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INTAGDUCTION

Natural outerops of sound bedrock are net common in
Iowa. Quarries are sometimes difficult to open because the
rock is generally coversd by a thick overburdsa. This in-
itial cost t0 uncover the bedrock and the high expenses of
exploitation accounts for the scarcity of open quarries in
Iowa and for a high initial price of the rock products.
When the quarries are distant from the construction site
and the amount of aggregate required does not warrant the
opening of a new one, the hauling expense may make the |
aggregate very expensive. This may inhibit its use, and
engineers must seek for other more economic solutions or
materials.

S0il, cheap and abundant, has been used for thousands
of years as a construction material. In its natural state

it generally has very poor engineering qualities, but they

thirties of the concepts of lubrication effects of water
and of an optimum moisture that pfoduces a maximum density
for a compactive effort, gave the soil engineer new tools
in the 1lmprovement of a s0il for its use as an engineering

material (59)%. This concept of the moisture-density

¢ Numbers in parenthesis refer to the Bibliography.
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and from this a separate scienc
developed.

Sever§1 soll admixtures ars used today to obtain & oon-
struction materisl with better snginesering properties than
those of the original scil. The most extensively used are
cement and lime. Others, like lime with fly ash, appear
te &
used because their characteristics and behavior when added
t0 86ilis are net well known. Hany other admixtures are
being evaluated in the laboratory before sublecting them to
field testing.

The importance of the construction program of the vast
network of interstate highways has given the investigations
for new and better methods of soil stabilizatien additional
emphasis. These investigations may bring some econoamy t0
the expenditures for the program. The item in a recent
report on highway research for vwhich the highest amount of
money was recommended was the improvement of knowledge of
aggregatés and soils; a total of ten mililon dollars annuslly
was suggested {38).

During the last ten years the Engineering Experiment

Iowa S%ate Highway GCommission and the Iowa Highway Researsh
'

Board has been conducting an extensive evaluation ¢
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attention has been given tec the use of cheap availsble chem-

1cel anrd by-preducts or wastes. One of the=m is fly ash,
which together with lime can be used in soil stabilization.

Fly agh is an artificial poszolan produced as a waste
material in the power plants that burn powdered coal. The
American Society for Testing Materials has defined fly ash
and pozzolan as Tollows (&):

For the purpose of these specifications fly ash is
defined &8s the Tfinely divided residuve that *eSLits Toom
the combustion of ground or powdered coal and is transe
ported from the boiler by fiue gases.

For the purpose of these specifisations the term
pozzolan 18 defined as a silicious or alumino-silisious
mater which in 1tsslf possesses 1little Or RO cemEenw
titious value but which in finely divided form and in
the presence of moisture will chemically react with
ailkalii and aikaline earth hydroxides at ordinary tempere
atures to form or to assist in forming compounds
poasessing cementitlous properties.

Industries have the problem of disposing of over ten
million tons of fly ash every year; the cost to haul and

N

dump fly aah:i; approximately one dollar a ton. 8ince

laboratory and fieid tests o0f 80il stabilized with lime and

£iy agh have 8§vnn nwa

———— -

The work done until now to evaluate lime plus fly ash
ag an admixture to solls has been very restrictive. General

conclusions as to the use of these materials have been drawn



Yased on resuits ovlained with a limited varieity of ihne
component materialg--~geil; lime and fly ash, or based on
limited testing. The insufficient "know-how® of a method
or process may lead to an erroneous evaluation of ite
qualities or properties. An attempt has been made in this
investigation to introduce a reasonable number of variables
in the main components: soil, lime and fly ash. Other

- P . A - e Ry | - - PR
factors had ¢ be studlised slso: th
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report was conducted to obtain information on the following
agspects of scill-lime-fly ash stabilization:
1. Lime and fly ash proportions and amount
2. Molsture-density-sgtrength relationships
. Effect of compactive effort
b, Effect of curing temperature
5. Influence of temperatures of component materials
at time of compaction
6. Effect of delay of compaction after wet mixing
7. Effect of chemical a2dditions on the lime-fly ash
reaction and their effects with solls
8. 8tudy of the modification of fly ashes
9. Comparison with other methods of soil stabilizaticn

10. Final evaluation including freezing and thawing tests.
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As an artificial pozzolan, fly ash can be used in any
¢f the numercus appiications in which pozzolans are used,
providing its quality competes with other avallable pezzolans
(7,20,21,51,56). HMixtures of pozzoian, Lime and water form
a cement that was extensively used by the Romans. Philo-
logically the name pozzolan comes from the city of Pozzuoll
near Vesuvious and the bay of Naples, Italy, where the
Romans gquarried a wveclcanic ash. Roman structures built
2,000 years ago and still standing today attest the quality

and durability of pozzolanic cements.

Development of Soil-Lime-Fly Ash Stabilization

¥ith the expansion of the electric power industry in
the United States during the early 1930's, power companies
burning pulverized coal, and collecting fly ash froa the
smoke to prevent air pollution, found the disposal problem
to be an expensive and sometimes a difficult one. Great

quantities of fly ash had to be hauied away and dumped,
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can be used. The principal uses have been as a filler in
grouting materials, as an ingredient in the manufacture of

bunilding blocks and in Prepakt concrete, as a pozzolan



in Foritiand cement concrais. and as an admixture with lime
in soil gtabilzaetion. (9,11,47,51,66) _

In 1934 a patent was granted on the use of fly ash with
an alkaline earth base as a strustural material (58). The
cementitious properties of fly ash mixed with iime and water
were studied in 1940; after that several compositions of
s0il, lime, and fly ash for use in base and subbase scurses
o{ pavemenis were at"iied, ana the trade name Poz-0-Pac was
given to them (13,24). A patent on the use of lime and fly
ash with fine aggregate was obtained in 1951, and another
in 1954 on the use of lime and fly ash for stabilizing
finely divided materials such as soils (34,35). Another
patent was issued in 1957 (36).

The first ficld ¢trials of so0il, lime and f1ly ash
mixtures were masde in the consiruction of a number of by-
passes, interchanges and shoulders of the New Jersey Turn-
pike. It has been reported that they are giving satisfac-
tory performance (52,53,54).

