studled,

141

Na=bent. HgO |Ca(Ak)g |NagBgOg | (NHg)gB20g | Water Gangeat Change

qm. @8, 2, g, s
1 7.5 16| 2.1 0.3 0.6 140 to 208
2| 7.5 | 15| 1.5 0.4 0.8 160,.5 to 283.5
8| 7.6 | 18| 0,78 | 0.1 0.6 170 to 340
4 7.8 | 18| 0.8 0.1 0.6 184 to 345

The prauoﬂufa followed wae simple: & fatyrly large bateh
of the slay was prepared nnéhknrod for the predetermined
24 hours; to several fractions of the polymerlzed clay
dirferent amounts of water were added; the shearing strength
and water content of each of these small batches was
determined, The results mre plotted on page 142, (Fig. 30).
The follewing observations will be made from analysls
of Fig, 30, (1) The polymerized clay retaina the
characteristic behavior of clays, with a linear relationship
between water content and the logearithm of the shearing
strength, (2) Plotting the test results of the above four
samples to the same scale it 1is observed that the slope of
the stralght lines with respect to the shearing strength axis

decreases steadlly with s decrease of amount of caloium

aerylate in the gystem, Hence, for s constant increment of
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water content, the loes of strength in case (4) 1a much
greater than in case (1). In fact, case (1) 1s the only
case in which the sample retalns a moderate shearing
strength after abesorbing as much water as indicated by the
24~hour water-affinity test,

XI1I. Investigstion of the Possibllity of Mixing All Three
Ohemicals Simulbteneously

Using ealciwm acrylate, sodium thiosulfate and
gmmoniwm persulfate, a few tests were run in order to
determine the nature of the results that might be expected
if, for practical reasons, the three chemicals were mixed
into the sodium~bentonite gel simultenecusly., Three
independent samples were prepared and tested for sach of
the following systems:

(a) 7.5 gms., Na-bent, + 15 oo, H,0 + 2.1 gms. Calkk)a
+ 0,1 gm. NagSy0g + 0.6 gm, (W, ) 8,09

Results: Strength 1.407 1bs/in®  Water Plokeup B85.6%
1.469 " " 111
1;935 ¥ » Bg .5

(b) 7.6 gms, Nasbent, + 15 se. Hy0 + 0.5 gms Gn(ﬁk)a
+ 0.1 gn, Negf,04 + 0.6 gm, (m4)93g93
Results: Strength 1,260 1bs/in®  Water Plokeup 210%
.60y  * 194
1,080 " " 259
It 1s evident that in such cases the results are
not as closely reproducible as in cases where each reagent

1s carefully mixed in turn, Purther, 1t ls evident that
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beth the strength and the water plekeup values obtalned

for thesse samples are gomewhat greater than aorrsnpgndtng
values obtalined for samples prepared by mixing the chemicals
congecutively. The reason for the above observations geems
obvious:s with the rapid polymerization resctlion setting

in, the base-exchange reastion 1s hampered, and the presence
of more exchangeable sodium lons associatied with the clay

inereases both the shearing strength and the water plck-up.

XIV, UQonsolideted Samples
The investigatlons had hitherto been limited to

testing the clay semples as prepared, without any consoll-
dation., A program of testing thet might be designed to

consider econsolidation as & new varlable under investigation

oould reasonably ocoupy several months of intensive research,

However, without undertaking an extensive investigation of
this factor, 1t was still considered of major Interest to
run & few tests to compare the behavior of treated and une
treated semples consolidated to the same pressure, Accord-
ingly, siz tests were run as follows: A sample of sodium-
bentonite clay prepared at about 200% water content was
consolidated in the direct shear machine to 1 7/ef and &
quick shear test was run. Another sample of sodium-
bentonite prepared st 21287 water content was consolidated
to 4 T/sf and similarly tested in quick~shear., Then,
gimilar semples of sodium-bentonite base-exchanged with 10%

trestment of calcium acrylate were simllarly tested after
sonsolidation to 1 T/ef and 4 7/ef, Indldentelly, the
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remarkable rapidity of consolidatlon of these base-exchanged
gamples in comparison with the sodlum-bentonlite samples
could not fail to be visually notloeed. PFPinally, simllar
garples, bese-exehanged and polymerized, were tepted In
the same fashion after consolidation to 1 T/sf and 4 T/ef
respectively.

The resulta plotted in Flg, 46, page <99, are
further tabulated as followe:

Gonsolidetion|Shearing | Weter |1be/in*s| W
Strength Contant a8 as
2 Prepured
T/sf ibs/in 5 Prepered -
Na~bentonite 1 2,50 1986 1.38 212
fa-bentonite 4 5.89 120 1.38 212
Ne-bentonite
105 calak)y 1 1,81 20 0,235 180
Ra-bentonite
10% Ga{&k)a 4 4,72 68,7 | 0,235 180
Ha=bentonite
Polymerized 1 8,20 128,5 | 0,842 156
la=-bentonite
Polymerized 4 3,86 108.5 | 0.842 166

Several rough conelusions may be made from this
brief series of tests. (1) The olay madlrioatianﬁ thet are
stiffer as prepared do not sompress ss much, under a fixed
consolidation pressure, as those that are weak. (2) Consequently,
as was approximately predicted, aananlidatimn_ar various base-
exchenged modifications of & olay to a constant pressure grestly
reduses the differsnces of strength exhibited by the respective
samples 1f teated.withaut being subjested to consolidation,
(3) ¥or relatively small consolidetion pressures the polymerized



mple fite well in line with the above noted general trends,
'.'~'-:_; wever, for the relatively lerge consolldation pressure of

'4 T/sf, the polymerized semple no longer compresses as much
“as 1t should in order to fall in line with those trends, It
peems gulte llkely that beyond a certain degree of compression
m polymer structure may well hinder further compression,
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APPLICATION OF THE TREATN

(ENT 7O OTHER CLAYS

Obviously 1t wae of interest to inveatigate the
range of epplicabllity of this chemical treatment, which was
originally expected to be effective with all clays., Any
chemlioal treatment thet 1s effective only for & particular
gsoll of specific minersl content is quite naturally rather
unweleome in practice, beceuse veriations of soil type
are too great and alarmingly rapld even in bodles of soll
that appear to be homogeneous, end because seldom is 1t
practical to snelyse a soll prior to treatment, Time
limitetions made 1t impossible to test a varlety of natural
elays as had originally been planned, However, by testing
merely two simplified clay systems it wes hoped that
#ufficient grounds could be established for the rough
predistion of the applicablility of this soll stabllizing
treatment. The clays tested were (1) a calclium-bentonite

and (2) e hydrogen-kaolin, These clays are desocribed on

page

B alv 1] "B‘ntﬂ

I. Applicmtion of the _gggmggﬁg te Cal
(a) &ha:ria; &tran Water-Absorption o

A few tests roughly established the atréight line
of water oontent vs,. log shearing strength of the calciume
bentonite. It apperently was quite difficult teo disperse
the caleium-bentonite in water, prolonged working of the
elay-water gel tending to glve a stiffer elay: The notiseable
goatter evidenced by the points plotted in Fig., 31, page 148,
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b.

1z attributed %o thig difficulty. The water-absorption of
the calelium«bentonite ie so low that in the stabilisation of

guch & clay the decresse of water-affinity is ocbviously out

149

of the question, The results of water-absorption of calelume

bentonite are presented in connestion with the following

sub-gection,
(b) Properties of Caleium-Bentonite Upon Admixture
With Ualelus Acrylate st )

Three series of tests were carried out on ualﬂiﬁm-
bentonite at 140%, 170% end 2008 water content, by admixing
varying amounts of caleium acrylate (as previously dons with
sodium-bentonite at 100%, 200% snd 300% weter content). The
results are plotted on Fig, 328, page 150,

Simalteaneously in order to obtaln a rough echeck on
the purely lonle effect of the catalyste added for polymeri-
zatlion, a few slmulated blanks were run using sodium thio-
sulfate and ammonium scetate, The results are also plotted
on Fig, 98,

Some of the polints that are worthy of mention are
the following. (1) The strength of the saleium-bentonite
is reduced by addition of ealeium acrylate, but by no means
in slarming proportions se was found to bs the case with

‘sodiun<bentonite, (28) The water-affinity of caleclium-bentonite

is very low, and in general the addition of celeium acrylate
does not reduce this weter-affinity: in faet, in most cases
it causes & slight Increase in the water affinity. Although
this incresce of water-affinity is not signiflecant, 1t

is quite c¢clear that
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the treatment of celcium-bentonite with calecium scrylate
constitutes a case in which the effectiveness of the treat-
ment will be judged almost entirely by the strength increase
caused by the polymerization, (3) 1In noting the lonle effect
of the catalysts on the strength of the clay, 1t 1is

observed that for the calecium-bentonite at 140% water

content this ionie effect results in an eppreclable increase
of strength; for the calclum-bentonite at 170% water content,
the ionic effect of the catalysts 1s quite negligible;

and finally, for the calcium-bentonite at 200% water

sontent, the ionie effect of the catslyste causés a notlce-

able decrease of strength,

For each calcium~bentonite » calelum sorylate system
tested (as mentioned in (b) above) & single polymerlzation
test was run by adding sodium thiosulfate end emmonium
psruulfntelanﬁalyata in the concentration which had been
found most effestive with sodlum-bentonite - calelum
sorylate systems; viz,, 0,1 gm, sodlum thlosulfate and 0,6
gm, ammonium persulfate per 15 ce. of liquld eaillable in
the system., The results are presented in Fig, 33, page 152,
and are tsbulated in further detall on page

Observing the results of these tests, the followling
general trends may be noted., (1) The water-affinity of the
polymerized samples is somewhat higher than the water-affinity

of the untreated calclum-bentonite, but not mueh so. In fact,
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the water-affinity of these polymerized samples is even a
1ittle bit higher than that of the corresponding systems
prior to the addition of catalysts in ceses of 2¢ and 5%
£reatmanﬁa of the calelum acrylate. However, in the ocases
of 10% treatment of the merylate the pnlymariSeﬁ sample:
shows a definlte degrease of water-affinity in comparison
with the sample prior to thﬁ addition of catalysta. (2)
The water-affinity is not of wuch import, however, as has
been mentioned above, Kven a 2% treatment of caloium
acrylate achleves n.me&erats strength increase by polymeri-
zation, in aaapnriann.with the untreated calelum~bentonite,
and the effectiveness of the celelum acrylate treatment is
belng Judged primarily by strength inecreases in thls case,

At first glence it appears that doubtless the
increase of strength ceused by polymerization is greatsst
at thi lowest water content, However, the trends are not
at all well defined, and thus an analysis of the effective-
ness of polymeriszation with relation to 'cizo ratio of
Eﬁ'GQ;&kjﬁ ylelds a plot that represents an average trend
gn dry c.ay

153

only if some major scatter 1f overlooked., (Fig., 34, page 154)

Further tests may be necessary in order to establish
definite trends, The celcium sorylate polymerization does
appreciably increase the shearing strength of calelume
bentonite alay; and there 1ls & very rough trend of inerease

of per cent strengthening effect of polymerization with an

increase of the ratio of &% Ca(ak) } However, consequently,
gm dry clay

in actual pounds per sguare inch the treatment 1s most
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1
effective at low water contents., This point has been

discussed in detail in connection with sodium-bentonite:

the trends exhibited with caleium<bentonite are roughly the
same as those with sodium<bentonite, with only one noticeable
exception, The expectation that all the points on Fig, 34
page 154, would plot on the ssme curve is not fulfilled:

the values obtained at different water contents result in
slightly different curves, notwithstanding the qualitetive
conclusions that were drawn on page 138, and which were well
corroborated by the behavior of sodium~bentonite (Fig. 27)
and hydrogen~keolin (Fig, 39), PFurthermore, 1t may be noted
that in the case of calcium-bentonite laboratory data are
avallsble for a complete evaluatlon of the effectiveness of
polymerization teking cognizance of the probsble ionie
effect of the catalyste. The curves tend to shift somewhat,
but are of the same nature as the curves established for

the per cent strengthening effeect of polymerization
neglecting the lonlc effeot of the catalysts, It is thus
noted that the relationship between the per cent strengthen-

ing effect of polymerization and the ratio && of G§{£k{§
gm dry clay
is not as simple as to admit of an explanation that neglects

base~exchange factors and that considers water-content a
completely dependent variesble, However, pending the
acquisition of further dete for the proper evaluation of
sush fectors, approximete "average curve" can be established
(Pig, 34) for use in comparison of results with those
obtained with other elays,
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II. Application of the Treatment to Hydrogen-Kaolin
Exactly similar series of tests weie run on
hydrogen~ksolin clay as had been run with calcium-bentonite,

excopt that the water contents of the kaolln elay samples
had to be considerably lower. A few shear tests established
the shearing strength ves, water content relationship for
the untreated clay, as shown in Fig, 36, page 168; stresse
strain data are available on a gouple of the semples tested.
The interauffinity of the kaolin clay is very low, indeed,
Treoatment of this elay might be considered to constitute
the extreme case where the decrease of water-affinity ile
unéaasible and the effectiveness of the treatment 1s to be
ndjuﬂgﬁd entirely on the basgis of strength increases,

The properties of the hydrogen-ksolin at 41,5%,
B2% and 65% water contents were studled after sdmixture of
varying amounts of calcium serylate to constitute 2%, 6%
and 104 equeous sslutiona of the acrylate in the system,
The results are presented in ¥Flg, 87, page 150, The trends
are qulte similar to those observed with the sodium and
saloium-bentonites

Simaltansously, in order to obtain a rough check
on the magnitude of the ionic effect of the satalysts,
simulated blanks were run for the series of tests at B52%
water content, using sodlum thiosulfate and ammonium acetate,
These results are included in the plot on Fig, 37,

Finally, the three serles of samples tested above
were tested after polymerization using the thiosulfate«persulfate
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catalysts in the respective concentrations which had been
found most effective with sodium-bentonite~calcoium acrylate
syetems, The rniultu sre presented in Pigs, 38, 39, 40, on
pages 161, 162, 163, and are further detailed in the chart
on page . The water-affinity characteristics of the
polymerized clay are not presented in these figures and will
not be discussed, becsuse the water ebsorption is in all
ceges very low, ag may be noted from the chart on pege

It need harély be mentloned thet the trends observed
with sodiumebentonite and calcium~bentonite are distinetly
maintalned also by the hydrvgen-kealinito. Hence these

curves (Figs. 39, 40) will not be discussed further at this
point,
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Individual results have been discussed in considerw
able detail throughout the body of this thesis. This chapter
vill, therefore, restrict itself to an attempt to discuss the
overall pleture presented by these limited investigations.

