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I. INTRODUCTION

Soil 1s one of the oldest construction materiszls and is
wldely used in civlil engineering. One of its most important
ussges 1s in the construction of fi1l. Fill serves many
purposes. Long narrow f1ll, termed an embankment, may carry
a8 rallroad or highway across a low ares or act as a dam or
levee to impound or confine water, PFill serving as founda-
tion or supporting soil for a highway or alrnort pavement
is termed subgrade. '

With the rapld increase in vehlcle numbers and vehicle
miles traveled there is a2 need for more highways. With the
available supply of high quality soll for highwsy subgrade
construction rapidly diminishing in many areas, the highway
engineer 1s confronted with the problem of transrorting
suitable soll to construction sites or artificially produc-
ing a high quality soil by mixing the avallable soil with an
admixture, which procedure is termed chemical stsbilization,
From an economic point of view, stabillization with additives
is often favored over long-distance hauling.

Stabilization is the process of imnroving soil so that
it can meet the requlirements, such as strength and compressi-
bility, imposed by the need for stable subgrade snd embank-

ment materials. Admixtures that have been used in chemical

stabllization work include cementing agents, modifiers,




waterproofing agents, water retalning asgents, water retard-
ing agents, and miscellaneous chemicals (24). Each type of
admixture behaves differently from the others, each has its
particular use, and, accordingly, each has its specific
limitations,

Among the cementing agents that may be used as chemlecal
gtabllizing agents are portland cement and lime., Portland
cement has been used with great success to improve existing
gravel roads and to stabilize granular soils, silty solls,
and lean clays (7). This success can be attributed to the
strength gains that cement-treated soll shows over the
natural material, The addition of lime to soll may also
cause strength gains. Lime is more esvecislly suited to

clayey soils, which it often makes more workable, less plas-

tic, and stronger in bearing (8 and 20).

Stabilization has nroven its worth (13 and 20), but a
problem that remains in many areas is the quantity and type
of additive necessary to transform a low gquality soil into
a quality subgrade material. Unstable solls mey be of many
types, such as highly plastic, organie, or highly micaceous.
Little work has been done on the stabllization of highly
micaceous soils even though these are not uncommon 1in the
Appalachian Piedmont Province of the Southeastern United
States, The problem 1s unigue in that mica 1s both in-
organic and nonplastic, but responds poorly to stabllize-

tion by purely mechanical means and ylelds snongy or
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regllient subgrades. Work on stabllization of mica by addi-
tions of sand has gilven largely negative results (2),

This study is concerned with the effect of amount and
type of common stabllizing agents on the unconfined com-
pressive strength of a compacted granular mica soil., Par-
ticular attention is given the reaction of calcium hydrox-
ide (lime) with mica and the influence of calclum carbonate-
calcium hydroxide mixtures on the strength of compracted mica

80il., The results are compvared to strength gains given by

portland cemnent stabilization,




II, PREVIOUS WORK ON LIME STABILIZATION

Most work (5, 17 and 20) has shown positive results
with the stabillzation of various soils using hydrated lime,
Additions of lime generally change such physical properties
as plasticity index, potential volume change, optimum mois-
ture content, and maximum dry density, consequently improv-
ing the englineering properties of the soils,

One of the physical changes that may occur lmmedlately
with the addition of lime to a flne-grained soil is floccu-
lation or agglomerstion of clay particles. This process
makes a soll appear more friasble., As an examnle, it was
found (17) that a clay having 10 percent lime as additive
underwent so much anparent change in gradation that after
14 days of curing it was subsequently classified as a sandy
loam and, after 240 days, the clay aggrecates gave the sgoil
the appearance of sand. In such reactions, the fine parti-
cles are more active than larger ones and tend to react
readlly with the lime. In many cases, aggregstlion tskes
place within the mixture of fine clay particles and chemicsal
to form aggregate that will not readily pass a 200 mesh
sleve, The amount of such agglomeration is determined by
a number of factors, one of the most imnortant being soll
character., Plastic solls more readily agglomerate than
sandy or silty soils. Also, agglomeratlion 1s affected by

lime quantity, being roughly proportional to the amount of




lime added to the soll, Tyne of lime nmay influence the
amount of sgglomeration; quicklime induces more resction
than hydrated lime,

The effect of lime in changing scll plasticity is a
phenomenon noticed in almost every investigation on lime
gstabllization (4, 5 and 8), With the azddition of lime to
s0il, liquid 1limit normally decreases and vlastic 1limit
usually incresses. However, in some soils, liquid 1imit
is increzsed by adding lime, Whether or not the liquid
limit increases or decreases, the increase in plastic limit
with the sddition of small quantities of 1lime frequently
reduces plasticlity index,