Since 1954 the Iowa Engineering Experiment Staticn has

been studying the effect of hoeth the amount of lime and fly

durability 22 s2il, lime and asg mixtures. This work has
indicated that about 25 percent lime and fly ash in ratios
varying between one lime to nine fly ash and one lime %o two

fly a2sh 6az be used satisfactorily for stabilizing various
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textured scile (18.22.28.85.48). Tt anneara tha® tha hichen
ratios are required for clayey soils (19,39). Dolomitic
monohydrate lime produces higher strength than high-calcium
hydrated lime in so0il and i&m; nixtures with Iowa soils
(%4%.58). The same was found t0 be true for seil, lime end
fiy ash mixtures at elevated temperatures greatly iamproves
the early strength (14,28,63). The highest compressive
strength Securs &tv or just Deliow Yhe optimum moisture content
for the standard Proctor compactive effort (28). High carbon
fly ashes do not react with lime as wcll as the low caﬁboﬁ
fly ashes; fineness 1s also a measure of the reactivity
{19,63,67). The strength increases with the inerease of
fly ash content (15,49). The addition of fly ash may not
be nscessary ¢ lime stabilized soils eomtaining large-
amounts of montmorillonite or kaelinite clays (39) or silt
{64). The strength increases proportionately with the
ameunt of compactive effort (40,68). Increasing the time
of mixing in a mechanical mixer, at constant speed, gives
increased unsonfined compressive strength {28). Test
gpecimens were sgtlll gaining strengzth after a curing peried
of one year (28). The relative humidity dwring curing
gshould be meintained as near 100 vercent as possidble {28).
The addition of esicium chioride to soil-lime-fly ash
mixtures has been known to increase its early strength

(28,53,54). 1In field trials of soil-lime-fly ash paving



near Detroii. Miechigan tha hee® 23233 newfommoncs worz
obtained with s stony sand which had been trsated with
about 0.5 percent of calcium ghloride six weeks prior %o
lime-fly ash stabilization (17). The higher early strength
odbtained in this road, and thus greater resistance to frees-
ing, was attributed to an acceleration of the lime-fly ash
reaction by the salcium chloride.

The sirength improvements when ocalcium chloride was
added in small amounts to s0il, lime and fly ash mixtures
suggested that other chemicals may preduvce similar strength
inoreases. An investigation was made with 47 chemieals and
it was found that many of them improved eonsiderably the
early and/or long term strength of lime-fly ash mixtures.
Amcng the more promising are sodium carbonate, sodium and
potascium hydroxides, lithium carbonate, potassium and sodium
Permanganates, potassium sarbenste, scdium chloride, aluminum
ckloride, potassium and sodium bicarbonates, sodium snlfite
and a sodium tetraphosphate (18,50).

An svaluation of the most promising chemical additive,
sedium carbonats, was then made (22,33,80,55). 4z a pesult

a patsnt wasz ohizined oz the uce of

i

~
-

gacelarate the setting 0f lime-fly schesoil mixtures {32).

«q

The serviceability of s0il,lime, and fly ash mixtures
with and without chemicals is being studled in field trials

by the Icwa Engineering Experiment Station in coe-operation
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with ithe Iowa State Hishwav Commission and the lowa Highwav
Research Board. A test road was built near Colfax in 1958,
and another was built near Fort Dodge in 1960. Both test
roads have sections of base and/or subbase courses of soil
treated with lime and fly ash. A report is being prepared

on the Colfax test road (41).

Mechaniam of Lime-Fly Ash Reaction

When lime and fly ash are mixed with the soll, part of

dioxide present in the soil air and soil water, and part with
fly ash in a pozzolanic reaction.

Lime reacts with the clay minerals in the soil in two
manners, one of which is ionic in nature. Thils i1s a complex
reaction in which the excess of calcium cations supplied by
the lime cause, by their crowding action on clay particles,

a flocculation of the soil, and also an exchange of calcium

for other cations in the clay structure. By this reaction

soll plasticlity 1s decreased, workablility is greatly increas-
ed, and volume changes due to moisture are reduced. The
other reaction, that takes place when the scoil is in a com-
racted state, is pozzolanic in nature gimilar to the lime-
fly ash reaction. Fine silt-size guarts minerals, in
addition tec clay minerals, are very likely involved in thatv

reaction. GCenmentitious reaction products are formed which



)
[+

ingrease the bearing cavaciiv oFf The anil.

Carbon dioxide combines with lime to form calcium
carbonate or calcium magnesium carbonate, depending on the
lime used. In practice this takes place at a very slow
rate in soil-lime~fly ash mixtures. It hag been found that
the presence of carbon dicxide in the air does not affect
the compressive strength of the soil-lims-fly ash specimens
{1k},

The m2in cementiticus material created by the pozzolanic
reaction is a hydrous cailcium silicate, but since most
pozzolans contain amounts of materials other than silica,
other compounds involving ircen, alumina and the alkalles
are likely formed alse (10,20,21). Caleium silicates and
aluminates have been i1dentified in the reaction between iime
and fly ash (38,%6). A eompound has been isclated in the
?gactloa between a iime and a fly ash which is tentatively
formulated as [(Cagy Neyq} 9] ]_'(s:‘..,5 AL,,) 0,] -9 Hy0°.
Bage eoxchange takes plase betwsen the pozzolan and lime, but
this action is unlikely %o be cementitiocus (45).

Pozzolans containing siiicz in amocrphous forms resst
faster with lime than those acntaining sillss 4z srystalliias
ferms, and the rate of reaction varies inversgely with erysial

size (20}. Strength increases with oompacted density of s0il-

¥ Handy, R.L., Englneering Experiment Station, Ames, Iowa.
Data on z-ray analysie Sf 1ize and fly ash mixtures.
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iime-f1ly ash mixtures {£0.681. Thir mav ha Ave A on in_
erease in the number of contact points among the soil
particles providing greater bond by the cementitious micro-
erystals or gels.

The reactivity of pozzolens iz correlated with the
alkaline nature of lime-pozzolan mixtures. The activation
of silica by the hydroxyl ilons plays an important part in
Yhe formation ol calsium siiicates. The maximum adserption
of calcium lons by quartz occurs at a pH of 11 (42). A
study of the adsorption of calcium by a clay showed that
the amount of calsium adsorbed increases with increase of
DH up to about pR 11 (12). Therefore there seems to be an
optimum pH for the formation of calcium silicates in the

ims-pczzClan reaction.
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Materials Used

Soils
Four naturel soilsg, a dune sand, a friasble loess, an
alluvial clay and a heavily weathered giacial till, were
selected as belng representative of important Iowa soil
tvpes

" Qan SO
<>~ L3 =3 - vf TR AL WCR M N e

Table 1, and physical and chemical properties are given
in Tabie 2.