I The results ebtained by verying the types of catalysts
have already been pointed out as strongly suggesting that the

investigations of nev catalysts be doggedly pursued, Ne estimate

a¢an be made of how mueh the polymerimation results may be ime

- proved by varying the types of catalysts, but it is felt that

this point deserves much more extensive and careful investigae
tion, TFurthermore, 1t i felt that a careful investigation of
the properties of the polymer formed by the verious catalysts,
as well as by varistlons in catalyst concentrations, may lead
to data which will be significant in correlating the effective«
ness of these twe factors in yielding polymeriszed ¢lay-serviate
systems of desired properties, The suthor canmot suggest any
method of carrying out the fundamental investigation of the
polymer in the presence of clay, unless it be assumed that the

polymerigzation in the presence of eclay is essentially similar

to the polymerisation of simple caleium merylate solutions.
Henece 1t 1s suggested that the polymerization studles be carried
out with aqueous solutions, &sbeﬁmﬁnxng the molecular welght
distributions achieved. With respect to suech polymerization
studies, it may be mentioned that the data presented in this
thesis suggest quite strongly that a study of the phenomenocn of
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"syneresis® during polymerization be imeluded. In fact, it
may prove most interesting to compare these results with

other invesiigatione sttempting to correlate speeds and periods
of centrifuging with the water arffinity of a azgy, and the
volume of water expelled during polymerization with ineresses
of water sontent and aam#aqnjnt decreases of strength.

A1l the polymerised samples obtained in the course of this
study could in general be classified into one of the following
three types. (1) Samples to all intents and purposes having
the exact appearance of & wet clay, almost as if merely base-
exchanged, though considerably stiffer. Practically all samplep
treated with lese than the eguivalent of 5§ caleium agrylate or
caleclum methacrylate solutions were in this group. A few systems
Tell into this category even though treated with more of the
acrylate and neth&eryiaﬁaa'a¢s.; ¢lay methaerylate ayvastems with
high persulfate concentrations and low bisulfite or thiosulfate
concentrations, and even clay-acrylate systems with high perw
sulfate and low bisulfite concentrations. (2) Bamples that were
extremely tacky and stioky could be drawn out inte very long
threads and could be torm apart and reworked together over and
over again without evineing any distress, Buech samples were
invariably obtained with greater than 5§ agueous solution treat-
ments of the serylate and methaerylate. In the gase of clayw
methacrylate systems the use of moderate concentrations of
bisulfite and persulfate cetalysts yielded such samples; in the
cage of eclay-merylate systems the use of hydragine hydrate snd
t-butyl-hydroperoxide catalysts resulted in similar samples,
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(3) Samples resembling s stiff rubbery mass, apparently well
erogs~linked, with no adhesion. Bueh suaﬁxe« were only
obtained in thé'eautfiyaﬁuna'w&gh.aaiaium aerylate, sodium
thissulfate and amionium persulfate; they appeared to reguire
'the-ﬁreioﬂﬁe of more than the equivalent of 5% aqueous solu~
tion of calofum serylate, snd preferably low goncentrations
of the Bhiosulfate and high concentrations of the persulfate
oatalyst. If torn apsrt and rewerked together, some joining
was apparent, bub these %urkiﬁliy"tsxait surfaces tended teo
be veak. ' | . |

It is evident thet the latter two cases basically reprew
sent differences in the type of polymer, and the investigations
suggested in the final paragraph should bring to light any
pertinent informution on this ?ﬁ*ﬂ%&j Bﬁ#@a&ﬁuﬁuasu=1s the
other major factor controlling the properties of these olaye
serylate sysbvems, and 1t is the predominant influence in
samples classified in group (1) above, 'The most importent
base~exchange investigation that is belleved necessary in cone
nestion with this researsh has been mentionesd earlieri the
analysis of the exehangeable bases staaeihted with ths:nﬁ&#
after addition of the catalysts--an analysis that cen enly
be sbtained by the use qf simulated blanks. Whether or not
the assveiation of gomplex tﬁﬁi*ﬂith.ghc e¢lay has much %o do

with the effectiveriess of the treatment is not clear &t present.
A study of the exchangesble basés assoeclated with the elay after
the addition of catalysts would yleld the most sgignificant data



for & conclusive answer to that question. But Itha study
of basewexchange is of prime importance because of the effect
on the water-affinity of the elay. It 1s evident from the
‘date thet unless exeessive amounts of the aserylate are used,
galynarinatiwn does not grraatﬂvely deerease the wa%grmaxttniﬁy
of the elay, vhich is ma&a&y dayanﬂant on the &smhnasauhln |
hanes associated with ﬁaﬁ-exar4 The seareh tcr catalysts
'yhhnuld, therefore, keep thit factor in minds the ideal cata-
xyttu would be these that polymerized very ttrcativwly but a&ﬁ
not intreduce undesirable sations, gueh as sodium or tmmﬁn$ul ‘
into the system, _ : '
Purthering the discussion of bn@nnazahankc somevhaty it
may be helpful to consult sgain the purves ghown on pages
(rigs, 2 ~ 5).  Primarily 1% should be noted that those base~
ixah&ngt gurves wers obtained for sedium«bentonlte clay gels
prepared st the given water gontents. Indications are thet by
preparing the sodium bentonite olay gels at higher water son-
tents snd hompgenecusly redusing the water sontent (by consol~
idation or drying) more {or all) of the sodium may be indused
to participate in the reaction. The base exchange reaction
itself may be carried out either prier to conselidation or
just after ity obviously the results in each of these cases
will be quite different from the results obiained in the course
of the present study. If all the sodium ions gould be induged
to participate in the base-exchange reaction, doubtless the
vater-affinity charscteristies of the clay would be improved
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considerably. However; the geuneral nature of the gurves
indicsting & decrease of total sodium exechanged with a decrease
of the an1¢inm.mathmwryiats added will not chsnge; and henoe
the auther believes that there is 1ittle hope of decreasing

the water«affinity of samples treated with less than the equive
alent of 5% mqueous solutions of the methacrylate. This will
ponstitute the greatest diffieulty with respeet to using small
preacent treatments of this type for stabilisation of clays
which need a considerable redustion of their water-affinity.
Further testing on baiwwaz@hanse ghould algo inelude detailed
analysis of the base-~exchange resstion oseurring in the ecaleiwmms
bentonite and hydrogen«kaolinite. For instance, theoretical
qamniderntiﬁnu makes 1t seem unlikely ﬁhu%.kuwliﬁz would suffey
from such a factor as a decrease in the number of asctive lons
at lower water contents.

The question of consolidation has been brought up. It
would be of interest to eompare the properties of svetems poly-
merized at higher water contents and consgolidated Rioa lower
vater content, with the properties of systems prepared at the
lower water content to represent simiiar final products. Sueh
investigetions sould profitably be condusted both with simple
serylate polymers and with ¢lay-scrylate polymers. Viee versa,
pimilar tests should be conducted on "negative congolidation®,
1425 on pamples that have absorbed given amounts of water.
Bush information would probably throw mush 1ight on the varia-
tion of effectiveness of the treatment at different water gon-
tents, eto.
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Another avenue of investigation that may juetify some
testing is the study of varistions of the ions involved in
the monomer of the %rentmmat# For instance, lead acrylate
and barium serylate may be used; and variation of the anion
nﬁ&-bu &a#eqﬁig#tad_by nﬁia§ aﬂ%hncrylaﬁam, zerylates, ero-
tonates. ﬁuutéur, it is not believed tﬁat the ionis effect
will be of major mnpur%anaea the major effect will still
rﬁtuit from the effectiveness of the palynarisnt&au. Hence,
Af for some unkmown resson a particular salt wlwwim mueh
more effectively than others, it might thus stake & ptrong
elaim for itself, Very rough indications lead the author %o
the suspicion that barium sorylate might be sush a walty
three gonsesutive attempte wers mwade to prepars it in the
laboratory, snd in all three cases 1t polymeriszed as erw%ia&v
lization was attempted.

Finally, a factor that deserves sareful atudy is the
Jength of the industion pericd and the speed of polymerizetion.
In the use of thiosulfate-persulfate eatalysts for the poly~
merigation of calelum-serylate solutions the auther cbserved
that the induetion pericd was roughly ome and one~half minutes
(measuring 1t as the time between the sddition of the catalysts
and the start of the tremendously rapid clouding up of the
solutiont the gel-like polymer appesred to have attained maxie
mam stiffness within five minutes), BSBueh small industion
periods may barely offer time enough for the adeguate preparaw
tion of samples on & laboratory seales but under conditions of
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field application, what can be done in one and one-half
minutes? Is it peﬂﬁiﬁlw to inerease the peried of induction,
say, to a half-hour? Unfortunately, present indications are
that in systems as impure as those undsr consideration, the
polymerisation either has s small induction period and is
rapid, or else never takes ﬁlsaa:nt all effectively. The
importance of this factor camnot be oversmphasized. If the
induotion period cannot be inereased, the only hope seems

%0 be in the development of a very rapid and efficient
technique of application of the troatment to Soils «~ & come
elderation which was not within the scope of this thesis study,
and whieh, ineidentally, the author views with unfortunate
scepticism insofar as one might be dealing with 100% eley
hodtat, ' |

Turning to a comparison of the overall results obtained

with the sodium-bentonite, saleium-bentonite, and hydrogene
kaolinite, only the strength results will herein be discussed
since 1% has already been pointed out that the water-affinity
eharacterigtics seem to be predominantly dependent on base-
exchange factors. The water contents of the systems studied
were radieally different, but the discussion on page has
fairly well established that the plots on pages

(Figs. 27, 34, 39) represent conditions that are essentially
independent of water gomtent, Therefore, if any comparisens
are to be made on the three glays, they have to be based on
Figs. 27, 34, 39. Overall comparisons should not be risked
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on so little data, Put they will be attempted, nonetheless,

in order to help steer further researel, It appears that the
eurves for both caleium-bentonite and sodium-bentonite sre
fairly similar, For instance, st 0.8 gn of q*(&hlﬂ. the

gm dry clay
eurve for sodium~-bentonite indicates a 5404 effectiveness

of polymerisation, and the surve for salclum-bentonite

indicates a 4107 effectivensss of polymerisstion (approxi-

mately)s at 2:12 @M OaldRlg 41 L ogtumebontonite gives a
gm dry olay

value of 2604 end the oalolum-bentonite gives & value of

R35%, DBelow this point it i» not very falr to compare

conditions beceuse base-exchange begins to pley the
predominant role, Un the other hand, there is absolutely
no doubt that the keaolin slay behaves in a sompletely

dirror.nx',;anﬁ¥. Even at E:%;Eag;mgiégﬁlﬁ., the highest
velue availeble, the kaolin olay gives as aptounding a value

of effectivensss of polymerisation as 13,700%1

It may be just a eolnelidense thet the lonle effect
ie indicated as being unimportant insmofar ss a calefum and
& -adiun-bcntonita yield strength improvements in the same
ratio by polymerization. MNowever, if it is not a ¢oincidence,
then the intrigulng question that arimes i1s: ¥hy 1s the
treatment se very much more effective in the csse of kaolin
¢lay than in the case of bentonite elay? Is elay-mineral
structure the fsctor that explalnas approximately 100:1
retioa of effectivensss of the strengthening effest in
kaolin as compared te bentonite? Prolonged and serious
thought has been given to this matter, but the author does




not find any completely satisfactory hypothesls to explain
those differences, Much more extensive laboratory
investigations apnear to be necessary. The research that
1s suggested along this line may be summarized as follows:

(1) Investigate further homolonlc varieties of
clay systems, as for example, hydrogen~bentonits, lead-
bentonite, aluminum-bentonite, sodiumekeollinite, calcliume
kaolinite and so on., Include tests on hemolonis varietles
of 111itiec clays.