St rengths of lime-soil mixtures generslly are in-
creased after the addition of lime to soils. It has been
shown (11) thet the addition of two percent lime to Georgla
kaolin increases the strength of the clay by a factor of
two, With this clay, strength was found to increase with
lime contents ur to eight percent by weight, with an increase
of five fold at eight peicent lime, In 1962, Davidson and
Pletsch (5) reported on the beneficlal effects of lime on
the unconfined compressive strength of 20 soils from various
parts of Iowa. Some of these solls showed a 28-day dry com-
pressive strength of no less than 520 vsi with four vercent

lime ags an admixture, Renorts on field work also show

strength increases with lime stabilizatlon (17).
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The unconfined compressive strength of lixe-soll mix-
tures 1s commonly used as a rough measurement of the effect-
iveness of lime stabilizatlion., To date, investigsators have
found that there are xany factors af“ecting the strength of
lime-treated soils (20). Among these factors are soil type,
lime content, type of lime, denslty of the compacted line-
goil mixtures, and time and type of curing. The streagth
galns that can be obtalned by the addltion of lime to a soil
depend largely on the amount of pozzolans in the soil., “hen
the required amount of pozzolans is avallable, higher
strengths occur with lime addition than when there 1s a
pozzolan deficiency. Normally, clays contain large amounts
of pozzolans and are very reactive with lime. In sonme cases,
only a small guantity of clay is required in a soil to pro-
vide signiricasnt strength increases with lime addition (20).
Also, the amount of strength increase in a soil is related
to the amount of lime added; with generally increasing
gtrengths as the amount of added lime 1s increased (17, 18
and 19). Strength 1s influenced by the type of lime also;
higher strengths being obtained with mixtures of dolomitic
lime than with high calcium lime ih the case of plastic
goils (6).

Environment 1nfluences the strength of lime-treated

g0il, The strength 1s a function of curing time and en-

vironment. It increases with curing time, esveclally during
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the first few hours of curing, after which rate of strength
increase diminishes with time (20). Oonditions of curing
such as temperature and moisture are important. The strength
of mixtures cured at low temperatures is lower than those
cured at high temperatufos (20). Temperature also affects
the speed of strength gain. It was found (6) thet the
strength of mixtures cured at 140°F, for 10 days was the
game as that of mixtures cured at 70°F, for three to four
months, Also, samples cured at s low humidity gain more
strength than those cured at a2 high humidity. In a few in-
stances, the reverse results may be obtalned. Compactlve
effort is important in achleving strength gains through its
influence on as-compacted density. Even though lime-soll
mixtures are usually stronger than the soil alone, the as-
compacted dry density is often less, Still, strength of

the admixtures can be augmented by increasing compactive ef-
fort and, hence, as-compacted denslity.

The beneficial effects of lime are generally attributed
to the interaction of lime and soll clay minerals. The
reactions mentioned most often in the literature (21) are
1) aggregastion caused by flocculation of clay particles,

2) catlion exchange phenomena, 3) cementing or bonding aotion
of indefinite character, and 4) reaction of lime and carbon
dioxide to form calcium carbongte and thereby cement the

g0oil particles together,
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When lime and a moist cohesive soll are mixed together
and cured in a looge state for s veriod of time, the soil
becomes frisble and behaves like a silt, which has a low
plasticity or cohesion., This nhenomenon 1s due to one of
two conditions or possibly to a combination of them. First-
ly, a base-exchange reaction occurs with strong calclum
cations of the lime replacing wesker metallic lons, such as
godium and hydrogen, on the surface of the clay particle.
Another process is the crowding of additlonal calclum cations
of the lime onto the surface of the clay. Both processes
act to change the electric-charge denslity around the clay
particles. Clay particles then become attracted to one
another, causing flocculation or aggregation. Aggregation
takes place rether quickly and is csused by addition of
only one or two percent lime,

. Another important lime-soil reaction produces a cement-
ing action between the soil parti-zles, The calcium in the
lime rescts with certain soil minersls to form new com-
pounds. Usually, aluminous and siliclous minersls in the
goll resct with the lime to vroduce a gel of calcium sili-
cetes and aluminates that tend to cement the soll narticles
in a menner similasr to that produced by the hydration of
portland cement. The minerals in the soll that react with
lime to produce a cementing compound are known as pozzolans.
Pozzolanic resctions are greatly accelerated by heat or by

the addition of certain chemicals,
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Another reaction which oscurs in lime nlaster is car-
bonation of lime by carbon dioxide from alr, producing cal-
cium carbonate. Not only do these carbonations form weak
cementing materials but also deter pozzolanlc action and
prevent normal strength galns.