Ottawa sand was used in the preliminary evaluation of
the effects of chemical additives on the lime and fly ash
reaction. It 1s a natural silica sand assumed tc be un-
reactive with lime and water at the curing temperatures
used. Its gradatlion met the requirements for graded stand-
ard sand (ASTM Designation: C 109-58) (4):

Sieve size Percent passing
No. ié6 (1190-micron) 100
No. 30 (590-micron) 98 + 2
No. 50 (297-micron) 28 & 5
¥o. 100 {(145-micron) 2 ¢ 2



Table ). Desoiription of natural soils

- -

gSoll Dune aanq Friable loosa Alluvial olay Kansan gumbotil
(Bmb622)" (20-2) (627-1) (528-8)
Loocation Benton County, Harrison County, Harrison County, Keokuk Count.r,
Iowa Towa Iowa Iowa
Geologiloal Wisconsin-age Wisconsin-age Recent £111, Kansan-age @ u~
desoription eolian sand, loess, friable, alluvial botil, highl;y
fine-grained, oxidized, plastic, waathered,
oxidired, calaareous 8lightly cal- plastis, none
leached careous caloareous
801l oseriles Carrington Hamburg None MahaskaP
Horizon ¢ ¢} Undefined Foseil B
Sampling depth,ft. 6-11 49«50 0=k 7.5-8.5

& Numberse in parentheses are those assigned by the 8011 Research Laboratory
of the Iowe Engineering Experiment Station.

b

Underlies ¢ horizon loess of Mahaska series.

[
W



Table 2. Propoerties of natural soille

801l Dunao Friable Alluvial Kansan

sand loess clay gumboti.l

Textural ocompowition®,%:

gravel (> 2mnm) 0.0 0.0 0.0 0.0

gand (2-0.07/t mn) 95.5 0.7 2. 1z.u

Olay (< 0.005 mm 3.0 IZ.O 72.0 66.0

Colloide ( < f:002 mm) 2. 14.0 61.0 63.0

Atterberg limitse™:

Liquid limit, % 32 72 76

Plantic limit, & 25 26 26

Plasticity index Non-Plastio 7 b6 50
Claseification:

Textural® Sand Silti loam Cla Clay -

Engineering (AASHO)G A-=3(0) A=-L(8) A«7-6{20) A~7=6(20 =
Chemiocal:

Oaf. exoh. oap.®, m.e./100g 1.0 14, Lly o 39,

pH ) 6.6 8. 7.7 7.1

Carbonatest,? 0. 10.4 3.6 2.0

Organic matterd, % 0.1 0.1 1.6 0.1
Predominant olay minerall: Montmorillonite Montmoxrillonite Montmorillonite Montio-

(trace) 111010

ite

3 ASTM Method DU22-54T (3).
b ABTM Method D423-54T and DU2L4-54T (3).
¢ Triangular chart developed by U.8. Bureau of Public Roads (645, p.47).
4 AASHO Method M145-49 (2?.
® Ammonium acetate (pH % 7) method on soil fraotion 0.42 mm (No. 40 aleve).
T 31a88 electrode method using suspension of 15 g s0ill in 30 6 distlilled waten
8 Veraonate method for total calolum.
h Potassivm bichromate method.
1 X-ray aiffraotion snalysia.



F1lv Ashes

i

ight £1y ashes were selected to represent variations
An the properties of this by-product material.

Fly ash No. 1 was collected by multiple eyclone and

electrisal preciplitators. The coal was from districts 3
and 8 in Chio and from northern West Virginia, and was
processed through pulverizing mills so that 70 psrcent
passed a #2050 mesh. Tis sampie was zent from the St. Gisir
(Miochigan) Power Plant of the Detrolt Edison Company.

Ply ash No. 2 was collected by mechanieal equipment.
The 60al was Ifrom northern Illinois, and was burned in a
B & W boiller. This sample was sent from the Sixth Street
Power Station in Cedar Rapids, Iowa, by the Iowa Electrie
Light and Power Company.

Fly ash No. 3 was collected by electrieal praaninitatorg

from a dry bottom type of boiler using unwashed coal from
western Kentucky. The sample was sent from the Paddy's

Run Power Station at Loulsville, Kentucky, by the Louisville
Cag and Eleetric Cempany.

Fly ash Ho. & was collected by mechanical precipitators.

The so0al from northsrn Iliincis wa2s burnad in a Springfisid
boller. This sample was sent from the Sixth Street 8tation
in Cedar Rapids, Iowa, by the Iowa Electric Light and Power

Company.
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Fiv ash No. & was sdliected Dv meachanieal {ecentritnoal)

precipitators. The coal frem Illincis was‘pulverized in a
bail mill prier to burning. The sample was sent from Rivere
glde Station Peirer Plant at Davenport, Iowa, by the Iowa-
I1linois Gas and Electric Gompany.

Fly ash Ns. 6 was cellected by mechanicsal precipitators

{zmlticons dust collector). The coal from Icwa {Monroe,
Poixz, ¥arion and Mahaska counties) was unwashed steam occal
which was puiverized and tangencial fired. The sample was
sent from the Dss Moines Power Plant by the lowa Power and
Light Company. |

Fly ash Mo, 7 was collected by mechanical equipment
{YGR multielons). The coal from southern Illinois was
washed, Grisd, =snd pulverized with Riiey mills. The sampie
was sent froz the Waterloc Power Plant by the Iowa Publie
Service Company.

Fly ash 3o, 8 was collected by mechanical precipitators

{ayclone typs). The ecal from several Missouri and Kanesas



Table 3. Analyesis of fly ashes

Fly ash No. 1 2 3 b
Souroco 8¢t. Olair C. Rapide l.oulsville C. Rapids
Miohigan Iowa Kentuoky Iowa
Loss on ignition, %8 3.9 7.2 2.6 18.6
Specific surfase, Blaine (eq.om/3) 2820 ?663 4226 bgs0
Specific gravity 2,58 2.39 2.60 2.37
Finenens (% passing No. 325 sleve) 91.8 ho .8 86.1 54,9
S1liocon dioxido ézsao ), 43,5 36.7 42.5 3642
Magnesium oxlde ? 0.2 . 0.8 0.9
Calociunm oxide (QaQ 2,9 3e5 56 8.3
Aluminum oxide (Alzo ), 4 23.2 21.3 ZB.Z 15.8
Iron oxide (Fe2013), 24,8 24.3 20.0 16.7
Sulphwr trioxide (303) 4 0.8 2.0 2.3 1.5

aApproximately equal to carbon content.