(2) With each homolonie varlety tested attempt .
to establish the limits for the trends dilseovered, For
instance, all three ourves on pages 132, 154, 162, (Figs.
27, 34, 39) sre inoreasingly steep with an inecresse of
fEL%fiﬁg%ﬁw_;.but 1t 1s altogether improbeble that such
%:cﬁi: :ﬁ:gd be maintained ad infinitum, It is inevitable
that both at the high and at the low range of %
there will be an apparent discontinulty. The study and 4
interpretation of such discontinuities may throw much light
on the problem, It is of speclal interest to pursus the
studles of the verious clays into conditions that averiap
to some extent the range of conditions investigasted with
other olays. For lnstanee, the studies conducted by the
author sover the variatlon of water content of hydrogen=
kaolin from 41,.6% to 686%, of aniaiwmmbantonite from 140%

te 200%, of sodiumebentonite from 1008 to 3004, It has been

coneluded that for the general conditlons discussed on

pages 112 - 115, the walter content 1s not an independent
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variable in the flgures 27, 34, 30, However, 1if between
65% and 100% water content for keolin there appears a
discontinuous or gradual reversal of the trend, kaolin
clay may even possibly line itself up with the bentonite
between 1007 and 300% water contents. Hence the importance
of furthering the tests on keolin to inelude 100% water
content, and the tests on sodlum-bentonite to include, say,
66% water content,

{3) To check on the possible influence of particle
sise i such factors as the number of me, of exchange
capaclty associated with each "particle™, 1t may be of
1nteroa§ to use clay semples fractionated to verious
uniform giges, Although iﬁ some cases effective sizes of
clay particles vary with water content, some waluable

qualitative trends may be detescted through such work,

In conclusion, it may be stated that although these
preliminary investigations could not establish the
appliceblility of the base~exchange and polymerization
treatment to the prestical stebilisation of clays, they
ecertalnly serve to open the road and spur the interest to
the pursult of investigations that should lead to the
scquisition of very valuable knowledge. It is even possible
to foresee that, at least in limited directions, this ac-
quisition of knowledge will directly culminate in the
achlievement of an effective method of stabllizing olays.
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RESULTS OF BLANK TITRATIONS FOR DRTERMINATION
OF PERCEN? POLYMERIZATION

1) Celeium Methaerylate

Semples tested: sodium~bentonite at 200% water content

with sdmixture equivelent to

% soln.of | 1 gm. EMnO4 equiv,
Ca(Me)g ga, of Ga?ﬂb)g

14 0.B17

i4 0,497

12 0.524

10 0.5659

8 0.634

7 0.871

é 0,668

6 0.558

4 0.450

& 0,662

2 0,539

2) Caloium Acrylaste

Samples tested: sodiumsbentonite at 2007 water content

with admizbture equivelent to

® soln.of | 1 gm KMnO, equiv, to
' Ga(&k)g ga.of Ga(nk)a

14 0,598

12 0,401

10 0,403

6 0,408

4 0,412

2 0,425
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RING~SHEAR TESTS ON SQDIUM~BENTONITE

A
Time | Bprings | Dial, ems.| Stress Displescement
i Sge8y 1be/in® oms .
0 0 3.88 0 0
1:866 2 6.4 —— 3.16
- 83128 3 7.0 -~ - B.76
2180 4 7ad - 4.0b
33118 5 T Q0.580 4,45
33145 6 8.0 0.711 4.76
“‘05 5-3 ang 0-777 ‘.9&
4:20 7.0 8.4 542 5,16
4140 7.6 8,6 0,908 5,356
5300 8.0 8,76 9873 8,50
B:25 8.8 9.08 1.039 5.80
5180 | 85 4.9 9,36 1.17¢ 6,10
6304 5.2 9.60 1,241 6.38
65:16 8.5 9.90 1.303 6.65
6:28 5.8 10 .4 1.367 7.15
5140 6.1 11.0 1,485 7.76
6:00 6,18 12.0 1.435 8.76
6;01 6.8 17.0 1.387 158.786

Plesplacement = 8.3 « 3,4 = 4,9 am. ot failure

Displacement of shearing surface = 0.0512 = 4.9 = 0,251 om.

Displacement of bottom of shear
_ surface = 0,851 =x 54% " 0.8

Relative displacement . , .

Strain =

0,036
-

u]_g%

L] - e “ oiﬂaa W.

216 om.

23
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B
Time | Springs | Dial, oms. ﬁtralae Displacement
8.8y 1bs/in oms.
0 0 8.1 4] o
1:16 0 13 .4 - .
1 159 200 13.3 bl -
2:08 2.0 15.7 - e -
2318 5.0 13.9 - -
2130 5.5 14 .0 - -
2:146 4.0 14 .2 o - o
2:68 4,0 14,3 - —
3:08 4.8 14 .4 0,556 8.3
3310 6.0 14,56 0.880 6.4
9317 5.8 14 .5 0.680 6.4
6.6 14.6 0,645 8.5
5.7 14,7 Q.670 6.6
| o142 6,0 14 .8 0,718 6.7
' 3368 6.3 14.9 0,761 6.8
| 4:00 | 6.5 14,9 0. 777 6.8
8,7 15.0 0,803 6.9
| 4117 7.0 16,1 0,842 7.0
| 712 15.3 0.837 7 Ul
| 4337 ?.5 15.3 Gom 7.8
4350 7.8 16.6 0.946 7.4
5100 8,0 16.8 0,072 7.9
8.1 16. 0,985 8.0

Displacement = 8,0 « 5,6 = 3,6 em. at fallure
Displacement of shearing surface = 0,08612 x 3.5 = 0,179 om.

Displacement of bottom of shear

surface = 0,179 x %f% = 0,164 om.

Relative digplacement , . » + « o « + « « » « = 0,025 em.

y strain = 32828 = 7,15%




e
Time | Springs | Dial, oms.| Stress, | Displacement
Sge8y 1be/in oms.
0 0 3,9 0 0
2100 2,0 5.9 ? o
B:Wf 5.0 6'@* ? e
2168 4,0 6,6 ? B
3:00 4.5 6.7 ? e
3:07 4.5 6.8 0,817 2.9
3:18 4.8 6.8 0.556 2.9
33117 5.0 6.9 0,580 3.0
53186 5.3 7.0 0.620 3.1
33356 5.56 7 0 0,650 3,1
3380 8,00 73 0,712 S.8
4300 6,3 73 0,761 5.4
4:12 6.0 7.4 0.790 3.6
4:26 7.0 7.6 0.842 5.6
484? 7"5 ?.e 0.@0& 30?
65:04 8.0 7«8 0,972 5.9
5120 | Sgd.3 7.9 - 4,0
5!59 4'5 7.9 - "CD
51456 4.8 8.0 1,159 4.1
5366 8.0 8,8 1.200 4,3
I 8106 5.2 B.5 1.241 4.4
| S8 5.8 8,6 1,365 4.7
| 6336 6.0 8.7 1.407 4.8
| 6247 6.3 8.9 1.468 5.0
8188 8.6 9.0 1,609 % §
73086 6.8 9.2 1,870 5.3
7116 7.0 9.4 1.611 5.6
7124 7.8 9.7 1.678 5.8
7138 76 9.9 1,716 6,0
7144 7.8 10,38 1.780 6.4
7168 8.0 10,7 1.820 6.8
8,18 13.0 1,860 9.1
7.8 21.0 1.780 b & 9 §

Displacement = 7 - 2,2 = 4.8 om. at fallure

Displacement of shearing surfece * 0,0612 x 4.8 = 0,240 om.

Displacement of bottom of olay 4
layer = 0,246 x Ef% = 0,218 om.

Relative displacement = 0,034 om.

L] - Ll - L L4 L - - L L3 -

Strain = g‘% = 9,71%



RING-SEEAR TESTS ON SODIUM-

D
Time | Springs | Dial, oms. Stress, | Displacement
Sge8q 1bs/in cms.
O 4.5 0 0
2.0 7.1 4 2.6
0 5.0 7 .6 ? P
4,0 8.0 T 545
1:08 8.6 8.6 0,646 4.1
1:283 6,0 8.8 0,712 4.5
1:38 6.4 2.0 0,764 4.5
ﬁ.? 9'5 0,803 4.?
2:00 7.0 9.5 0,548 4.8
2110 7.8 9,6 0,880 5.0
2182 7.6 9.6 0.919 5.1
2337 8,0 9.8 0.872 6.0
2149 8,2 10,0 0,998 5.5
3:06 8.5 10,7 1.059 6.2
8,6 20,0 1.080 15.6
8.2 86,0 0.998 31.5
7.6 56,0 0,.819 51.5

Displecement = 6,1 ~ 8,1 = 4,0 at fallure

Displae&mnht of shearing surface = 0,0612 x 4.0 = 0,206 om.

Displacement of bottom of shearing

surface = 0,205 x §28 = 0,176 om.

Relstive dilplﬁﬂmnt BB OE R W ORI R W = 0.@29 on.

Strain l_%‘%ﬁg = 8.20%
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EEAR TESTS ON SODIUM-BENTONITE

E
Time | Springs | Dial, oms.| Stress, Dieplacenment
B8y 1bs/in’ ems.
0 ) 2,0 0 0
1130 2,0 4.7 P 8.7
1:87 3.0 4,9 ? 2.9
224 4.0 5.2 ? 3.2
2150 5.0 5.9 0,580 3.9
5:04 0.5 5.9 0.645 3.9
33230 6.0 8.1 0,712 4,1
d:29 6.8 6.8 0,737 4.2
5139 6.5 6,8 0. 777 4.3
B:47 6.7 6.4 0,805 4.4
S8 7.0 6.4 0.842 4.4
4:07 7.2 G.4 0,867 4.4
4:16 T o0 6.5 0.908 4.5
4124 Y.7 6.5 0,932 4.6
4:44 3.2 6.5 0.9%8 4.5
4:59 8,6 6.6 1.080 4,6
5:19 Sﬁ 4.8 Ga7 1,159 4.7
53138 5.185 6.8 1.831 4.8
5145 5.8 7.0 1.268 5.0
5380 5.6 Tl 1,308 6.1
63086 5.9 745 1.387 6.3
6114 6.1 7.3 1.427 5.3
8121 .0 74 1.468 5.4
6:27 8,6 7.5 1,509 5.6
6336 6.7 T8 1,660 - 6.8
6144 6,96 7.6 1.602 5.6
6164 TeR 7.8 1.651 5.8
7:08 7.4 8.0 1,693 6.0
7109 7.6 8,0 1.736 8.0
T:89 8.2 9.8 1.860 7.8
7330 6.1 60 1.427 58

Displacement = 7.8 « § = 4,8 at fallure

Hence, as 1in C,

Strain = 9.,71%
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Preliminary Polymerization Studies with Eodium-Bentonite

Using Ca(Me), equivalent to a 14% solution: 1.e. equiv. to a soln., contg. 0.666 moles of Ca(me), per 1000 cc.

NaHBS0,, and ﬂzmﬁvumuom im varying concentrations as noted.

Original Na-bentonite clay at about 200% water content: shearing strength = 1.380 psl., water pickup = 634%

Except as noted, polymerized samples tested 24 hours after start of polymerlzation; water plckup values are for 24-hour test.