It is recognized that the effect of lime on clay solils
is governed in part by the propertizs of the clay minerals
in the soils. Mineralogically, soll clsys may be divlded
into three broad groups: montmorillionlte, 11llite, and
ksolinite. The properties of the groups vary one fronm the
other because of differences in the physico-chemical actl-
vity of the clays. Montmorillonlite ls most active, whereas
Xaolinite generally shows the least activity. This varla-
tion in activity can be attributed to the influence of the
location and magnitude of the ionlic charges carried by the
particles, the nature of thelr surrounding moisture films,
the character of the exchange 1lons rresent, and the crystal-
line structure of the mineral particles (8).

Bades and Grim (11) investigated end cowpared the re-
actions between lime and different cley minerals and re-
ported that the strength of kaolin samples lncreased sig-
nificantly with the addition of the flrst incremnent of lime,
whereas for all the other clay minerals there is little in-

crease in strength until four percent or more lime is added.

It appears that kaolinite and lime react easily, and only
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small amounts of lime are required to start the reactions.
On the other hand, for i1ilite and montmorilionites, linme
over and above a minimum amount must be added before there
is a reaction accompsnied by the development of strength.
In the case of montmorillonites which have high cation ex-
change cavacities, a certaln amount of 1lime is required to
drive the calcium ion into and onto the clay. Only after
the clay apparently has been changed to a calcium variety
does it Aevelop strength, Therefore, the base exchange
capacity of a clay s0ll may be considered as an index of
favorable reaction of a soil with llme admixture. Grim (9)
gives the base exchange cspuaclty of the three basic members

of the clay family as follows:

Montmorillonite 60 - 120 meq/100 gm.
Illite 20 - 40 meq/100 gm.

Kaolinite 3 - 15 meq/100 gm.

The reaction of lime and kaolinite leads to the for-
mation of new crystalline phases, “hich are tentstively
identified as calcium silicate hydrates on the bsgsis of
X-rey diffraction characteristics. This reactlon seems to
take place by lime eating around the edges of the kaolinite
particles, with a new phase forming around the core of un-
altered kaolinite, In contrast, the reaction of lime with

the three-layered cley minerals begins by a revlacement of
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the existing cations between the silicste sheets with calei-

um lons., Followlng the saturatlion of the interlayer posi-

tions with calcium, the whole clay mineral structure deteri-
orates wlthout the lmmediate formatlon of substantial new
crystalline phases. Later, and particularly with large lime
additions, crystalline reaction vnroducts develop which are
difficult to identify specifically, but undoubtedly are
calcium silicate hydrates and calcium sluminum hydrates.

FPor 11lite and montmorlillonite, there is little strength
developed untll after the clay 1s saturated with lime and
the destruction of the clay minersl is started. (9)

In 1962, Eedes &nd Grim (10) reported that the forma-
tion of caslcium silicute-hydrates occurs under field stabi-
lizetion conditions. 4Also, they found that cslcium carbon-
ste 1s present in samples tzkhen from some lime-stabilized
subgrade solls., Since the subgresde solls did not contain
calcium czrbonate prior to stabilization, it could be con-
cluded that carbonation took vlace under fleld conditlons.
The investigzstors studied untreated, laborstory-treated, and
field-treated so0ll, After x-ray diffraction analysls, they
found thst neither calclum silicate-hydrates nor calcium
carbonate was nresent at the untreated soll, calcium-
sillcate-hydrates were present at the laboratory-treated
goill, and both calcium silicates-hydrates and calcium car-

bonate aprneared 1ln the field-treated soil.
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Calcium carbonate that is the product of the carbona-~
tion of calcium hydrste by carbon dlcxide from the alr 1s
regarded as a weak cementing material in some rublicetions
(4 end 20). Still, 1t was advised to prevent calcium hy-
drate from csrbonation for the best strength to develop in
both test semples and roads, since the quantity of calcium
avallable for the formation of calcium silicate-hydrates,
which ig referred to as an lmportant cementing matérial,
will be reduced. However, some investigastors (11} renort
that carbonation is a slow reaction and attribute to it

strength gains of lime-soil mixtures over the long term.
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III. THE CHARACTER OF MICA SOIL

Mics soil is important in the Piedmont Province of the
Appalachian Highland in the southeastern United States (23).
It generally contalns quartz and ksolinite clay, but its
properties are determined to a large extent by the large
quantities of blotite or muscovite derived from the partial
weethering of gnelisses and schists. In some cases, the soil

may be nearly 100 percent mica; mica contents of 20 to 30

percent are common (23). TFrom the standpoint of highway

subgrade materisls, the mica 1s deleterious; ylelding high
vold ratios (23), high compressibility, low strength, end
poor response to compaction., These properties may be as8so0-
clated with any soll where mica behaves as the matrix materi-
al, which, according to Bhat (2), can occur in sand with
less than 25 percent mlca.