=2



Table 3. (Continued)

Fly ash No. 5 é ? 8
gouroco Davespart Des lloines Vaterloo Kansas
Iowa Towa Towa Miesouri
Loes on ignition, £a 0.7 0.2 13.9 3.8
Bpecific surface, Blaine (eq.om/3) 576 1460 L2600 2048
SpeocAfic gravity 3.43 2,82 2,34 2.68
Finenens (& passing No. 325 sieve) 22.6 31.8 54.9 648
81liocon dloxide é.IMO ), (( 11.3 40,1 3845 3563
Magnesium oxide (I %, g 0.3 0.3 0.2 .9
Caloium oxide (Cal), ¥ 12.3 5.8 3.2 5.3
Aluminum oxide (A'I.ZO ), % 0.3 1301 18.1 7.7
Iron oxide (Fe»03), % 68. 36,z 16.2 L bZ
Sulphur trioxide (803), % 3.2 2, 1.1 1.




Most of this investigation was made using two commersial
grade limes furnished by the U.S. Gypsum Company. One is a
hydrated caleitic lime, brand name Kemikal, and the other is
a type ¥ mononydrate doiomitic lime, brand neme Kemidel, In
the preliminary evaluation.of chemical additives to Ottawa
sand-lime-fly ask mixtures a calcium hydroxide (calseitie
hydratedj iime, reagent grade, from Fisher Scientific Gompany
was used. Two dolomitic monohydrate limes, from Western
Lime and Gement Company and from Rockwell Lime Company, were
also used in a somparative study of some commercial dolomitic
monohydrate limes. The proparties of all the limes used are

given in Table 4.



Table 4. Analysis of limes

Kind of lime Caloitio Dolomitic Calséitic Dolomitis Dolomitio
hydrated monohydrate hydrated monohydrate monohydrat
Type Commeroial Commercial Reagent (ommsroial Commercial
type N grade type N type N

Souroco New Braunfels, Genoa,

Texas Ohilo
Company U.8. Gypsum U.8. Gypsum Figher Western Rookwell
Brand name Kemikal Kemidol
Biliocon dloxide, % 0.3 0.4 0.6 C.lt
Iron and aluminum oxide, £ 0.6 0.2 1.1 0.6
Caloium oxide, % 73.8 49.6 48.3 5.l
Magnesium oxide, % 0.6 31.8 33.2 36.3
Bulfur trioxide, X 0.3 1.1
Loass on ignition, % 2.1 17.0 16.8 21.0

Papsing No. 325 sleve, ¥ 95.5 91.0 99,2 91.0




Cament
The portland ccment ussed was commercial type I from the

Penn-Dixle Cement Corporaticn of Des Moines, Iows.

Table 5. Anslysis of portiand cement.

Sourece Des Moines
Company Penn-Dixie
Silicon dioxide, % 21.6
Aluminum oxide, % 5.1
Iron oxide, % 3.0
Caloium oxide, % 64.1
Magnesium oxide, % 2.9
Sulfur trioxide, % 2.3

Loss on ignition, % 0.6




™
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GChemicals
The following chemicals evaluated as additives to lime-
fly ash mixtures were reagent grade, except magnesium coxide

which was USP grade:

_Chemicsl Formuls
Sodium carbonate NaxC03
Sedium hydroxide NaOH
Sodium ma&tasiiicate Na25i03 . 9820
Sodium ohisrids N&UL
Aluminum shleride AlCl3 . 6H20
Caleiu= chloride CaCl>
Lithium earbonate L1500
Magnesium oxide Mg0
Manganese chloride 4Ho0 .-
Phosphoric acid 85% §3P04
Potassium permanganate
Sodium phosphate NaaPob « 12E20

Yatex

Distllled water was used throughout all the experimen-
tatior to eliminate the variable that might result from
impurities added with ordinary tap water. It was obtained

from a Barnstead Automatic Water Still, model SiLH-2.
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Procedures

Mixture proportions

The proportions of soil plus lime or lime~fly ash or
cement were made based on the dry welght ¢f the soil-lime,
soil-lime-fiy ash or soil-cement mixtures. The chemical
additive, when used, was computed on a dry basis excluding
the water of crystalization, and 1s expressed as a percent-
age of the dry weight of the total Ottawa sand or soil, lime,
and fly ash mixture. Chemicals were added either in powder

form or as a component of the mix water.

Mixing and molding

Mixing of batches for preparing test specimens was done
in z Hobart kitchen mixer, medel $-<100, at low speed in tue
following sequence of operation: The dry ingredlients were
machine mixed for 30 seconds, the mix water was added and
machine mixed for one minute, the nixture was hand mixed for
about 30 seconds to clean the sides and bottom of the mixing
bowl, and the mixture was maschine mixed for one minute.

Molding of test specimens was started immedlately after
a bateh was mixed, except where otherwise indicated. A
double plunger drop-hammer apparatus was used to mold 2 inch
diametver by 2 + 0.05 inch high specimens, Figure 1. With
this apparatus the equivalent of standard Proctor compaciive

energy was obtained when giving 5 blows on each side of the



Speésimen using a 5 pound hammer dropping 12 Inshea With tha
molding apparatus fastened to a wocden table. The equivalent
of modified Proctor compactive energy was obtained with a

10 blows on each side with a 10 pound hammer dropping 12
inches with the molding apparatus fastened to & concrete
pedestal (3,28,68). The standard Proctor compaction was
ueged in these studies except where otherwise specified.

ne cpecimen wWas extrudsd, weighed VO the
nearest 0.1 gram and measured to the nearest 0.001 inch.
During molding, a wet cloth was kept over the bowl to pre-

vent drying of the mixture.

Curing
Specimens of each batch were moist cured at 70 & 4°F,

exssptT where otherwise indicated, at a relative humidity of
over S0 percent for the desired periods of time. To preserve
moisture better and to reduce absorpticn of ecarbon dioxide
froE the alir, the specimens were wrapped in wax paper and
were sealed with cellophane ftape before being placed in the
humid room.

Specizens cursd at higher temperatures were wrapped in
Saran wrap and kept ian watertight containers with free watsr
ingide to assure a high relative humidity during the curing

a & - ot - - = =
ericd., Btesz cured specizmens were ¥raepped im Saran wrap

Un)

and put in an autoelave at 15 atmospheres of pressure and



Figure 1(a). Apparatus for molding 2 inch
diameter by 2 inch high test
specimens to near standard

Proctor compaction.
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Figure 1(b). Apparatus for molding 2 inch
diameter by 2 inch high test
specimens to near modified

Proctor compaction.
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2489F in order to prevent oracking of the specimens. Speci-
meng cured at low temperatures were kept in a refrigerator

after being wrapped in Saran wrap. The lost of molsture in
ne specimen was greater than 5 percent of the total molisture

content.