188

SAMPLE: 7.5 gms. Na-bent. + 15 cc. HoO + 2.1 gm. CalMe), + x gm. NaHSO, + ¥ gm. (NHy), 8;0g
Poly- Remarks
Ne NaHSO, | NaHS0, (NHg ) 58,05 | (NHg),8,0g Shear Water | Comparison with base-exchanged, Estimated lcnic Effect of meriza-
gms. moles gms. moles Strength|pickup unpolymerized samples. effects of catalysts|[Polymerization| tion
per 1000 ce. per 1000 ec.| psi. % Strength[aS Strength[water pickup a8 aV% %
% pei. AWE psi 4 pel.
1 0.3 0.192 0.% 0.2045 0.553 —— 2856 0,364 ——— 0.470 — 0.083 ——— 93.8 Stiff gel
2 0 Q.7 0.20456 0.4%4 —-— 2456 0.285 - 0,360 —— 0.114 —-— 16,2 Stiff gel
3 0.3 0.192 0.3 0.0876 0.240 — 124 0.0561 —— C.200 —— 0.040 - 59.2 | Slightly
tacky
L 0.4 0.256 0.4 0.1168 0,308 — 159 0.119 —— C.260 — 0.048 —— 65.0 | 8lightly
. tack,
5 0.3 0,192 0.5 0.1460 0.393 — 203 0.204 —— 0,340 —— 0.0563 —— 62.7 .
6. 0.2 0.128 0.6 0.1752 0.440 —— 227 0.251 - 0.3%0 — 0.070 —— 68.9
% 0.1 0.064 07 0.2045 0.50% —— 261 0.318 — 0.3%70 - 0.13% — 62 . JhW
2(a) M.ﬁww —-— me o.mwu —-—— M.mmo - 0.122 — 39.2 | At 48 hrs
.5 —-—- 5 0.383 —_— 360 ——— @.212 ——— 45.8 | At 72 hrs
mmwu Long duration time test for case #2 530 | --—- 274 [0.841 | —-- 0.360 S 0:176 | - |42.3 | at 96 nre
NA@W | 0.E65 —— 292 0,376 —— 0.360 —— 0.2056 —— 45.8 At 120 hrs
7(a) 0,385 - 198 0.196 - C,&%0 e 0.0156 - 63.5 | At 2 hrs
7(b) 0.441 — 227 [0.262 | --- 0.270 e 0.071 | --- |72.6) At 6 hrs
7(b)* | Short duration time test for case #7 0,441 — 227 0.262 | —-—= 0.370 —— 0.071 - 320
7(e 0,441 — 227 0.262 —— C.370 —-—— 0.071 ——— 75.0 At 11.5 hrs
.:nw || 0.455 —-— 234 0.266 | == €.370 - 0.085 —— qq.pw At 24 hrs
dn@wt | Oy434 ——— 224 0,245 e C.370 —— 0.Ce4 —_— 86.3
8(a 0.2 0.128 R 0.2045 || 0.471 182.5 243 0.282 |148.,5 0.420 110 0.051 Te:b | 91,2
mﬁdw Ditto: four separate samples prepared _o.mum 175 224 0.245 [141 0.420 110 0.014 65 95,9
8(c to investigate reproduclibility _O.kum 174 226 0.249 | 140 0.420 110 0.018 64 95.8
s(a) of results 0.501 174 259 0.312 | 140 0,420 110 0.081 64 04,3

* Shear testing unit filled with polymerized sample Just before testing

## Titpations in cases 1-7 were checked 36 hours later, siowing that polymerization time effects are negligible after

Concl

dilute sulphurie acld.

(1)

uslons:

(2)

(3)

The long duration time test (N°2) apparently indicates that polymerization proceeds beyond 24 hours,
more likely, however, that the results reflect merely the irreproducibility of results in eeparately

The short duration time test (N°7) indiestes that results are not very closely reproducible.
before 2 hrs., and is then blocked.

in testing units.

but not beyond 48 hrs.
prepared samples.

evm.umﬁﬂonnopdpppﬁw test, #8, shows that in cases where polymerization goes to completion, results are reproducible.

dispersion of the sample in
It is

Most of the polymerization takes place
A 1¥ttle more polymerization takes place in a sample in a porcelain dish than in samples confined
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Polymerization Studies with Sodium—Bentonite at 200% Water Content

Ueing Ca(Me),, NaHSO,, (NH4),8,04
Investigating variation of calcium methacrylate concentration

Catalyst concentrations : NaHSO 0.2 gm in 15 cc. of solution
(NH,),8,05 0.7 gm

Sample : 7.5 gm. Ne-bent. + 15 cc. H,O + 0.2 gm. NaHSO, + 0.7 gm. (NHg),8:0g + x gm. (Ca(Me),

Ca(Me), | 4 soln. of| Without catalysts | Polymerized Sample | Comparison with Base-exchanged| Estimated ionic Effect of Polymer- Remarks

gms. Ca(Me), Strength | Water Strength [ Water Strength a8 pel T AWE effects of catalysts| Polymerization | lzation

psi plckup % psi plekup % Strength Water A8 psi aW% %
: *mw % psi.(7) Pickup %

(1) (2) (3) (4) (5) (6) 3 (5)-(3) | (6)=(4) (8) (6)-(7) [(6)-(8)

0 0 1.380 634 _— — — = = s e e S— sk = e

0.3 2 0.558 228 0.830 138 149 0.272 =90 0.800 178 , 0.030 -40 88.5 Stiff gel
0.75 5 0.288 47,5 0.67¢9 241 243 0.391 193 0.700 136 -0.021 106 98.5 Stiff gel
1.2 8 0.22% 50.5 0.631 250 281 0.404 189 0. 600 110 0.031 140 97.6 Stiff gel
1.5 10 0.212 53.%5 0.619 228 296 0.407 174 0.540 100 0,079 128 95.8 Btiff gel
1.8 12 0.197 51.6 0.507 197 254 0.310 145 0,480 105 0.027 92 85.7 Stiff gel
2.1 14 0.434 176 224 0.014 91.2

2.1 14 0.438 174 226 0.018 95.9

2.1 14 - 0.471 182.5 243 0.051 95.8

2.1 14 0.801 174 259 0.081 94,3

Average 0.189 34 0.450 176.4 238 0.261 142 0.420 110 0.030 66 94.3 Slightly tacky

3.15 21 0.2056 83.7 0.283 29 138 0,078 35 0,233 1256 0,050 -26 92.6 Slightly tacky
42 28 0.216 75.7 6.271 70 125 0.065 -5.% 0.221 140 0.0580 =-70 85.0 Extremely tacky

Remerks (1) Indications are that the effect of polymerization in increaelng strength is rather slight; and that the strength lncrease due to

(2) It is difficult to see how polymerization can increase the water plck-up.

polymerization is about constant regardless of the concentration of Ca(Me), used.

fhe drawing of important conclusions from these indicatlons
1g unwarranted in view of the nature of the data employed. It is belleved that such factors as veriations of temperature (which were
neglected) may affect the water plck-up values, tending to explaln the discrepancy.

(3) The fact that polymerization goee to completion even in cases where the Ca(Me), 18 not completely #tssolved, indlcates that as Ca(Me), 1s

thrown out of solution by polymerization, the undissolved omnzmvu goes into solution and in turn polymerlzes,



Using CalMe),, ¥aHBO,, _“..a__._ﬂu.u 8,0

dium-Bentonite at 2008 water content

2]

Sample: 7.6 gm. Wa-bent. + 1 occ. Hy0 + = gm. Calle), + ¥ gu. NaEBO, + ¢ gm. (WEgls m_._n_w

# eoln.of | Ca(Me)y | WaHSE0, Em___n.__um.ucm Polymerized SBample | Domparlson with Eatimated lonic Effect of Folymeri-
Da{Me), Eme EmE gma hage-erahpnrad effects of catalyels | Folymerization taticn
x ¥ £ Hirength Water| Btrengtn Btrength Water
pal Plokup T 5 48 ppl al £ pel Plokup £ a8 pal, | aW %

2 03 0.1 Q.7 0.225 166 145 0. 27 =85 G. 780 170 0. 045 =5 et |
- ] 0TS 0, 7EQ 190 20 0,488 148,65 0. 680 124 0, 100 T oe. 2
14 21 [, 445 128 229 | 0,254 _ 2 0.370 160 0.073 28 5.0 “

0.481 m— 245 0,22 S 0,111 .7
7l 315 .539 116 165 0.154 1 0. 230 120 0,108 =i 82,1
£ 03 0.2 0.7 0.830 138 148 0,872 =40 0.800 173 0, 00 =i 28,5
B 075 0. 674 247 243 0,591 1a% Q.70 118 . 021 106 08,5
1o 10 0.E619 £28 256 0,407 174 0.540 a0 0, 07%s 123 5.8
14 2l 0.450 176,4| 2238 0. 2601 142 0,480 100 1. 030 88 L
il 315 0.283 e 138 £, (78 35 0.233 120 0. 050 =28 22,8
2 a3 0.3 a7 0.785 171 130 0,207 =57 0.780 180 0, 016 -18 8,2
& 0t 0.7a2 B2 BE1 0,404 172,56 0,650 156 0,072 it 87,2
10 b5 0,587 =1 en £, 355 182,54 0:500 110 0. 087 136 6,8
14 1 0. 548 181 £81 0.38% 12% 0,470 120 0.076 ww 41 mm_.i
0. 655 - £A5 0.584 0.083 —= 43.8
EL 315 0.406 185 188 0. 201 gl OB70 130 0.136 =G 95,0
2 03 0.2 0.6 0. 730 187 140 0,028 -41 0.77a 180 0.010 ? 99.0
g T3 0. 871 268 253 0,383 180,5 0.540 130 0.031 78 B7.40
10 ki 0. 466 gad 296 . 284 170.5 0.420 100 0.046 194 58,5
1t - 0,448 * 15% £30 0, 257 | 103 0,370 118 0. 078 27 B _
0, 440 | -— 227 0, BB “ — 0. 0%0 — A8, 0
21 15 0,215 137 165 0,108 73 0,220 178 0. 083 1z BE.T
2 0a 0.4 0.8 0. 676 137 115 . 117 =51 . B850 17 0. 025 =3 28,0
i 0Ts 0. 5R2 1gz a8 0. 804 116,56 0.660 164 0,032 g3 5.1
10 Fa 0. 4286 144 200 i3, 214 20.% 0.400 BS 0. 026 Be T8.8
14 Y 0. 418 ; Bils| 218 y 0,293 _ 81 0,340 20 G.072 w 25 i
O3 ey BOd 10, 804 o 0. 053 -—- 52,7
21 35 0.2ca a1 131 10, 06 o7 0. 280 100 0,048 =3 as.3
2 (3 0.4 0.4 0. 619 1%1 31 1 i0, 0Bl =37 0,800 200 0,01 =g 38.0
3 a7 0,432 231 171 10, 204 182,85 0.480 160 0. 032 Bl 97,0
10 & 0. 408 184 192 10,194 130, 6 0.350 120 0,046 &4 81.2
14 Fo| 0. 358 129 184 10,1687 RE 0. 880 124 n_.cm_j 0 qm._m__
0,308 - 158 10,119 =i 0.048 e 85.0
g1 15 0,218 111 106 i, oll 47 0. 210 130 0.006 =18 83,8
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es with Sodium-Bentonite at 200% Water Content

190

Using Ca(Me), equivalent to a 10% solutlion = 1.e. equiv. to a soln. contg. 0.476 moles of Ca(Me), per 1000 cec.
Na_,8,0,, and nzm»vumuom in varying concentrations as noted.
Sample: 7.5 gms. Na-bent. + 15 cc. H,0 + 1.5 gm. Ca(Me), + x gm Nay8,0,.5H,0 + y gnm. Azmﬁuumuom
No. Na;8,0,.5H,0| Na,8,0,.5H,0 | (NH,),8,04 | (NH,).8,0 Shear Water |Comparison with base-exchanged | Effect of Polymerization| Polymeri-
molés per moles vws Strength | pickup unpolymerized samples subtracting effect of zation
x gms. 1000 ce. y gms. 1000 cc. | psi % mmmmmmekw aS psi N catalysts %
AS psi AW %

1 8.1 0.0278 0.7 0.2045 0.564 110 266 0.352 56 0.044 20 69,2

2 0.2 0.0537 0.7 0.2045 0.564 1% 266 0.352 63 0.0354 i K 72.8

3 0.3 0.0808 0,7 0.2045 0,580 162 274 0.368 98 0.050 42 75.0

4 0.4 0.1074 0.8 0.2335 0,537 162 253 0,325 108 0.01%7 32 78.3

5 0.2 0.0537 0.6 0.17562 0.544 112 267 0.332 58 0,034 12 68,7

6 0.2 0.0537 0.5 0.1460 0.406 112 192 0.194 58 0,016 12 66,7

v 0.2 0,0278 0.6 0.1752 0,455 108 215 0.243 54 0,015 13 7.8

8 0.3 0,0808 0.5 0.1460 0.468 141 221 0.256 87 0.048 56 75.8

Remarks (1)

(2)

(3) In other respects trends previously noted are maintained,

The water pleck-up 1s noticeably lower than corresponding values for bisulfite - persulfate catalysts.