Micaceous sendy silts and silty sands are ordinarily
not adapted to proper compactlon (23). Maximum dry densi-
ties, as determined by the Standard Proctor Test, fall be-
tween 94 pcf. and 110 pcf. In general, the greater the per-
centage of mica and keolins, the lower the maximum denslty.
Optimum moisture contents typlcally range f{rom 22 percent to
15 percent. The molsture-density curves usually have rela-
tively sharp peak indicating that the solls are very sensl-
tive to moisture content. In order to get favorable engl-

neering properties, Sowers (23) emvhasized that comnaction
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of from 95 percent to 100 percent of the Standard Proctor
meximum 1s necessery. As the compactlion percentage falls
below 95 percent, the properties of the compacted soil quick-
ly become unfavorable.

Tate and Lerew (25) have recently studied the structure
of compacted micaceous silt. They found that the structure
of a micaceous sllt of the type studied does not necessarily
follow the concept of compacted clay structure rroposed by
Lambe (15). Lambe's theory dictates an increasingly dls-
persed structure in compacted 301l 2s the moisture content
is increased during compaction, Micaceous silt dlscloses a
more dispersed structure at or near the optimum moisture
content and a more flocculated or random structure on the
dry and wet sides of optimum. However, 1t should be noticed
that a considerable difference exists between the colloidal
clay particles consldered 1ln Lambe's studies and the very
much larger mineral particles of micaceous silt,

Sowers (?3) reports that the strength pnarameters, ¢
and @, obtained from quick triaxlal shear tests of mlca-
ceous soils very inversely with soil void ratio. Further,
he suggested that a large part of the cochesion, ¢, 1s true
cohesion or bonding among the soil particles. In the origi~
nal rock the particles were all interlocked with certain

physical bonds between them. Apparently, not all these

bonds are broken during weathering, since many of the soils,
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especially those containing lerge zsmounts of mlcz, show ap-
precisble cohesion., Sowers also stestes that the internal
friction 1is true frictlon rlus interlo~king of the sngular
gquartz and the mica flakes, He tested some remolded, dried
soils at the ssme vold ratio as undlisturbed solls and found
that the angles of internal friction were arproximetely the
same s in the undisturbed gsmrles, Thle suggzests thet the
internal friction ig not greatly denendent on the soil
structure, Sowers msde a few tests in compering slow
(drained) with guick (undrained) shear. The results show
that the difference is negligible for s micaceous silty sand
(e = 1.4) but may be very aprreciable for the very silty
801ls or clayey solls when satursted.

According to Sowers' test results (23), micaceous soil
congolidates felirly repidly. In the vartially saturated
condition, a large rercentsge of the consolidstlon takes
place immediately. When saturation is reached, the consoli-
dation proceeds as would be expected from the Terzaghl Theory.
The coefficlient of consolidation 1s high for thls type of
goll, Smith's work (22) shows thet the effect of mlica con-
tent on increasing the rate of secondary comvression 1s
noticeable., He gzttributes this in part to the micse rarti-

cles, Mics is noted for its platy cleavege =2nd sliprery

quality. It posgsesses indexes of from two to three on the
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Mohr's scale of herdness (12)., Thus, mica may be rzted as
relatively unstsble agalnst shearing stress among the indi-

viduel particles,




IV, MHATERIALS AND MIlODS

Soll

The s0il used in this study is a neturally-occurring
mica soil, It was obtalned in Madison County, Virginie, in
the Apralachian Pledmont. FPFrom the same source two shlpments
of msoil semples were made st Aifferent times. The soll 1s
dark yellow, highly micaceous saprolitic rock derived from
sheared Lovingston gresnite. A particle size distribution
analysis of the material is given by Bhat (2). His analysls
ghows 30 percent silt size and 8 percent of clay size. It
138 classed as SM by the unifled soil classification system.
X-ray diffraction analysis shows the materlal to be primary
blotite mica with small amounts of vpoorly crystallized kao-
linite. Differential thefmal analysls shows similar results.

The soil was alr dried and passed through a No. 10

sieve, with the portion retﬁined on the sleve discarded.

Stebilizers

1) Portland cexent

An gir-entraining Lone Star portlsnd cewent type-l wes
used in cement additive studles, This ceueat was manufactured
by Lone Star Cement Corporation, Virginla.

2) Agriculture Llime

The lime used in thls study was Mason General Purpose

lime, manufactured by Ripplemesd Lime Co., Inc., Ripnlemead,




22

Virginia. 4 weight loss determination showed that this lime
contains sbout 43,5 percent of calcium carbonate due to car-
bonation in the laboratory.