Strength testing

After each curing period, specimens were unwrapped and
immersed in distilled water for one day. Then they were
tested for unconfined compressive strength using a load
travel rate of 0.1 inch per minute. Tests were run in trip-
licate, and the average strengths are reported in psi. This
is in accordance with ASTM specification designation C-109-58
which requires a minimum of three specimens for each get of
curing conditions (4). A series of three obsgervations 1is
generally sufficient to detect any readings which deviate
excessgively. Specimens thet differed by mere than 10 percent
from the average value of test specimens made from the same
mix and tested at the same age were not considered in deter-
mining compressive strength. If two specimens were rejected,

new specimens wers prepared.

Durability tests

The Iowa freeze-thaw test (26) was used to evaluate the

durablility of selected rixtures. Four 2 inch by 2 inech



3%
0

anscimana from asaech mixture wewe eured 28 dava in the moistnre
room. wC specimens, designatéd the oontrol specimens, wers
then left immersed for 10 days; and the other two specimens,
designated the freeze and thaw specimens, were exposed
alternately to temperatures of 20 + 2°F (16 hours) and

77 + 4°F (8 hours) for ten cycles, each cycle lasting 24
hours. A vacum flask spescimen container (16) was used to
cause Ireezing 0 occur Irom the Top down and O Suppliy
unfrozen water, kept at 35 + 2°F by a light bulb, to the
bottom of the specimen throughout the test. After these
treatments, the unconfined compressive strength of the
freeze-thaw specimens (pe) and of the control specimens (pg)
were determined. These values were used to evaluate the
durability of the stabilized scils. The index of resistance
to the effeet of freezing (Re) was calculated from the
formula:

Re = 100 pe (%)
Pe
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Moisture-Density and Moisture-Strength Relationships

The most commonly accepted practice in soil stabilizae
tion is %o perform the compaction at a moisture content as
near to the optimum for maximum dry density as possible.
Previous tests made at the Enginsering Experiment Station of
Towa State University with soil, lime, and fly ash mixtures
revealed some differences between the optimum moisture for
naximum dry density and that for maximum 7 day strength of
a sllty soil (28).

The information on the effects of molding moisture on
the strength of lime-fly ash stabilized soils is then scarce
and sometimes contradictory. This led to an investigation
to find 1f there is any correlation between the molisture
for maxipum 4ry density and the molsture for maximum strength.
The strsngth tests had t0 be made including short and long

term curing periods; conseguentiy specisens moided at differ-

awa
S oy -~ &
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Proctor®*®, The s0ils used were the dune sand, {riable locess,

* A.8.7.¥. Designatior D698-57T (3).
%% A . 28,7.%, Procedure (3).
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hydrated; and ths fly ashes were No. 3 with all the soils
and Nes. 1 and 2 with dune sand and gumbotil. The pro-
portions were 76.5 percent soil, 6 percent lime and 17.5
percent fly ash. The results are plotted &n Figures 2

through 9.

Dune sand

The moisture for maximum dry demsity and the molsture
for maximum 7 or 28 day strengths in any cf the six sets of
mixtures show no correlation (Table 6). The moistures for
maximum atrength are far to the dry side of tho optimum
moisture for maximum demsity. Both molstures of the speci-
mens cured 90 days are closer, but there is still a differ-
ence of about 2.0 percent for the mixtures compacted at the
standard Proctor and 1.0 percent or lesgs for the modified
Proctor; the molsture for maximum strength 1s still on the
dry side of the optimum molsture for maxisum density. The
strength curves for 7 and 28 dsys curing are rather flat,
but for 90 days there is e very sharp peak for the maximum

strength.



Flgure 2.

Mointure-density and moisture- Figure 3.
strongth relationships of a

76.5:6:17.5 mixture of dune

sand, oalcitic hydrated lime,

and fly ash No. 1 for standard

and mocdified Proctor compactive

efforto.

Moiature=density and moig ures
strength relationships of u
76.5:6:17.5 mixture of dune
sand, calceltic hydrated l:me,
and £fly ash No. 2 for standard
and modified Proctor conpistive

efforts.
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Figure 4.

Molgture~density and molature~
strongth relationships of a
76.5:6:17.5 mixture of Aune
sand, ocalolitic hydrated lime,
fly ash No. 3 for standard and
modlfied Prootor ocompactive

efforta.

Figure 5.

Mol asture~dengity and molat-
ure-strength relationshlpe
of a 76.5:6317.45 mixture of
gumbotil, ocaleitie hydrated
lime, and fly ash No. 1 for
standard and modifled

Proctor compactive efforts.
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Figure &.

Moleature~density and moisture-
atrength relationships of a
76.5:6:17.5 mixture of gum-
botll, caloltic hydrated lime,
and fly ash No. 2 for standard
and modified Prootor ocompactive

offorts.

Figure 7.

Molsture—~density and
moisture-sirength relation-
ships of a 76.5:5:17.5
mixture of gumbotil, 08l
3itic hydrated lime, ard
fly aeh No. 3 for atendard
and modifled Prootor ocm-

pactive efforts.
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Figure 8. Molsature~density and molasture- Flguﬁe 9. WMoisture-density and

gtrength relationships of a 76.5: moisture-strength relaiion-
6:17.5 mixture of friable loess, shipa of a 76.5:6:17.5
caloitlio hydrated lime, and fly mixture of alluvial olsy,
ash No. 3 for standard and calcltis hydrated lime, and
modified Proctor compactive efforts. fly ash No. 3 for staniard

and modified Prootor 6¢ple

paotive offorta.
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Table 6. Moisture contenta fan mavimnm Awyv Senaity ond
maximum strengths of dune sand, calcitic hydrated
lime and fly ash mixturss for standard and modified

Proctor compactive efforts

Moisture contents

For max. For maximum strength, %
density, % 7 day 28 day 9¢ day
Fly ash No. 1
Standard 11l.5 Lo 5.5 9.0
Modifiled 8.0 5.0 k.0 7.0
Fly ash No. 2
Standard 13.8 No strength 11.0 11.0
Modified 10.0 No strength 8.5 10.90
Fly ash No. 3
Standard i2.% S.0 5.0 16.9
Modified 19.0 7e5 8.5 9.5
Gumbotil