The strength results are comparable to those obtained with the use of sodium blsulfite - ammonium persulfate catalysts



APPLICATION OF THE TREATMENE 70 SODTUM
200% WATER CONTENT
Polymerization studioa with Ga(&k)

NeHS04, (WH )3

B
Samples 7.6 gus. H&-bont * 15 ce. H 0 + 1,6 gm. Gl{hk}
NaHE0, (RE*)aﬁe g| Shear Water | Polymerization Strength
Strength Plokeup Percent of
Bage~Exchanged

. gm . 1b|/1na 4 4 Bnpol;::rincd
0,1 0,7 0.520 158 97 .6 £21

0,2 0.7 0,580 187 20 .0 221

0.3 0.7 0,680 235 9.1 277

0.4 0.7 0.641 176 - 99,3 273

Q.3 0,6 0,558 118 87.8 160

0.2 0.6 0,.880 177 98 .3 204

0.5 0.6 0.574 144 99.0 243

0.4 0.8 0.642 150 99.3 230

0.1 0.5 0,403 136 97.6 171

0.2 0.6 0,383 116 8.6 165

0.3 0,6 0,436 176 98 .8 186

0.4 0.5 0,433 187 99.0 184

0.4 0.4 0.419 118 28 .6 178

0.4 0.8 0,668 204 90 .6 283

Blank with ealclum socetate, to separate lonle effect of catalysts

0.1

Conelusions

0,7 } 0.668 ‘ 120 {

is but slight

effect of polymerization in inoreasing ntrongth
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APPLICATION OF THE TREATMENT TO SODIUM-BENTONITE AT

§ WATER CONTERT .
Polymerization studles with Ga(ak),, Hal80,, Ky 8,05

Sample: 7.5 gms. Na-bent.+ 15 ec. H_O0 + 1.5 gm:.ca(&k)a

2
3&3305 xﬂaaos Shear Strength, percent Water
Strength | of Base~Exchsnged but| Plekeup
gm. gn. 1bs/in® Unpolymerized %
0.1 0.7 0.886 122 166
0.3 0.7 0,396 169 199
0.1 0.4 0,268 113 i78
0.4 0.4 0.874 117 141
0.4 0.8 0,447 190 259
0.2 0.6 0.246 106 132
0.3 0.6 0.282 124 133
0.2 0.2 0,269 114 100
By inspection it may be seen that all cases are = 95%
polymerized.
Blank with caleium acetate, for determination of ionie
effect of cetalysts _
0.1 ‘ 0.7 ’ 0,540 I | 106

R S
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APPLIGATION OF THE TREATMENT TO SODIUN-BENTONITE AT
£200% WATER CONTENT
Polymerizeation studies with Calak)g, NalB80q, t-butyl-hydroperoxide

Sample: 7.5 gms. Ma=bent.+ 15 ua.Hae + 1.5 gma.ca(ak)g

Naﬁsoa tebutyl-hydroperoxide| Shear Strength, percent Water
' Strength| of Base-Exchanged but |Plokeup|
gn. ee. 1bs/in® Unpolymerized %
0.1 0.7 0,486 198 132
0.3 Q0,7 0.437 186 107
0,1 0.4 0.422 180 118
0.4 0.4 0,350 140 84
0.4 0.8 0.386 164 105
0.2 0.2 0,362 154 a4
0.2 0.6 0,396 168 100
0.8 - 0.6 0,390 188 96
By inspectlon it may be seen that ell cases are = 95%
polymerized,
Blenk with caloium acetete, for determination of ionile effect
|of catalysts
0.1 0.7 0,313 ‘ 66




Samples 7.5 gms.Naebent.+ 15 0. Hy0 + 1.5 gms. Ca(Ak),

APPLICATION OF THE TREATMENT 20 SODIUM-BENTONITE AT
200% WATER CONTENT
Polymerization studies with Ca(ik)y, hydrasine, t-butyl-hydroperoxide

|

0.12k

Hydrazins | t~but-hyd] Bhear Shear ater | Increass of AW over
. ; stmgngh Strength [Pick-up | Strength over Base-exchanged
cec. se. |lba/t % £ ~RX0 4
_ 1ba/ine

0.05 0.3 0.L06 173 75 0.171 28
0.3 0.3 0.225 96 89 -0, 010 b2
0.1 0.k 0.313 133 102 0.078 55
0.2 0.k | 0.252 | 107 73 0,017 26
0.1 0.5 0.357 152 110 0.022 63
0.2 0.5 0.327 139 111 0.092 6L
0.3 0.5 0.2U45 1045 | 11k 0,010 67
0.h 0.5 0.245 104.5 | 103 0.010 56
0.1 0.6 | 0.280 | 105.5 | 8k 0.0uS 37
0.2 0.6 | 0,315 | 134 | 135 0.080 3
0.3 0.6 0.238 101 101 0.003 in
0.25 0.75 | 0.343 146 105 0,108 58
0.3 0.8 0.301 128 1 0.066 67
0.4 0.8 0.359 153 106 59

Percent polymerisation is omitted because all values are about
958, by rough computation.

Blank with calcium acetate, for determination of ionic effect
of catalysta

0.1 } 0.7 ‘ 0.217 ‘

195



APPLICATION OF THE TREATMENT 70 SODIUM-BENTONITE

200% WATER CONTENT

Polymerization studies with Ca(Ak),, hydraszine, Kp850q

(96

AT

Sample: 7.5 gms. Nasbent.+ 15 o0.Hg0 + 1.5 gms.Ca(Ak),

Hydrasine Kg8,0,| Shear Shear Water

Strength |8trength |Plek-up
ee. gm. [1lbs/inR # %
0.1 0.7 0.393 167 214
9.5 0.7 0,386 164 213
0.1 0.4 0,301 iz8 163
0.4 0.4 0.577 160 164
0.7 0.8 0,202 124 147
0.2 0.2 0,280 106 114
0.2 0.5 0.280 118 156
0.8 0.6 0,312 137 16v

By inspection 1t may be seen that all cases are = 90%

polymerized,

Blank with salcium acetate, for determination of ionie
effect of catalysts

/ 0.1 ~ 0.7 } 0.691 '

| 1
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APPLICATION OF THE TREATMENT TO
200% WER CONTENT
Polymerization studies with Ga[&k]a, hydrazine, (NH

422°2% |
Sample: 7.5 gms. Na-bent. + 15 en.ﬁso + 1.5 gme. Ca(Ak), j
{

Hydrezine| (NH )ﬁ g0 Shear Shear Water
Strength| Strength | Plekeup |
cE: an . 1bs/in8 % %
0,1 0.7 0.612 260 185
0.3 0.7 0,433 184 197 1
0.1 0.4 0.866 156 158
0.4 0.4 0.301 128 178
0.4 0.8 0.587 228 222
0.8 0.8 0,453 193 251 |
0.8 - 0.8 0,287 101 125
0.2 0,5 0.380 162 170 f
0.3 0.6 0.370 187 193 :

By inepection it may be seen that all csses are = 957
polymerized,

Blank with calocium acetate, for determination of ionte
effect of catalysts

, 0.1 ’ 0,7 { 0.513 } 1 03




APPLICATION OF THE TREATMENT 10 SODIUM-BENTONITE AT
200% WATER CONTENY

Polymerlzation studies with Ga(&k)z, sodium thlosulfate,
t-butyl-hydroperoxide

Sample: 7.5 gms. Na-bent. + 15 8c. Ha0 + 1.5 gms.ﬁq{&k)g

Na~thiosulfate| t-but-kyd| Shear | Shear | Water

Strength |Strength| Plokeup
gm. cc. ibe/in2 4 %
0.1 0.7 0,760 319 162
0,3 0.7 C.668 279 161
0,1 0.4 0,808 258 174
U.4 0.4 0,633 227 133
0.3 0.6 0.044 238 136
0.4 0.8 0.640 272 126
0.2 0.5 0,634 270 122
0.4 0.6 Q.?l? 308 116

By inspection 1t may be seen that all cases are = 95%
polymerized,

Blank with calcium scetate, for determination of ionie
effect of catalysts

0,1 ' 0.7

0.406 ‘ ‘ 7%
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APPLICATION OF THE TREATHENT T0 SODIUM-BENTONITE AT

2004 WATER CONTENT
Polymerization studies with Ce(Ak),, sodium thiosulfate,

Kg&gﬂa
Sample: 7.5 gms. Na-bent.+ 15 ee.H 0 + 1.6 gms.Ca(hk)y
Rt-th&a.xasaﬂa Shear Shear Water
S8trength |Strength |Plek-up
am. gm. |[lbs/in2 % %
0.1 | 0,7 | 0.676 | 287 | 117
0.3 0.7 0,703 299 138
0.1 0.4 0.672 2686 74
0.4 0.4 0.488 208 109
0.3 0,6 0,640 278 93
0.4 | 0.8 | o088 | 322 112
0.2 0;5 0,672 288 110
0.4 0.6 0,666 283 139

By inspectlion and by comparison with the titration blanks
run for sodium thiosulfate + {Rﬂglgaaﬂa it may be seen that
polymerization in these osses = 953,

Blenk with celeiwm acetate, for determination of ionle
effect of catalyste :

l 0.1 | 0.7 ‘ 0.533 ’ ‘ 03 \




APPLICATION OF THE TREATMENT TO SODIUM-BENTONITE AT
! 200% WATER CONTENT

Polymerization studies with Ou(Ak),, hydroxylemine,
tebutyl«hydroperoxide

Semple: 7,5 gms. Na<bent.+ 15 ¢e. g0 + 1.8 gus. Oa (Ak),

Hydroxylamine | tebutehyd) Shear Ehear Water

| stronggh SBtrength |Plek=-up
g cc. 1bs/in % %
0,1 0.7 0,326 139 59
0.8 0.7 0,313 133 60
0.1 0.4 0.324 138 69
0.4 0.4 0,403 172 61
0,4 0.8 0,318 138 50
0.2 0.2 0,250 110 50
0.2 0.8 0.308 151 47
0.3 0.6 0.20% 126 47

By inspection, with reference to the blank titrations,
1t may be seen that most cases are = 904 polymerized.

Blank with ealecium acetate, for determination of ionie
effect of catalyste
0.1 ' 0.7

0.278 80

200
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APPLICATION OF THE TREATMENT IO SODIUM-BEWTONITE AT
200% WATER CONTENT
Polymerization studies with Ca(Ak),, hydroxylamine, (NH, ) 5850,

Ssmple: 7.5 gms. Nasbent.+ 15 ee.H 0 + 1.5 gms. Ce (&k)a

Hydroxylamine {Rﬁi)zsﬂaa Shear Shear Water
Strength |Strength| Plekeup
gm . gu. |1lbs/in® 4 %
0.1 0.7 0.532 141 75
0.3 0.% 0,540 1486 8b
0.1 0.4 0.280 119 73

By inspection, with reference te the blank titretions |
it may be seen thet most cases are = 90% polymerized,

Blank with calcium asetate, for determination of ionid
effect of catalysts .

0,1 ‘ 0.7 . 0.790 I

150

Polymerization studies with Ga(AkJB, hydroxylamine, X_S_0

228

Eydroxylamine KgfigOg| Shear Shear Water
Strength Str;ngth Pia§¢np

gn. gn. |lbs/in®

0,1 0.7 0,294 185 76
0.8 0.7 | 0.8306 | 130 82
0.1 0.4 0,278 118 72
0,4 0.4 0,282 120 70

By inspection, with reference to the blank titrations,
it may be seen that most cases are = 90% polymeriszed.

Blank with calcium acetate, for determination of ionie
effect of ocatalyets

0.1 [ 0.7 ' 0,474 | ‘ 112
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. APPLICATION OF THE TREATMENT T0 SODIUM-BENTOKITE
AT 200% WATER OONTENT
Using: Caleium acrylate in verying prapartioné as noted

Sodium thiosulfate and ammonium persulfate in
varying weights as noted, per 15 ce.of solution

Peroent | ¥a 8,0, | (NH,6 ). 8.0 Shear Strength Water
Solution 29 “'aee Psreent mf
of Strength Base~ Plek-up
2 Exchanged,

Gafnkla g gms 1bs/in Unpolymerized %
21 0.1 0.6 1,681 868 100
14 0.1 0.7 0,894 423 a7

0.2 0.7 0,888 420 o
0.3 L 0,880 417 108
0.4 0.8 0.866 410 86
0.2 0,6 0,880 417 75
0.2 0,8 0.842 399 80
0.1 0.6 0.946 448 é5
0,8 0,6 0.802 380 66
10 0,1 0,7 0,907 - 386 : 140
0,8 0,7 0.802 54 205
0.1 0.6 0.842 368 148
0.2 0.8 0.788 308 168
0.1 0.7 ? 5349 131
0.2 0.5 1,200% Blle 128
ox€ 0.1 0.4 0.846 360 117
0.4 0.4 0,819 263 113
0.3 0.6 0,730 311 122
0.4 0.8 1.100¢% 48879 123
4] 0.1 0.7 0,907 268 188
0,3 0.7 0,790 230 217
0.1 0.6 0.938 272 170
0.2 0,6 0.698 203 183
0,8 0.7 1.086 174 168
0.1 0.8 1.272 216 169
0.2 0.6 1,038 176 147
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RING-SHEAR TESTS ON TREATED SAMPIE OF SODIUM-BENTONITE
Semple: 7.5 gm. Na-bent.+ 16 ae.HaO + 0.5 gn.Ca(Ak)y

Bprings | Dial, cms. strinls Idsplacement
Sg 8y 1bs/in cme.
16 .6 0 0
a ;0 16 . 1 - 0 .6
3.‘9 1605 - - 100
4.0 16.8 - 1.8
5.0 17 8 0.580 2.5
5.5 17 .4 0,645 1.9
5.8 17 .6 0,688 2.0
6.0 17 .6 0,711 2.1
6.5 17 .7 0,780 8.8
6.5 17 .8 0.77¢ 2.3
6.8 17 .9 0.818 2.4
7.0 18.0 0,842 2.6
7.8 i8.1 0.880 2.6
7.6 1852 0207 BV

7.8 18,8 0,946 2.8
8.0 . 18.4 0,978 2.9
8.4 18 .6 1.085 3.1
8.7 18.8 1.068 5.8
Sg 4.8 19.1 1,160 3.6
5 o}» = 19 .‘G lcem 5.9
5,58 20,0 1.278 4.8

Displacement = 4.6 -« 0 = 4.5 oms. at fallure

Displacement of shearing surfece = 00,0618 x 4.5 = 0,230 cms.