3) Reagent grade lime and calclum carbonate

Other lime used in this study was a high calcium lime
with en original content of Ca0 of more than 95 percent,
Weight loss determination by burning at 900°C, showed the
reagent lime to be essentially pure calclum hydroxide, due
to hydretion in the laboratory. Tests did not indicate the
presénoe of significant carbonate. The reagent calecliunm car-
bonate is 2 nure chemical vnroduct contalning less than one

percent of impuritles.

Methods

Unconfined compressive strength of specimens was used
as a gulde in determining the effectiveness of each additive
added to the soil.

The samples were molded with the Harvard Miniature Com-
paction apparstus (16) having a 40 pound soring. Each sam-
ple was compacted in five soll layers with 25 hammer blows
for each layer. This compaction effort is consldered higher
than that glven by Standard AASHO test. Broberg (3) notes
that compactlion in the miniature device using a 40 nound
spring with three soil layers and 25 hammer blows ver layer
{8 approximately the same as that with Standard AASHO com-

paction,
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The samples were compacted at near optimum molsture con-
tent in the Harvard miniature avnaratus, carefully extruded
from the compaction mold and put into small Jars that were
capped tightly and sealed with grease in order to prevent
evaporation of water, The samples were cured in an oven at
1200 F, for two days. After curing, a constant straln test
was conducted to determine the unconfined comnressive strength
of the samples.

The apvraratus employed in determining the unconfined
compressive strength of the treated soll 1s a gtandard strain-
controlled triaxial compression testing machine. Size of the
sample was 2.8 inches in length and 1.3 inches in dlameter,
There was no confining pressure, the axial load was applied
at a strein-rate of 3.5 percent ver minute, and the test was
continued until the sample visibly falled or a load drop
occurred.

X-ray diffraction tracings were made with a G.E. XRD-3
x-ray diffractions unit with a spectrogoniometer that plots
the logarithum of x-ray intensity. Samrles were rrepared
by grinding and smearing on a glass slide. Differential
thermsl snalyses were made with a unit that advances the
temperature of the calcined aluminum oxide reference at =

rate of 12.5° 0., rer minute. The same temperature increase

rate wes employed for thermogravimetric analyses,
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V. RESULTS AWD DISCUSSION

Molsture-densgity characteristics

The moisture-density properties of compacted mixtures of
mica s0ll and stebilizing agent are summarized in Figures 1 -
3. PFigure 1 demonstrates that additions of agricultural lime
has a marked effect on both maximum dry density and optimum
molisture content of the compacted soll, Purther, as shown in
Pigure 2, reductions in achieved compacted density with in-
creases in lime content occur even when molding water content
is held constant. This reduction 1s particularly pronounced

st molding weter contents dry of optimum. Similar results

heve been reported by Gallaway and Buchanan (8), who found

thet for compected soils, lime admixtures cesused dry unit
welght to decrease and ontimum moisture content to increzse.
The reduction in dry unit weilght mey be caused by the replace-
ment of soil particles by water, which would zlso account for
an increzse in water content. Lime 18 a very fine powder.
Hence, additions of lime amount to additlions of fine parti-
cles with large surface areas for adsorption of wgter. Gen-
erally, the more fine-grained a soll, the lower its mexlmum
dry density snd the higher its optimum molsture content at
any perticular compactive effort,

Figure 3 shows that in the case of soll-vortland cement
mixtures, appreciable decreases in maximum dry density occur,

but optimum molsture content appears to be little influenced
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by percent of stsbillzing agent., This mey signify the re-
actlon of water wilth the stabilizing asgent after comvaction
but before or during water content determination. There may
have been, in effect, a high vercentage of water in the soll
during compaction, but during drying, much of this water may
have rescted with the portland cement to form solid hydrates,
liXe those formed during the cure of concrete, so that the
water lost during the drying procedure of water content de-
termination was much reduced.

Thinking in terms of water-stabilizer reaction versus
increases in measured optimum water content with stebilizer
addition, it 1s interesting to re-exeamine Figure 1. The
slope of a line drawn between the polnts O vercent lime, 18
percent water content and 2 percent lime, 19.5 percent water
content is the sseme as that drawn between the points 4 per-
cent lime, 20 percent water content and 8 percent lime, 23
percent water content, Using the reasoning aprlied to the
case of the water content of rortland cement-soll mlxtures,
this implies that between two percent and four rercent lime,
the molding water reacts with the stabllizing agent or gome
secondary product of soil-lime reactlon to form hydrated
compounds. 4s shown leter, all gains in strength in the
cured, compacted mixtures with additions of lime occur be-

tween lime contents of two percent and four percent.
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St rength of portlsnd cement-goll mixtures

The relationship between unconfined comnressive strength
and portlsnd cement content is shown in Figure 4, The curve
can be aprroximnately divided into two parts, one with vort-
land cement content less then one vercent and gnother with
rortland cement content grester than one percent. The first
part is slmost horizontsl, with strength zzin arproximately
zero snd unconfined comrressive strength nearly constant,