The data cn optimum meistures are given in Table 7.
Contrary to what occurs with the sand the moisture contents
for maximum strength for this soil are to the wet side of
the moisture for maximum density. Some of the density and
strength curves are rather flaf, making it difficult to

define the maxima.
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Tatie 7. HMoisture contents for maximum Grv densiiv and
maximum strengths of gumbotil, caleitic hydrated
lime, and fly ash nmixtures for standard and

modified Prootor compactive efforts

Moisture contents

For max. For maximum strasngth, %
density, # 7 Gay ~ 28 day 56 Gay
Fly ash No. 1
Standard undefined undefined undefined undefined
Modified 17.5 19.5 21.6 - 28.5e
¥Fly ash No. 2
Standard 24.0- undefined undefined 29.5-
Modifiled 19.0- 19.5 21.0 21.0
Fly ash No. 3
Standard 25.C 28.5 28.5 28.5
Modified 21.0 21.0 22.5 22.5

Friable loess

The data on optimum moistures are presented in Table 8.
The moistures for maximum dry density and maximom strength
for atandard Proctor compaction practically coingide. That
is not so for modified Broctor compection. in whigh 7 and
28 day curing astrength curves. although rather fiat. show a
maximum strength at moisture contents less than the optimum
for maximum density, and a2 maxipunm 12 well defined at a mOoig-

w
ture content greater than the optimum for maximum densliy Tor
90 day curing.
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maximum strengths of frieble loess, salcitic
hydrated lime, and fly ash mixtures for standard

and modified Proctor compactive efforts

Moisture sontents

For max. For maxipum strength, g

density, % 7 day 28 day 90 day

Fly ash Fo. 3
Standard 20.0 20.0 20.0 20.4
Modified 18.3 i2.0 12.0 18.9

Alluvial clay

The shape of the moisture-density curves for this so0il
is very peculiar (Figure 9)j. The curves do not show a peak
Tor maximum dry density and the density incrsases as the
moisture content decreases. The strength curves show,
however, a definlte optimom molsture that changes conspiloe-
uously with cﬁring time for standard compaction and slightly
for modified.

Discussion

The results obtalned here are significant in that they
pressent ne¥ facts on the relations Detween maximum Gensity

and maximum strength in soll stabilization. The sommon
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optimum moisture for maximum density. It has been assumed
that a maximum density should give a greater strangth
through a more dense packing of the s0ll and stabilizer
particles, thus putting in contast more surface ares for
the development of the chemical reastions that lead to the
formation of cementitious compounds. But in processes
developing cementitious compounds by hydration, as the lime-
fly ash reaction is sonsidered, the rele of the water is of
paramount importance.

Analyzing the results i1t i1s observed that, in general:
a) The optimum moisture for maximum strength increased
wlth the increase in curing time;
b) The optimum moisture for maximum strength was to the
dry side of the optimum moisture for maximum dry density
with the dune sand s0il. ¥ith both clayey soils, gumbotil
and alluvial clay, 1t was on the wet side. With the friable
loess the two optimums are rather coincident.

The resuits indicafte that a supply of water is needed

maximum, strength over a leong curing perlod.
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Reasonably good strengths were obtained at the optimum
moisture content for maximum density but a2n exgess 0f water
brought about a sharp decrease in strength and amounts of
water below the optimum reduced the strength. The optimum
moisture for maximum density represents an amount of water
sufficient for the chemical hydration, therefore that
should be the recommerided moisture to stabilize the friable
loess, favoring molature contents in the dry side of the
optimum rather than in the wet side.

As indicated, the clayey solls showed great avidity
for water. This is because complex reactions take place
between the lime and s0il particles apart of the lime-fly
agh reaction., A rearrangenment of the structure cof the clay'
or colleoldal particles may take place due to the execess of
Sa lons in the stabilized soil. These Ca cations use up
H and O ions and/or Hy0 molecules. Based on long term
strengthe, it seems advisable to use amounts ¢f water much
greater than the optimum for maximum density with clayey
geils containing high percentages of montmorillionitic slay.
i1t i3 also cobserved that the shape of ihe melsture-densitiy
curves for poth clayey s0ils are rather fiat. 1iIn some
instances the maximum density is not sharply shown., being
undefined. This peculiarity will be discussed later in the
section %Lime Stabilization®,
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One of the first questions to answer in soil-lime-fly

agh gtabilization 13 the amount of lime and fly ash to in-

n

corporate into the soll. The optimum amount and proportvions
of the lime and fly ash admixture are governed by the
desired strength in the stabilized soils and by economy.

An unconfined sompressive strength after 28 days curing
of at least 300 psi after 24 hour immersion may be indica-
tive of adequate stability for a base course mixture %o
withstand the imposed loads and the detrimental effects of
freezing and thawing (6,37).

Lime-fly ash stabilization has to compete economically
with other admixtures that might impart to the soil the same
strengths at a cheaper cost. The price of lime ranges
between 15 and 25 dollars a ton, including transportation to
the Job site. Fly ash selles for about one dollar a ton at
the power plants. Even after transportation expenses the
price of fly ash is several times cheaper than that of lime.
Eccnomic reasons favor consequently the use of greatsr
amounts of fly ash thaa lime.

A great amount of work has been done to find the best

proportions and amount of lime and fly ash, but this work

b«

as never been sC comprehensive ss to include encdgh Einds

of fly ashes. In this work, eight fly ashes were evaluated
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soilé. The fly ashes are produced in Iowa or within a radius
which make them sconomical for use in Iowa.

The reason for using elght fly ashes with the sand is
that sandy and granular soils respoend better to lime~fly ash
stabllization than silty or clayey soils. These eight fly
ashes represent a wide range in characteristies, sources,
and pozzolanic activity, and the resulits obtained with them
may indicate the best proportions and amount to be used.

The number of fly ashes to use with the loess and
slayey s301le was nerrowed to three. These three represent
such a variety in properties and composition that the
effectiveness of fly ash addition to silty and clayey soils
stabllized with 1ime and their optimum iime and fiy &ash
proportions and amount may be determined.

Two types of commercial limes from U. S. Gypsum Company,
a calcitic hydrated (Kemikal) and a dolomitic monohydrate
(Kemidol), were used with 2ll the fly ashes and soils. Two
more dolomitic monohydrate iimes, from Rickwell Lime Company,

o= v Lime o2nd Cement Company,; were used with fly

<
e - E

F b G BN 2 <
v stammersial 4¢

The amounts 0f lime used were 3, 6 and 9 percent with
all soils; with gumbotil 12 percent lime was also tried.