Displacement of bottom of c¢lay

layer = 0,250 x £ = 0,198 oms.

Relative displacement of top vs.

bottom of elay rim + + + ¢ » o o s « o = 0,038 oms.

Strain at failure = 32382 = 9.15¢

204



7.5 ga.Na-bent.+ 15 00.Hy0 + 0.7 gm.Ca(Ak),

B
dprings | Disl, oms. Etress, | Displacement

) 3.6 o 0

2.‘@ “.’3 e lba
3.& 5.? o e 3.3
4.0 6.3 e 2.8
5.0 6.4 0,580 2.9
5.6 6.5 0,645 5,0
6.0 6.5 0,711 3.3
6.8 6.8 0,738 3.3
6.6 7.0 0,776 8.6
5'7 ?11 ng a.e
740 TS 0,848 8.8
7.2 7.8 0,888 4.0
T 78 0.907 4.5
7.7 @.8 0,935 6.5

Displscement = 5,8 « 1,1 = 4,1 oms. at failure

—Displacement of shearing surface = 0,0512 x 4.1 = 0,210 cms.

Displacement of bottom of clay

Relatlive displacement of top ve,

bottom of elay »im ., . . . + . .

Strain st fallure = 22

layer = Q

210 x £28 = 0,130 oms.

= 8,578

= 0,030 ome.

LEE = LR =



- 206

RING-SHEAR TESTS ON TREATED SAMPLE OF SODIUN-BENTONITE
Sample: 7.5 gm. Na~bent. + 16 aa.ﬂga * 1.6 gm.ﬁn(&k)z
+ 0.1 gn. Nag8,0, + 0.6 5“'(E54’25£03

¢
Time | Springs | Dial, oms.| Stress, Displacement
mins. | Sgaly 1bs/in ame.
0325 5.0 0,6 ——— 0,6
0153 4,0 1.4 - 1.4
1:32 5,8 2.9 0,645 2.9
13860 8.0 D8 0,711 5,8
2:10 6.5 3.9 0,776 3.9
2:20 6,8 4.7 0.816 4.7
2138 7.0 10,0 0,842 10,0
.8 20 0,790 20
8.4 25 0.762 25
6.2 30 0,738 30
6.1 38 0,728 36
5.98 40 0,706 40
5,75 45 0,679 45
5.6 50 0.6456 50
B.5 58 0.620 55
5320 % § 80 0.504 60 2

It 18 very difficult to obtain the zero polnt on this
stress-strain curve,

Displsecement = 10 « (~1,6) = 11.56 ems. at fallure
Displacement of sheering surface = 0,0512 x 11.5 = 0,689 oms.

\biapltaemcnt of bottom of clay -
layer =0.589 x £28 = 0,507 oms.

Relative displacement of top ve.
bottom of clay #im , . « « +» o » » = 0,088 oms.

Strain at fallure = 52982 = 25,48

L]



RING-SHEAR TESTS ON TREATED SAMPLE OF SODIUM~BENTONITE

Semple: 7.5 gm. Na<bent. + 18 ac.Hgﬁ * 8.1 gn.cathkia

2
Springs | Disl, oms. Stress, Displascement
B8y 1bs/in ems.
4.0 7.9 o 0
5.0 8.4 0,580 0.5
515 Ei? aam 6.3
5.«3 913 Q.ﬁﬂﬁ 1*‘
6.0 9.7 0,711 1.8
6,2 30.1 0,758 2.8
6.4 10.56 0.7682 2.6
6.6 11.0 0,790 5,1
6.8 B 0.816 3.8
7.0 12,86 0,842 4,6
Tsd 15.1 0,854 5.2
7.2 13,7 0 .866 6.8
7.8 14.% 0,880 6.8
7.5 16.6 0,907 7.7
Y7 18 .4 0.932 8.6
778 21.0 0,940 13551
7.8 31,0 0,946 83,1
7.8 41 0,040 33,1
7.7 44 0,932 56,1
T.7 47 0,832 a9 .1
7.6 53 0,980 45.1
7.5 59 0.907 61.1

it is very diffiecult to obtain the zmero point on this
stress<strain curve. Estimating roughly 1.7

Displagement = 15,1 = («1,7) = 16.8 ems. at fallure

Displacement of shearing surface = 0,0612 x 16.8 = 0,860 oms.

N\
Displacement of bottom of clay 4

ca

layer = 0,860 =x 315 = 0,740 oms.

Relative displacement of top wva.

bottom of olay »im . . « & +» « ¢« « * 0,120 oms.

0,120

Strain at failure = e 34 .38
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APPLICATION OF THE TREATMENT TO SODIUM-BENTONITE AT

100% AND 300% WATER CONTENTS
Using: Oaleium acrylate in varylng proportions as noted
Bodium thiosulfate, 0,1 gm.in 15 pe. of solution
Ammonium persulfate, 0.6 gm.1in 156 ce.of solution
Persent Shear Btrength, percent VWater
Solution of | Strength | of BaseeExchanged But | Plek-up
Gn(hk}a 1bs/in® Unpelymerized %
A, BSodiumebentonite at 100% water content
21 S.87 866 78
14 2,745 270 133,56
10 2,748 248 148 .5
6 2.54 200 210
2 3,52 206 242
B, Bodium~bentonite at 3007 water content
21 0.986 1540 66
14 0,766 1020 45
10 0,373 429 130
6 0.242 237 118
2 0,467 243 29
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APPENDIX II
Glossary of Chemlcal Terms Used

Atomie Welght: Welght of an atom referred to the oxygen
atom as 16,000,

Base: A substance whleh glvee hydroxide lon in solution,
or which neutralizes acids, ylelding water, The word
base used in the compound word bmse-exchange is muech
better replaced by the word cetion, (Cation-exchange)

Equivalent: Aecid or bese: the amount (weight) of substance
negessary to give one mole of hydrogen or hydroxyl,
reagaetively, in a neutralization reaction, A thousand
milliequivalents = 1 equivelent., Usually the gram unit

is assigned to these values: hence, 1f speaking of an

exchange capaclty of 100 me, of sodlum per 100 gms, of
clay, we mean that 100 x 0,001 x 23 gms, of sodium are
exohanged, The atomisc weight of sodium = 23 = equivalent
weight of sodium,

Free Radical: A molesuler fragment caused by the bresking
of a chemlcal bond in such a manner that a single
electron 1s left at the rupture point, This single
electron confers extraordinary chemicel reactivity upon
the fragment, For example, when ferrous lon is added to
a solution of hydrogen peroxide, it donates an electron
to the latter which then splits, forming one hydroxyl
ion and one hydroxyl redical: -

H 0, + re't v'*" 4+ B0 o= HO™ + Ho + pe'tt

Note that the oxygen in the hydroxyl ion, HO™, possesses
& full shell of 8 eleotrons, whereas the hydroxyl radical,
HO , only possesses 7 electrons. The great reactivity

of the radical resultes from its ability to withdraw an
ulpgtwgn from nearly any molecule with whish it comes in
Gontect,

Ions, Ionigation, Cations, Anions: Acids, bases and salts
[olaetralytaa’ digsoelate to a certeln extent in aqueocus
solutlon into two eomponents, one positively charged and
one negatively eharged, The dissociation is called
ionization, end the charged atoms or chemical radicals
are called lons, A positively charged lon is celled a
cation, and & negatively cherged ion iz ecalled an anion,

Micelle: The entire body of a colloidal dispersed particle,
surrounded by 1ts firmly adsorbed water Bull end diffuse
double layer of ilons and counterions is called the
¢elloidsal migelle.
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Moleoular Welght, Mole, Millimole: The sum of the atomie
weights of all the atoms of & molecule is the molesulsr
welght, A mole 1ls the welght of a substance in grams,
numerieally equal to 1ts molecular welght; a "eram-
molesule”, A thousand millimoles make one mole.

Oxidatlion: The loss of elesctrons by en atom or group of
atoms, As a speciml case, 1t may be assoclated with an
inorease of the oxygen essociated with a group of atoms,

Reduction: The opposite of oxidation; gain in number of
eleotreons by an atom or group of atoms,

Synereels: Colloldal partieles dlgpersed in liquid media
sometimes refuse to ocelude all of the ligquid when they
are caused to gel: some of the lignid is, there ore,
squeesed out, This phenomenon is eamlled syneresis,

Unsaturated Monobasle Aetds: Organie nsids which eontain
only one ecarboxyl group are called monobasie scidss
they have but one hydrogen atom whiech undergoes loniza=
tion and which can be replaced by metdls, If such organie
aclds contein a carbon to carben linkege with a double
bond instead of the single bond, they are unssturated.
2ilnce ethylene eﬂsp Eﬁﬂ -ﬁaﬁ&z, may be gonsidered the

parent of such unseturated compounds they may in places
e referred to as ethylenle aampnﬂnd;.

Valense: The number of electron pair bonds which an atom
shares with other etoms, Crudely speaking, it iz the
reciprocal of the number of atoms of the oinmant whigh
azuhinca with one satom of hydrogen or one atom of echlorine,
ete,

HC1: valenve of chlorine = 1
Hﬁas valence of oxygen = 2

NaCls valence of sodium = 1
01613: valence of galeium = 2



THE CLAY MINERALS

An understanding of the lattice structure of the main
clay minerals is very useful towards an understanding of
the behavior of clays.

In making this presentation® the writer wishes to
emphasize that although some of the points still seem to
be contradictory, he has felt that it is best to present a
unified and clear picture that will serve as a rational
basis for the explanation of the fundamental properties of
clays. The lattice structures of the main clay minerals are
presented as actual facts that have been fully ascertained.
The points of controversy are not major: they merely involve
little rearrangements. For the sake of clarity it may be
better to present merely one consistent theory, fully
realizing that it may in parts only be a working hypothesis,
than to attempt to follow all the arguments for and against
the various theories.

The most widely accepted theory is hereby presented.

For many years before the advent of the X-ray,
diffraction technique of studying the actual structural
arrangement of the atoms comprising a crystal, chemical
analysls was used in extensive studies to explain the
differences in behavior of various clays. But the efforts
were not successful, and it came to be realized that knowledge
of the chemical composition of clays alone affords no sound
basis for the prediction of the properties of a given clay.
Besides the chemical composition, the spatial arrangement of
the constituent atoms in relation to one another is of ma jor
importance in determining the properties of clays. Further
investigation into the nature of the clay minerals has since
proceeded on a basis of lattice structure.

The easiest way to understand the clay minerals, their
similarities and theilr differences, is to visualize them as
being built up from the same basic building units, the
differences being, at least in part, accounted for by dif-
ferences in the combinations of the building units. It is

* The material for this presentation was acquired in large
part from a study of the articles: 1) "Colloid Chemistry of
Clays" by E. A. Hauser, Chemical Reviews, 37, (1945);

2) '"Modern Concepts of Clay Materials" by R. E. Grim, Journal
of Geology, 50, (1942); 3) "Colloid Chemistry in Ceramics' by
Bs A. Hauser, American Ceramic Society Journal, 24, (1941),
the figures are all taken from this article; 4) "Plasticity of
Clays" by Hauser and Johnson, American Ceramic Scciety Journal,
25, (1942).



far from the purpose of this presentation to discuss the
actual genesis of the various clay-mineral crystals; and it
is not contended that at some early geologic time these
building units occurred as such in nature, and that they
subsequently got together to form the clay minerals.

Discussions of the lattice structures of clay minerals
usually are initiated with the concept of the silicon
tetrahedron, the aluminum octahedron, and the magnesium
octahedron as belng the three main basic building units.

These three primary building units are shown schematically as
Figures 1, 2, and 3, page 120. The silicon tetrahedron is
highly unbalanced electrically, since the silicon atom shares

a total of four electrons with neighbering atoms and the four
attached axygen atoms require a total of eight electrons for
saturation. Similarly the aluminum and magnesium octahedra
are highly unbalanced. This unbalance corresoonds to chemical
valences, which act to combine the building units into more
complex, but electrically balanced, structural units. The
primary structural unit thus formed by the silicon tetrahedron
is the hydrated silica sheet. Similarly the aluminum and
magnesium octahedra form the gibbsite and brucite sheets.
These are schematically shown as Figures 4, 5, and 6, pare 120.
The silicon tetrahedron, magnesium octahedron, and aluminum
octahedron, being highly unbalanced, do not exist as

isolated materials in nature. The hydrated silica sheet

and the minerals brucite and gibbsite are electrically balanced
structures, existing in nature in isolated form. The forma-
tion of the brucite, gibbslte and hydrated silica sheets from
the magnesium and aluminum octahedra and the silicon tetra-
hedron will not be discussed herein. The brucite, gibbsite
and hydrated silica sheets will for purposes of this revort

be considered gs the primary structural units which combine

to form the main clay minerals, namely the kaolinitie, 1llitic,
and montmorillonitic clay minerals.