The second part hes a steep slope with the unconfined com-
pressive strength of the s0il roughly prorortionel to the
percentage of portland cement zdded. The strength gain l1s
approximetely %,500 paf. for each vercent of additional
portland cement,

In compacted cement-treated soll the hydrstion of the
different cement constituents occurs at different rates, pro-
viding cementitlious amorphous and minutely crystalline hy-
dration products resnonsible for characteristic esrly and
long-term strength gains, The cementstion 1is mainly cheml-
cal in nasture and may be visualized as due to the develooment
of chemicsal bonds or linksges among adjacent cement grain
surfaces and asmong graln surfaces and exposed soll narticle
surfaces., These phenomena suggest that the unconfined com-
pressive strength of soil treated with portland cement will
incresse as the percentage of portland cement added to soil

incresses.,
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The results show that it is indeed possible to harden
mica soil with small percentages of a cementitious materlial.
Apparently, any cement Iintroduced to the so0ll in quantities
of greater than one percent will have observable effects on
strength., This 1s important in terms of the quantity of
lime-goil induced cement that must be generated, if any 1is

generated at all, to inerease strength,

Strength of agricultural lime-goil mixtures

The unconfined compressive strength of soll treated
with agricultural lime (in thls case 43.5 percent CaCOz and
56.5 percent Ca(OH),) 1s shown in Figure 5. When more than
two percent of the lime is mixed with the soil, the uncon-
fined compressive strength is increased. Strength gain
- with lime addition reaches a maximum at a lime content of
four percent, and slightly decreases at higher percentages.

Possible mechanisms for the stabllization of soll wlth
lime have been mentioned. It 1s suspected that flocculation
or asggregation of soil particles occurs so as to maske the
8011l more like a granular materisl., Such a resction would
be relatively fast, occur with very low percentages of lime,
and have little significant effect on solls containing small
percentages of clay, such as the soil in this study. Another
reaction is the carbonation of hydroxide to form calcium
carbonate as a weak cement, That at least some of the hy-

droxide does carbonate 1s very probable., However, one would
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expect most of such carbonation to occur during the mixing

stages of sample preparation rather than after compaction,

gince a free source of carbon dioxlde is required, If thils
is the case, significsnt strength gains from such carbona-

tion are difficult to visualize.

There 1s strong evidence that the formation of calcium
silicate hydrastes is the major source of the strength gain
shown by the stabilized mica soil in this study. Mrstly,
the early portion of the strength-percent lime curve is
much like the strength-percent portland cement curve, which
indicates the same general typve of cementing action. Per-
haps it is signiflcsnt that strength galn beglns beyond =
threshold value of one percent additive in the case of port-
land cement and a threshold value of two percent addltlve
in the case of the agricultural lime, which is roughly one-
half hydroxide, Secondly, Figure 1 indicates that the re-
action which occurs is one involving the chemisorptlion of
water, whereby hydrates are formed, analogous to the action
of portland cement. It is probable that the reactions dis-
cussed by Eades and Grim (10 and 11) apply.

X-ray diffraction data, given in Figure 6, indicates
the presence of calcium carbonate in the stabllized soil,
but no calcium silicetes hydrates were found and calcium

hydroxide is conspicuous by its absence. However, small

amounts of poorly crystalline masterial in a matrix of
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Smoothed x-ray diffraction tracings
obtained for samples of mica soil com-
pacted with and without four percent
agricultural lime, cured, dried, and

oriented on a glass slide with the ald
of water.,
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well-formed mica and small narticles of kaolinite would be
exceedingly difficult to detect by the nrocedures used,
D. T. A. data, given in Pigure 7, are similar to those ob-
tained by x-ray diffraction, The presence of calcium car-
bonate in the stabillized soll 1s clear, but there 1s no in-
dication of the presence of hydroxide, HNote that lime addi-
tions increased the size of the endotherm at 600° C,., but
had 1ittle influence on the 525° ¢, endotherm (ksolinite).
Thermogravimetric data, PFigure 8, indicate the pre-
sence of both calcium hydroxide and calcium carbonate in
s0il stabilized with four nercent lime, but do not positive-
ly show the vresence of hydrates. Comparing the thermograms
of untreated and lime-stabilized soll, it can be seen that
the lime-stabilized soil lost about 1.2 percent more of its
weight than the untreated soil. This differential occurred
in two stages: 0.3 percent at about 400° C., suggesting a
calcium hydroxide content of 1,2 percent, and 0.9 percent at
about 700° C,, suggesting a calcium carboneste content of 2,0
percent, Had the additive remalned inert, the sample would
show approximetely 1.7 percent calcium carbonate and 2.3
percent caleium hydroxide. Accordingly, there occurred a
slight gain in csrbonate, 0.3 percent, which would account
for a 0.2 percent loss in hydroxide, and a loss in hydroxide