For each of the above amounts of lime four mixes were pre-
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nared  Ane withant €iw ash and thwes with 18 37.8 am 28
percent fly ash. All the percentages were based on the dry
welight of the total soil, lime, and fly ash mixture. The
above combinations of lime and fly ash gave sufficient data
tc plot strength contours, which was done for the 28 day
strength results. After 7 days curing the strength developed
was rather low. Contour graphs made for 7 day strength did
not show very much and are not presented here.

In preliminary work, not included here, moisture-density
end molsturg-strength relationshipe were determined to select
the molding moisture content for every combination of soil,
lime, and fly ash. At least four sets of tests were run for
every combination of soll and fly ash. Maximum strengths
for caleitic hydrated iime and the same amount of doiomitic
monohydrate lime were obtained for practically the same
optimum amount of water. The molding moisture content need-
ed for maximum 28 day strengths was chosen.

Specimens were molded and kept curing for 7 and 28 days.

This was deemed sufficient to draw conclusions as to the best

n
nd proportions of lime and fly zash. The sgpecimens

o
E]
(=)
o3
]
<t
0

are given in Figures 10 through 27. Molding dry densities
are given in Appendix 1.
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Dune rand

Strength contours. The plotted stirength contours

(Figures 10 to 18) indicate there is neo optimum amount and
ratio of iime and fly ash that might be used with any kird
of lime and.fly ash to stabilize dune sand. There 1s a
great similarity among the contours obtained with the same
fly ash but with different iimes. In general the proportions
and amount of lime and fly ash needed to stabilize dune sand
véry according to the kind of fly ash used.

The inclination of the strength contours, approaching
a vertical position, except with fly ash No. 10, indicates
that with dune sand lower amounts of lime than fly ash
should be favored. The recommended amounts are between 3
and 6 percent lime and between 15 and 25, or perhaps 30,
percent fly ash. The best amount within these limits differs
with the kind of fly ash.

Density. The density varied with the kirnd and amounts
of lime an fly ash. There is no conzistency on which lime,

calcitic hydrated or dolomitic monohydrate, may give nigher

e xind ¢f f£1y ash
Lime. It nas been ovserved by other investigators
that in lime-fly ash stabilization. dolemitie monohydrate

lime produces greater strength than calcitic hydrated lime



Figure 10. Immersed unconfined compressive

gtrength values obtained for several
combinations of dune sand, lime, and
fly ash No. 1 for 7 and 28 day

curing periods, and strength contour

lines for 28 day results.
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Figure 1l.

Immersed unconfined compressive
strength values obtained for
several combinations of dune sand,
lime, and fly ash No. 2 for 7 and
28 day curing periods, and strength

contour lines for 28 day resuits.
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Figure 12.

Immersed unconfined compressive
strength values cbtained for several
combinations of dune sand, lime, and
fly ash No, 4 for 7 and 28 day curing
periods, and strength contour lines

for 28 day results.
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Figure 13.

Immersed unconfined compressive
strength values obtained Ffor several
combinations of dune sand, lime, and
fly ash No. 5 for 7 and 28 day euring
pericds, and strength contowr lines

for 28 day results.
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Figure 14.

Immersed unconfined compressive
strength values obtained for several
combinations of dune sand, lime, and
fly ash No. § for 7 and 28 day curing
periods, and strength contour lines

for 28 day results.
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Figure 15.

Immersed unconfined compressive
svrength valuss obtainsd for several
combinations of dune sand, lime, and
fly ash No. 7 for 7 and 28 day curing
periods, and strength contour lines

for 28 day results.
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Figure 16,

Immersed unconfined compressive
strength values obtained for several
combinations of dune sand, lime, and
fly ash No. 8 for 7 and 28 day curing
perlods, and strength contour lines for

28 day results.
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Figure 17. Immersed unconfined compressive
gtrength values obtained for several
combinations of dune sand, lime, and
f1y ash No. 3 for 7 and 28 day curing
perlods, and strength contour lines

for 28 day results.
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Figure 18.

Immersed unconfined compressive
strength values obtained for several
combinations of dune sand, dolomitie
monohydrate limes, and fly ash No. 3
for 7 and 28 day curing periods, and
strength contour lines for 28 day

results.
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the limes which foliows is basged on the variety of lime and
fly ash combinations used in this investigation.

In mixtures of dune sand, lime, and fly ash No. 1,
No. 2, No. &4, or No. 7, dolomitic monohydrate lime was more
effeetive than ecalcitic hydrated lime for both ? and 28 day
curing periods. With fly ash No. 5§ test results were
erratlic, and conclusionsg can not be made as t0 which lime
was more effective. With fly ash No. 6, calcitic hydrated
lime was more effective than dolomitic monochydrate lime.
With fly ash No. 8, 7 day strengths of mixtures with cal-
¢itic hydrated lime were greater than with dolomitic lime,
but dolomitic monohydrate lime gave better 28 day strengths.
Thus no general conclusiorn can be made as to which kirnd
of lime, calcitic hydrated or dolomitic monohydrate, is
best in lime-fly ash stabilization of dune sand; the kind
of lime to use depends strictly on the properties of the

fly ash. Nevertheless 1t can be concluded on the basis of

ot

28 day strengths only, that dolomitic mononydrate limes

Tests with fly ash Ho. 3 deserve special dlscussion

(Figures 17 and 18). Three dolomitic monohydrate limes were
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used with this fiv asn: one oroduced by U. 5. @vosum
Cempany, one by Rockwell Lime Company and one by Western
Lime and Cement Company. Comparing the effectiveness of
of calcitic hydrated lime with the dolomitic monohydrate
limes, it was observed that for 7 day strength the U. 3.
Gypsum caleitic lime was better than the dolomitiec lime

from the same eompany but slightly less effeetive than the

dolomitic limes gave 28 day strengths much higher than the
calcitic lime. Of the three dolomitic monohydrata limes
tested the one from Rockwell was moast effective. No ex-
planation was found for the differences in strength produced
by the dolomitic limes. An investigation is presently being
sonducted in the Engineering Experiment Station of iowa
State University to compare the effectiveness of various
commercial dolomitiec and calcitic limes {(69). It appears
that the effectiveness of dolomitic limes depends upon the
temperature and period of burning, the amount of impurities,
the gradation, and orobabliy other factors.

Fly ash. The strength of mixtures made with fly ash

Rockwell, showed a strength of 1000 psi after 28 days of
suring. This strength approaches that of a lean concrete.