The gibbsite and brucite sheets will not be discussed
in detail in this report. It is apparent from Pigures 5 and
6 (page 120) that the layer lattices are saturated except for
the edge and corner points of the sheets. In the gibbsite
sheet trivalent aluminum atoms are sandwiched between two
hydroxyl sheets, whereas in the brucite sheet divalent mag-
nesium atoms occupy the positicns between the two hydroxyl
sheets. Because of the fact that aluminum shares three elec-
trons while magnesium shares only two, the neutral sheet of
aluminum octahedra can only be obtained if one third of the
places occupied by magnesium in the octahedra sheet remain
vacant. This results in the gibbsite sheets being somewhat
more open-textured than the brucite. A study of Figure 14,
page 121, in conjunction with Figures 5 and 6, page 120,
will make the above point clear.



The hydrated silica sheet will be given somewhat more
detailed congideration because the relationship of the size
of ion in connection with the base-exchange properties of
certain clays is dependent on the geometric configuration
of this sheet, as is mentioned on page 109. In a hydrated
silica sheet several silicon-oxygen tebrahedra are combined
by sharing the appropriate oxygen atoms. This sharing of
oxygen atoms may be considered as the result of a condensation
reaction; as the name implies, this reaction involves the
splitting off of a molecule of water when two hydroxyl groups
are combined, For example, two compounds R(OHX and R!' (OH)
may_condense to form a compound R-0-R' as shown:
R-Off * HJ-R' = R-0-R' H0. Thus the combination of silicon-
oxygen tetrahedra may be considered as a condensation of
tetrahedra which have the vertex oxygens replaced by
hydroxyl groups. If silicon tetrahedra are combined so that
two always share one oxygen, a zig-zagging chainlike structure
results. Two such chains may further combine by condensation
to form a hexogenal network structure. Figure 15 shows
such a symmetrical network structure; to avoid confusion only
one plane is shown, namely, that marked A in Figure 4,
page 121, It will be seen that the oxygen atoms in this plane
form a hexagonal network. An enlarged drawing of one such
hexagon, drawn more truly to scale, is shown in Figure 16,
page 121. It can be seen from this figure that the hole formed
by each hexagon of oxygen atoms in this plane has a diameter
of 2.64 Angstrom units, which is the diameter of the oxygen
atom.

It has been stated earlier that the common clay
minerals can be considered as built up from the hydrated
silica, brucite, and gibbsite sheets. The reactlon by which
these structural units may be considered to have combined to
form the clay minerals, is the condensation reaction dis-
cussed above. The discussion of the complicated lattice
structures of the clay minerals, therefore, can now be
undertaken with great simplicity. This discussion will be
limited to the clay minerals which are of greatest interest
to the civil engineer engaged in soil mechanics work; namely
the kaolinitic, illitic, and montmorillonitic clay minerals.

In the kaolin group the mineral halloyslte deserves
mention, although 1t is of somewhat rare ccocurrence because
of its relative instability toward elevated temperatures.
This clay mineral consists of a complete gibbsite layer lying
on a complete hydrated silica sheet as shown in Figure 7,
page 120. The gibbsite and hydrated silica layers are held
together by secondary forces which effect the weak bond of
cohesion between the Q0H-OH groups facing each other. At
elevated temperatures condensation takes place, and a lattice
identical with that of kaolinite results. A comparison of
Figures 7 and 8 will show that the kaolinite lattice can be
obtained from the halloysite lattice by splitting off a



molecule of water from each pair of hydroxyl groups that are
shown connected on Figure 7. The gibbsite and hydrated
silica sheets in kaolinite are rigidly connected by shared
oxygen links. Consideration of the lattice of halloysite is
of marked Interest; the nrogression of steps, starting with
the stacking of a gibbsite sheet over the hydrated silica
sheet, leading through the formation of halloysite to the
eventual production of kaolinite by condensation, epitomizes
the 1dea of the building up of the clay minerals from a few
basic structural units.

Kaolinite 1is composed of a hydrated silica sheet
combined, by shared oxygen bonds, with a lightly distorted
gibbsite layer. The structure is electrically neutral, or
balanced, from the point of view of electron distribution,
except for spots of unsaturation along the edges of the sheets,
Since the kaolinite crystals are electrically balanced, any
increase in the size of parcels in a direction perpendicular
to the plane of the sheets must be the result of a stacking
up of crystals held together by secondary forces. Since these
secondary forces are very weak in comparison with primary
forces, cleavage will be easy between planes joined only by
secondary forces whereas fracture across primary bonds is
dlfficult. This ease of cleavage along planes parallel to
the sheets of the layer lattice accounts for the fact that
kaolinite clay particles are plate-shaped. The same is true
of montmorillonite and illite. Further, it follows that the
ease of cleavage depends on the strength of the secondary
bond holding the individual parcels together. The secondary
forces holding together parcels of kaolinite are relatively
strong forces acting between the hydroxyl groups of one sheet
and the basal oxygens of the silica sheet in the parcel
stacked above. As will be seen later, the secondary forces
holding individual parcels of montmorillonite together are
relatively weak attraction forces between opposing oxygen
sheets, This fact offers one explanation of the fact that
montmorillonite is capable of a higher degree of dispersim
in water t han is kaolinite. The importance of adsorbed,
hydratable cations in providing means to overcome t he
secondary bonds between particles by dissociation on contact
with water, must also be recognized.

The kaolinite particle is electrically balanced except
for 'unsaturation along broken edges, and the charge on
particles of colloidal dimensions is acquired by adsorption
of ions. Kaolinite dispersed in absolutely pure water will
not form a stable colloidal suspension, because the colloidal
particles do not acquire a charge. This fact is worth
emphasizing because it sharply differentiates ksolinite from
montmorillonite, which acquires its charge by surface
dissociation of adsorbed cations and, therefore, disperses in



absolutely pure water. (Refer to page 117) It was pointed
out in the previous chapter, in connection with the acquisi-
tion of charge by colloidal crystals of silver bromide, that
adsorption of ions must be preferential. In the case of
kgolinite, hydroxyl (OH) ions are preferentially adsorbed,

and the kaolinite particle thus acquires a net negative charge
of a magnitude depending on the number of adsorbed (0H) ions.
These adsorbed (OH) ions form the charge that is considered
embedded in the particle, and cations from the dispersion
medium will immediately form the counterions of the diffuse
double layer. These counterions, cations, are exchangeable,
and the number of them agvallable for base-exchange (as well
as their valency) determines the base-exchange capacity of the
kaolinite.

The base-exchange capacity of kaolinite is known to
be very low, being about 3-15 milliequivalents per 100 grams
of clay. Further, the base-exchange capacity of kaolinite has
been shown to increase with decreasing particle size, whereas
the exchange capacity of montmorillonite does not vary with
particle size. These findings sre fully in asccord with the
differences in structure of kaolinite and montmorillonite.
Thus from one point of view, in comparison wi th montmorillonite,
the exchange capacity of kaolinite is low because there are
no replacements within the lattice to set up unbalanced
charges (see page 116). From another point of view, the base-
exchange capacity of natural kaolinites 1s low because of the
comparatively large psrt icles that result from the strong
OH=0 secondary bond between individual crystals stacked over
each other. It thus seems logical to assume that the broken
bonds of the silicon and aluminum layers explain the adsorp-
tion of negative charges, and specifically of (OH) ions. The
adsorptive capacity of kaolinite seems to be limited to
broken oxygen bonds and/or the hydrogen of hydroxyls at flake
edges. However, further thought indicates that only a limited
number of negative charges are adsorbed on these broken edges,
because the silicon and aluminum atoms are embedded in cavities
formed by the much larger oxygen and hydroxyl atoms. It is
very probable that the adsorption of hydroxyl ions, if they
are present in the dispersion medium, will take place on the
basal oxygen sheet of the individual particle. This adsorption
is preferential because of the dipolar configuration of the
hydroxyl ion.*

% A molecule in which the center of gravity of the negative
charges does not coincide with the center of
gravity of the positive charges has a dipolar Sy

configuration. Water, for instance, has a /'$h
high dipole moment, 2ex, where & 1s a unit A
charge. An ion like the hydroxyl ion, made H*K----L-hkf
up of two atoms, must of necessity have a ¢ '

dipolar configuration, besides having its unbalanced charge.



Summarizing, therefore, kaolinitic minerals are 1:1
lattice type minerals having low affinity for water and
low surface activity. They have a very lew base-exchange
capacity, and show very little tendency toward swelling when
wetted.

Montmorillonitic clay minerals have 2:1 type lattices
inasmuch as their lattice is composed of two hydrated silica
sheets with their vertex (OH) groups pointing toward each
other and a gibbsite sheet sandwiched between them. The
formation of the montmorillonite crystal may be considered
as exactly similar to the formation of the kaolinite crystal,
but with the condensation process that links a hydrated silica
sheet to the gibbsite sheet taking place on both sides of the
gibbsite sheet instead of merely on one side., The two
hydrated silica sheets are, therefore, joined to the gibbsite
sheet by shared oxygen bonds, BSuch a montmerillonitic
crystal whose lattice structure consists of a pure gibbsite
layer sandwiched between two pure hydrated silica layers 1is
called an ideal montmorillonite. (See Figure 9, page 120)
Only very rarely does a natural montmorillonite show evidence
of possessing thisideal structure. By far the more common
montmorillonites are the so-called "substituted montmoril-
lonites"., Before reverting to a consideration of the s tructure
of substituted montmorillonites, however, it may be mentioned
that, as in the case of kaolinite, the ideal montmorillonite
structure 1s electrically neutral except for unsaturations
along broken edges. However, even in the case of ideal
montmorillonites two factors combine to make this mineral
more active than kaolinite. The presence of one more silica
layer per crystallite would tend to increase the edge
adsorbability in comparison with that of the kaolinite
structure, and the presence of two oXygen sheets per crystallite
gives an increased chance of hydroxyl ion adsorption.
Furthermore, unit crystals of ideal montmorillonite stacked
over each other are held together only by very weak secondary
forces acting between the opposing oXygens cf the silicon-
oxygen tetrshedra; it follows, therefore, that this type of
clay mineral is more readily dispersed into smaller particles
than kaolinite,

Accurate analysis of montmorillonites usually reveals
the presence of varying amounts of magnesium and iron, which
should not occur asccording to the ideal structure, and
variations in the ratio of aluminum to silicon are frequently
found. These discrepancies are explained by the theory that
in nature certain substitutions have taken place within the
lattice, If ferric atoms, which are trivalent, are substituted
for the aluminum atoms of the gibbsite sheet, the lattlce
structure remains electrically balanced. However, 1f
magnesium atoms, which are divalent, are substituted for the
aluminum atoms of the gibbsite sheet the lattlice takes on a



net negative charge. In this case, the negative charge is
located in the gibbsite sheet, that is, in the middle of the
particle, and, therefore, the force of attraction for cations
effective at the surface of the particle is relatively small,
On the other hand, an increase in the ratio of aluminum to
gilicon over the theoretical ratio can only be explained by
the assumption that some of the silicon atoms of the silica
sheet have been replaced by aluminum atoms. This substitu-
tion also makes the particle acquire a net negative charge

in view of the fact that tetravalent silicon has been replaced
by trivalent aluminum; but in this case, the negative charge
1s located in the silica layer which is close to the surface
of the particle, and, therefore, the resulting attraction for
cations is relatively strong. Figure 13, page 120, shows

a substituted montmorillonite in which one of the four
aluminum atoms of the gibbsite layer has been replaced by a
magnesium atom, resulting in a net unbalance of one negative
charge. Substitutions in the layer of silicon atoms are
somewhat less common but quite possible: such a substitution
1s shown in Figure 12 which is actually an illite (mica) =--

a montmorillonite which owes most of its charge to substitutions
in the silica layer approaches an illite.

Considering the substituted montmorillonites as t hey
exist in nature, it is obvious that the particles possess
adsorbed cations in a measure sufficient to balance the net
negative charge: the law of least free energy requires it.
Catlons are primarily adsorbed on the surfaces of the silica
sheets, about 80 per cent of the exchange positions of
montmorillonite being on these surfaces. Broken oxygen bonds
and the possibility of some replacement of hydrogen of
hydroxyls at the edges of flakes account for the rest of the
exchange capacity. In nature a cation very commonly found
assoclated with montmorillonites by such adsorption, is
sodium. A montmorillonite containing loosely adsorbed cations,
1f placed in pure water builds up a double layer without the
need of electrolyte. The actual behavior of the clay will
depend on the adsorbed cation, but in general it can be stated
that the cations on hydration will dissociate to a certain
distance from the surface of the particle and form the
counterions of the diffuse double layer. Since most of the
cations are adsorbed on the surfaces of the crystallites, they
will tend, on hydration, to pry apart the units held together
loosely by weak secondary 0-0 bonds. It has been pointed
out before that such hydration of adsorbed cations helps to
break up clay particles down to the ultimate particle size
when dispersed in water. The effect of dispersing agents is,
therefore, not as pronounced with montmorillonite as with
kaolinite because the particle size of montmorillonite in a
suspension is already at a minimum and the formation of the
double layer does not depend on adsorption of ions from the
dispersion medium.