of about 1,1 percent, virtually none of which cen be ac-

counted for. Eades and Grim (10) also had difficulty
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accounting for the apparent absence of calclum hydroxide in
lime stabilized soils employed in thelr study. However,
they concluded from indirect evidence that it was present
even though not indicated by x-rzy diffraction and differ-
ential thermal znalyses. Their differential thermal anal-

yses showed an endothermic peak at between 300 snd 400° O.,

which they attributed to hydrated calcium silicste. Hence,
1t is possible that the 0.3 percent weight loss differential
between 300 and 500° O, shown in Plgure 8 is due to hydrated
calcium silicate rsther thsn calclum hydroxlide.

It was sugzested earlier during discussion on moisture-
density characteristlca that sn agpreciable amount of the
molding water, as suggested by Flgure 1, may be lost by hy-
drate formation during compaction and prior to curing. Al-
though the thermogrsms were obtalned for cured soll, which
cannot be valldly compared to uncured material, the weight
loss data present a strong argument against the chemlisorp-
tion of this large quantity of water; it simnly does not
appear during the burning of the samples. That it might 1in
some way have been lost during the curing process 1ls & re-
mote possibility, but the dsta of Eades and Grim (10) sug-
gest that, to the contrary, hydrste formation occurs during
rather than prior to the curing process. Certalnly some-
thing is hsvvening to the hydroxlde early in the stablllza-

tion procedure, If thls were not so, more than a small
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percent would avpear as carbonate after the extended perilod
of sample preparation for thernogravimetric analysis. Also,
one is faced with the fact that substantlsl galns in

strength occurred.

Styength of goil stabilized with lime, carbonate mixtures
Given in Table 1 and PFigure 9 are results obtained with

the unconfined compression test on samples of mlca soll
stabllized with varlous percentages of mixtures of reagent
grade calcium hydroxide and calelum carbonate., Note that
when as much as four nercent additive is mixed with the
goil, the percent lime in the additive has a far greaster in-

fluence on s0il strength than the percent additive used.

Accordingly, one must conclude that the presence of calclum

carbonate in some way affects the stabilizatlion of the mlca
soll, Still, this 1s contrary to the concept that calclum

carbonaste is s totally ineffectual stabllizing agent or is

simply inert during stabllizatlion,

There are two baslc i1deas that might be advanced to ex-
plain the action of calcium carbonate in the stabllization
of the mica soil; 1) the carbonate scts as a cement and 2)
the carbonate does not act as a cement, but has an influence
on mixing and compactlon efficlency. That the carbonate acts
as a cement does not seem nrobable in view of the fact that
the unconfined comnressive strength of soll stablllzed with

carbonate alone is low regardless of the quantity of
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Pable 1 - Ynconfined Comvressive Strength (psf,) of
Stabilized Mlica Soll Treated with Calcium Hydroxide-
Caleclun Carbonzte Mixtures

7 Mix 7 CalOH)p 1n Lime

In Soil 100 15 25
2 6,500 4,200 2,600 2,600 3,300
4 13,600 18,500 8,600 3,000 3,200
6 14,550 18,575 17,050 4,500 3,450
8 13,800 18,200 15,000 8,300 3,400
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Figure 9. Unconfined compressive strength of stabilized
mica soil treated with Ca(OH),-CaCOz mixtures.
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carbonste employed. Slmply addlag cerooncte Dy lteelf arp-
pesTrs to do nothing toward lncrezeing sol1l strength, elther
by way of cementstlon or lacreasing compsction efflclency.
This wskes paradoxicel the faet that smzll amounts of car-
bonate increase strength when used with calcium hydroxide.
It is unlikely thet there 1g any cerbonate-hydroxide resc-
tionm product or cetalytic actlion on the part of the csrbon-
ate, The effect must be explalned in physical terms; car-
bonate apparently enhances intimate mixing of the lime with
the soil.