The hydration of the adsorbed cations is also said
to account for the high degree of swelling of montmorillonitic
clays; a sodium montmorillonite has reached, by swelling, a
c-dimension® (thickness) thrice the normal dimension. The
amount of expansion of the montmorillonite lattice depends
on the exchangeable cation carried by the particles. The
amount of water between crystallites varies, within limits,
depending on the amount of water available for the clay to
absorb, and there is a corresponding variation in the o-
dimension of the unit cell; the mineral is, therefore, said
to have an expanding lattice.

In short, therefore, the montmorillonitic minerals
have 2:1 type lattices which exhibit wvariation in one
dimension with change of water content. They are characterized
by very high surface activity and exchange power, base-ex-
change capacity being between 60 and 100 milliequivalents per
100 grams of clay. They have a high affinity for water and
swell to a very marked degree.

I1lites have a basic structure identical with that of
1deal montmorillonite. Whereas montmorillonites usually show
substitutions of magnesium for aluminum in the glbbsite sheet,
resulting in net negative charges located in the center of
the crystallite, illites exhibit a marked degree of substi-
tution of aluminum for silicon in the silica sheets, resulting
in negative charges close to the surface of the varticle,
Some montmorillonites show some such substitution of
aluminum for silicon and thereby approach the illites, unless
the effect of this substitution is partly balanced by
ad justments in the gibbsite sheet. But illites do not show
the variable spacing exhibited by the montmorillonitic
minerals, and have little tendency to swell. How is this
difference between illites and montmorillonites explained?

The fact that the negativity of the particle has its
source very near the actual surface of the parcel causes the
setting up of fairly strong attraction forces for positive
charges. The cations that are adsorbed are held fairly
strongly. In nature it is found that potassium ions are
usually associated with illites., Considerations of size of
exchangeable ions are used to explain this predominance of

* The c-axis is perpendicular to the sheets in the clay
mineral lattice. The height of the ultimate particle of
montmorillonite, without wat er between units, is 9,6 L. Maxi-
mum recorded expansion has given a c-dimension of 30 £. It
might be noted that pyrophillite (ideal montmorillonite) has
a c~dimension of 9.2 A. The increased height of the mont-
morillonite cell is explained by the presence of cations be-
tween the units.



potassium ions in illites. Of the common ions, the potassium
ion is the only one which is of a size larger than the hole
in the silica sheet, (see page 113) and, therefore, cannot
penetrate into the structure. The potassium ions adsorbed on
the surfaces of the crystallites act as bridges between

ad jacent particles, thus preventing a particle stack from
belng swelled by water entering between the parcels., Such
adsorbed potassium ions are rather difficult to replace. In
splte of substitutions in the illite lattice, the seat of
mich of the exchange capacity of 111ite 1s at flake edges.
Many of the cations held between basal planes because of
lattice replacements are not exchangeable, partly because
jllite does not break down readily into small parcels.

Extreme cases in which the replacement of silicon by
aluminum in the silica sheets reaches a maximum and the
adsorbed cations are entirely potassium ions, represent the
practically inert mica. TIllites take up positions intermediate
between mica and highly plastic montmorillonites, depending
on their structure. The greater the replacement of silicon
by aluminum in the silica sheets, the closer the i1libe will
resemble mica in its properties. Replacements of aluminum
by magnesium in the gibbsite sheet are also found in 11lites,
and the results of such changes in the ideal illite structure
are similar to those occurpring in altered montmorillonites.
The lower the degree of replacement in the silica sheets and
the greater the substitution of magnesium for aluminum in the
gibbsite layer, the more closely will the illite resemble
montmorillonite in behavior.

In short, therefore, illites are minerals of the 2:1
type lattice. Their properties are in most respects
intermediate between those of kaolinites and those of mont-
morillonites. Their base-exchange capacity is about 30-50
milliequivalents per 100 grams of clay.




STRUCTURAL DATA OF CLAY MINERALS

The schematlc drawings In the filrst columns represent the composition of the unit cellof
the erystal lattice. All atoms are projected Into one plane. The second column gives the
number and type of atom or group in every lattice plane. The third columm reveals the
amount of avallasble or needed electrona in every sheet. If the (€) and (-) in this column
compensate each other, the crystal 1s electrically neutral. If they-do not, the lattice
carrles either a positive or negative charge. As the plus andminus chargas are listed for
every layer, 1t 1s easy to determine where the unbalance actually ocecurs in the lattice.

Taken from "Colloid Chemistry in Ceramics" by E. A. Hauser, Journal American Ceramile
Society, 24, 179 (1941).

| -SILICON TETRAHEDRON [| 2 -ALUMINUM OCTAHEDRON| | 3-MAGNESIUM OCTAHEDRON

0 10|-2 oo  [30H-3 Qop  |30H-3

A ISi|+a ,‘»,( 1AL]+3 X IMg +2

og’bdo 30 |=6 gé® 30H| -3 & 6 30H| -3
4-HYDRATED SILICA 5-GIBBSITE 6 - BRUCITE

q)q) ® ® 40H| -4 Q\?y,ﬁa/@\ @le 60H|- 6 QE{E)\@\Q,@ 60H| -6

R A Q\a asifrig|| XX )(/ 4Al[+12 A”\(J-Ei(‘,(p 6Mg+12

h-3% 0”86 o |60 |-i2|[e’ 6" w &®  |60H|- 6 &8 e & W [60H|- 6
7- HALLOYSITE 8- KAOLINITE
6 OH[ -6 | ;
S :l/@\ ?ﬁ’ anm|+2|| 3L AT o | I
/|\ AN soll =5 /\/:.: ;:( % )’ 4 Al +12 s = Al
=6 || TN e - M
E@‘ @@1 880 o e |48l T e
| . = :
/,\ Lo 45i|+6|| s AL AAL | 451116 ® - OH
% o B8 o |6 0 |-1a|| 56 o 88 |60 |-12
PYROPHYLLITE AND
9 MONTMORILLONITE (IDEAL CASE) i TALC
© |60 =12 o0 0 90 O |60 (=12
\?‘3« \rQ 4 Si +16 s 4 §i +16
008 o\o\g 40+20H[-10 || Q@0 Q@ |40+20H|-10
n: % es |4l t12 W e W e e |6Mg t12
o070 an 40+ 20H|-10 00" ¢ oY |40+ 20H | -10
AR AR 4 Si +16 b AR 48] 116
30 0" 5% Y |60 -12 S o0 v [60 -12
I NONTRONITE | 12 MICA (ILLITE)
) K +1
%,Q\ 60 =2 Q0 Qo 90 o |60 =12
o 4 Si +16 LR 3SitIAl [+15
Q0. @ QQ* 40+ 20H|-10 QO @0 Qe |40+20H =10
).-;x * ,-’4- 4Fettt | +12 W es | 4Al +12
q;o“@qfo 40+ 20H|-10 Cow® 0o o |40+ 20H|-10
4 Si +16 B AR 3Si+ 1Al [+15
u'éts\o 60 A&ﬁ‘o’ 38 |60 =2
) | K +
13 MONTMORILLONITE (SUBSTITUTED)
gg o 99 0 |60 =2 e - §j
¥ ey 45 +16 o = Al faft?
Q Q@ Q@ |40+20H-10 ® - Mg
M ey | 3ALEIMg| 4l W o-0
oo g g% |40+20H[-10  uk © - OH
AN AN, | A4S +16 @ - K
B g Op 9 160 =12

B



Fig. 14. (Bottom) Bruclte Mz(0H)p (schematic); the
hydroxyl groups constltuting the upper layer have been
drawn Srensparent =o that the locatlon of the magnesium
atoms sandwlched between the two hydroxyl layers may be
seen slearly. (Top} Gibbsite AL(0H). (schematic); the
hydroxyl groups In the top layer have been drawn trons-
parent to show the location of the alumlnum atoma
sgndwished between the two staggered laoyers (compare
poaltions of Al with those of Fg in bottom fimurel).

Taken from "Colloid Chemlstry In Ceramles” by
E. A. Hpweer, Journal American Ceramic Soclety,

24, 179 {1541},

Plg. 15. Btructure of a symetrical silicon-
oxygen shest (schematiel: only one plane shown.

Taken from "Collold Chemistry in Ceramica" by
E. A, Hauser, Journal Amerlcan Ceramic Scclety,
24, 179 (1941},

Flg. 16. Hexagonal arrangement of silleon-oxygen
tatrahedra in a s1lica sheet (top view, schematic);
the top oxymens have becn eut open to show the leastion
of the silicon estoms; lnto the center aspace two con-
centrle cireles have been drawn. The largsr one
corresponds in dlameter to a potassium atom, the
smaller one to a sodium atom; the actual dimensions in
Angatrom units for the different atoms are indicated.

Taken from "Oolloild Chemlstry in Ceremics' by
E. A. Hauser, Journal American Ceramic Soclety,

24, 179 (1841).
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Abstract of Thesis Entitled
PINVESTIGATION OF BASE-EXCHANGE AND POLYMERIZATION
POR THE STABILIZATION OF CLAYS™

Thegls submitted by Vietor ¥. B, de Mello to the
Department of Clvil and Sanitaiy Engineering, Massschusetts
Ingtitute of Technology, in partial fulfilliment of
requirements for the degree of Doctor of Belence;

January 8, 1949

The purpose of this thesls was to investigate a
general 1ldea that seemed to offer grsa£ promise for the
stabilization of clays: namely, the use of a treatment that
would incorporate the advantages of both 8 base-exchange
reaction and a subssquent polymerization reaction, For this
purpose three clays were selected for study: sodlume
bentonite, oalelumebentonite and hydrogen-kaolinite, the
bulk of the work being done on the sodium-bentonite. And
two representetlive salts were sslected for use: nsamely,
ealeiuwm methasrylate and caleium acrylate, Conslderations
of method of application of the treatment were not within
the scope of this thesls: application of the trestment to
the saturated clays was, therefore, undertaken in the
laboratory by admlxing the chemicals es dry powders and
thoroughly working the elay into homogeneity.

The investigations involved in this study can be
subdivided inte three sectiona:
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1) Teo investigate the possibllity of polymerizing
aqueous solutions of caloium acrylate and methacrylate ab
room temperatures

2) 7o study pertinent phases of the base-exchange
rescbion taking place on adding calcium methacrylate to
godium=-bentonite

3) To investigate the effectiveness of the complele
treatment, base~sxchange and polymerizaetion, when applled
to the slays at water contents close to natural water
contents, Shearing strength and water~affinity of the clay
samples were used as the eriterias of Judgment for establishing
relative merit of treated and untrested semples,

Redox catalysls proved effective in polymerizing
the acrylate and methacrylate aqueous solutions. Several
sets of redox cetalysts were found to be applicable. The
use of different sets of catalysts was found to result in
trented clays of widely different properties, Sodlium
thiosulfate-emmonium persulfate catalysts gave very good
pesults with calcium acrylate and were used for all sub-
seguent work, It is polnted out that further relentless
gearch for even better catelyets may well yleld greatly
improved polymers.

The study of the base-exchange reaction of godium~
bentonite gels proved that st low water contents and low
per cent treatments of a;leiun-mothnorylaté, much of the
sodium essooleted with the clay is not exchanged, The water-
affinity of the olay 1s appreclably lowered in proportion
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to the replacement of sodium lons., Unforbtunately, bLecause

of detrimental secondary effecte of the castalysts, the water-
affinity of the polymerized samples was not quite as low

a8 that of samples merely base-exchanged: but 1t still

was very mush lower than the water-affinity of the
sodium-bentonite.

Comparing overall resulta obtalned on the three
clays tested 1t 1s evident that the water-affinlty
characteristics are determined by the base-exchange fectors:
in almost no case dld the polymerization reaction by itself
contribute to a decrsase of water-affinity. In the eina of
sodium-bentonite, the tresatment results in samples with
shear strengths epproximately egual to the shear strength
of the untreated slay, but with greatly reduced watere
affinitiesn. Ih the case of calolium<bentonite a reduction
of the already low wabter-affinity is heardly fessible: the
net effect of the treatment is felt in moderate strength
inoreases, treated samples having shear strengths about
twice the strength of untreated samples, In the case of
hydrogen~kaolinite also, reduction of the very low waber-
affinity of the elay 1s not feasible; thm-trantmsnt results
in marked strength increases even with but moderate per cent
admixtures,

Analysis of the strength charasteristies indicates

the exlstence of & definlite relationship between the ratio
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it appears that the treatment is sbout equally effective

when used with sodiumebentonite end ealeium-bentonite, The
results obtained on ﬁiﬂ kaolinite samples indicete that

the treatment is much more effective for kaolinite than

for bentonite (in the érﬂar of magnitude of 100 times es
mueh), No satisfactory explanation for this has been
found; 1t 1s belleved that further laboratory investigations
are needed in order to clear this very interesting point,

Recommendations foy such further research are made.
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