Figure 10 shows the relatlionship between stress and
strain of soils treated with six percent of admixtures con-
talning different percentages of calcium hydroxide. For
the convenience of comparing the stiffness of each s0ll,
all the curves are plotted in the same scale. The stiff-
est treated soll is the one with 6 percent of additives con-
talning 75 percent of calcium hydroxide which 1s equal to
4,5 percent of pure calclum hydroxide in the treated soil,
If & vertical line was drawn, it would reveal that in order
to produce the same strzin, it needs the highest stress for
the soil contalning 4.5 percent of vpure calelum hydroxlde;
the soll contalning zero percent of rure lime needs the
lowest stress., The ratio of the stiffness of these two

soils is roughly 10 to 1, The stiffer the soil 1s, the

higher the unconfined compraselve strength of the soll.
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According tc the mechanisms of stsbllizstion of the soil
mentioned before, part cf the calcium hydroxiae might cause
the flocculstion or aggregation of soll particles, and ano-
ther part prroduces calcium silicute hydrautes that act as ce-
menting meterizls. The calclum carbonste might act as fines
to improve the gradation of the treuted soil snd to faclli-
tate intimste mixing. Then the produced cementing masterials
tind the coarse and fine soll particles together to produce
stiff treated solil, These threc elements may be referred to
&s the malin factors contributing to the stiffness of the
treated scil, A soll treated with less than 75 percent of
calcium hydroxide contained in the addltives might not be
able to produce sufficient calcium silicate hydrates, while
the s80il treated with more than 75 percent of calclum hy-
droxide contasined in the additives might gain too many fine
s0il particles., Both of these two cases would reduce the
stiffness of the treated soll,

In Figure 11, secant modulus of elasticity was plotted
against the percentage of pure lime mixing in the additives,
The secant modulus of elssticity increases rapidly after the
lime content in additives is more then 25 percent and reaches
its pesk at 75 percent then decreases. It still suggests that
four percent cf 1lme is the optimum quantity to be added to

the s0l1l to obtain the highest strength,
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Vi, CONCLUSIONS

From the results presented in this study, it is seen
that all such additives used ir this study == lime, nortlsnd
cement, and caleium hydroxlde-calcium carbonaste =dnixtures
have distinet effects on unconfinad comrressive gtreneth of
mica s0il. PFurther, some imvortant eonclusions wmay be =um-
marized from this laboratory study.

l. The optimum gquantity of agricultural lime to be
added to the mica soll for stebilizstion is four nercent
based on dry welght of soil. The hichest strength was ob-
talned when the soll was treated with four nevcent lime, and
there is no observable increase in the strength of the soil
if the content of stablilizer is hirher than this quantity.
The strength of s0ll treated with less than four vercent
lime 1s much lower than that of so0il containing four rercent
stabllizer,

2. The unconfined compressive strength of soil stabi-
lized with calecium hydroxide-eslcium carbonate admixtures,
as found in thls study, is zenerally hicher than that of
8011 treated with nure lime. The best ratio of the quantity
of calecium hydroxide to caleclum carbonaste, hased on welght,
is 3 to 1. The optimum quantity of stablilizer to be sdded

to the 3011l for development of strength 1s six nercent based

on dry weight of soil.
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3. The effect of portland cement on strength of soil
is different from that of lime and calcium hydroxide-calcium
carbonate admixtures on the same soll, The strength of
stabilized mica so0ll continues to increase with increasing
amounts of portland cement, at least within the additive
percentage range used in this study.

4, Comparing the strength of mica soll treated with
the sameé quantity of different calcium stabllizers, the best
quantity end additive is six percent of calclium hydroxlde-~
calcium carbonate admixtures containing 75 percent of calcium

hydroxide and 25 percent of calclum carbonzte.
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ABSTRACT

Regsearch was conducted to study the unconfined com-
pressive strength of a mica soil stabilized with various
percentsges of lime, portland cement, and comnbinations of
calcium hydroxlde and calclum carbonate. In order to trace
the calcium carbonate and calelum hydroxide in the stabllized
goll, x-ray diffraction analyses, differential thermal anal-
ysis, and thermagravimetrlc analyses were made., Results
show the appearsnce of calcium carbonate and absence of
calelun hydroxide.

It was found that al)l the stabllizers used in this
study have an effect on both maximum dry unit welght and
optimum moisture content. A significant lncrement in un-
confined compressive strength does not occur until the
gmount of sdded stabillizer is more than one vercent for
portland cement and two percent for agricultural lime,

When combined additives of calcium hydroxide and calcium
cerbonate were used, there was no strength gailn until the
content of calcium hydroxide in combined sdditives was wmore
than 25 percent,

When more than ome percent of portland cement 1s added
to the mics soll used in this study, there is an approximate
linear relationship between the soil strength and the per-
centage of added stabllizer, which exlsts within the percent-

age range used in this study. With agricultursl lime, peak




strength was obtained with four vercent of stabilizer. The
unconfined compressive strength of the soll treated with
combined calcium hydroxide-calcium carbonste addliives was
generally higher than that of soll treated with oure lime.
The optimum quantity of combined calcium hydroxide-cslcium
carbonste additives for streungth ls silx vercent, in which
the best cslcium hydroxide-calclum carbonste ratlo is 3 to 1.
A possible explanation for this result 1s that the presence
of calcium csrbonate enhances intimate mixing of soll with

hydroxide and improves the gradstlion of the soil,