Mixtures made wlth the other dolomitic monchydrate lime
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days curing of about 600 psi, which is also very geod.

trengths of shout 500 psi for the same curing period were
obtained with caleitic hydrated lime. Seven day strengths
of 20C or 3C0 psil, depsnding on the type of lime uged, were
obtained with this fly ash.

Fly ash No. 1 also gave good strengths. S1x hundred
psi was obtained after 28 days curing in mixes with dolomitic
monohydrate lime. The 7 day strength for the same mixes
was close to 300 psi, but the results obtained with this
fly ash and calecitic hydrated lime after 28 days ocuring
were very poor, barely reaching 100 psi.

Other fly ashes that gave strengths over 300 psi after
28 days ouring were: Tfly ash No. § in mixes with celeltic
hydrated iime, and fly ash No. 7 with dolomitic monohydrate
lime. Many fly ashes did not reach the desired figure of
300 psi after 28 days curing in mixes with either of the
limes used.

The above results point out that the strengths obtained

depend very greatly on the fly ash used. This indicates
Sinm mmant RLamaimlléie Al cacmaT niwmla cmemAamacmdld o AP OM e mmma -
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those obtained with cement while others develop barely any

strength.
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monohydrate limes; the densities varied also for mixtures
with these three delomitic limes, but the strengths wers
not in relationship to the density but to the admixture
content and amount. Fly ashes of low specific gravity

(Nos. 2, &4 and 7) imparted very low dry densities to the

sand, lime and fly ash mixtures.

Friable loess

friable loess mixtures with lime only, were decreased by
the addition of fly ash No. 1. Additions of fly ash No. 2
dld not increase the strength of the friabie loess and lime
mixtures to a great extent. Additions of fly ash No. 3
increased the strength some but not greatly. The strength
contours with friasble loess are therefore sparse and
difficult to draw (Figures 19 to 21).

The cnly type of f1ly ash that may be recommended %o use
with lime to stabilize frizble loess is a high quality fly
ash like No. 3. The verticality of the contours with fly
ash No. 3 favors the use of small amounts of lime and large -
amounts of fly ash. The recommended amounts are 3 percent
dolomitic monohydrate lime, 25 percent fly ash No. 3, and
72 percent friable loess. If the price of the fly ash is

prohibitive this soll can be stabilized with lime alone.
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Densitv. Galeitia hvdrated 1ime oave lowam Aanasty
than squal amounts of dolomitic monohydrate lime. Fly ash
No. 2, of low specific gravity, lowered the density in pro-
portion to the amount of fly ash in the mixture. No cor-
relation wasg found between density and strength.

Lime. Dolomitic monohydrate lime with or without fly
ash always gave better strengths than calcitic hydrated
iime. ©Nine percent dolomitiec monohydrate lime added %o
friable loess showed an immersed strength of 400 psi, which
is considered adequate for a road base or a subbase course.

Fly ash. Fly ashes Nos. 1 and 2 either did not
greatly improve the strengtn of friable loess and lime
mixtures or were detrimental to the point where they
sctually lowered the strength in some cases. This may be
due to the fact that friable loess may have greater pozzo-
ianic activity with iime than fly ashes Nos. 1 or 2. Fly
ash No. 3 gave strength improvements to friable loess and
lime mixtures, particularly for mixtures with low lime
contents. This 1s the omly fly ash tested that may be

recommended %o use with lime,; prefersbly delomitic monohy-

Gumbetil

Strength eontours. Strength contours tend to be

horizontal for low lime contents and become vertisal for



Filgure 19.

Immersed unconfined compressive
strength values obtained for several
combinations of friable loess, lime,
and fly ash No. 1 for 7 and 28 day
curing periocds, and strength contour

lines for 28 day results.
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Figure 20.

Immersed unconfined compressive strength

values obtained for several combinations

of friable loess, lime, and fly ash No. 2
for 7 and 28 day ecuring periods, and

strength contour lines for 28 day results.
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Figure 21.

Immersed unconfined compressive strength
values obtained for several combinations
of friable loess, lime, and fly ash No. 3
for 7 and 28 day curing periods, and
strength contour lines for 28 day results.
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igh amounts (Figures 22 %o 24). This indicates that lime

o

up to a certain amount increases strength, and then fly ash
becomes important in the development of strength. There is
no definite ratio of lime to fly ash that gives the highest
strengths. Recommendations on the amounts of iime and fiy
ash to be used should be based on the need of a minimum
amount of lime, which is about 5 percent. Low amounts of
iizme rsquiresd high amounts of fiy ash and high amounts of
lime required low amounts of fly ash. Several combinations
of lime and fly ash may be chosen depending on the desired
strength. The amount of lime required will be between 5
and 9 percent, and that of fly ash between 10 and 25 percent.

Dengity. Denslity values did not correlate with strength,
neither did they correlate with the kind of lime used. The
fly ash of low specific gravity, No. 2, gave lower demnsitiles
than the other two fiy ashes used.

Lime. The calcitie hydrated lime in low amounts gave
greater strengthe than low amounts of dolomitic monohydrate
lime. Dolomitie monchydrete lime was better than calsitis
in high amounts. This was observed for mixtures with and
without fly ash., High amounts of lime may stzbilizs gumbotil
scil satisfactorily. For instance. 12 percent dolicmitie
monohydrate lime gave a 7 day strength sf 190 psi and a 28

day strength of 298 psi.



Figure 22.

Immersed unconfined compressive strength
values obtained for several combinations
of gumbotil, lime, and fly ash No. 1 for
7 and 28 day ouring perlods, and strength

contour lines for 28 day results.
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Figure 23.

Immersed unconfined compressive strength
values obfained Tor several combinations
of gumbotil, lime, and fly ash No. 2 feor
7 snd 28 day curing periods, and strength

contour lines for 28 day results.



Fly osh no.2,%

Matarials
QumpoIl
lime
fly ash no.2
o 7 daoy sirength _
Ti32(psi) 208 193 209 |2
Ties 201 %240 %2377 °
Caicitic
5 s c s __—6 hydrgied
16 2l 252 235 lime %
9 @ ] — 3
100 124 223 266
| | | 0
0 10 I75 25
Fly ash no.2,%
7 day strength ~
I90(psi) 273 278 298 |12
] [ [} — 9
191 260 283 305
Dolomitic
. L. ., o __.— ¢ Mmonohydrate
(=2 2| i 22! 277 !ime,c/o
o %6 =2 53 3
! 1 1 o)
0 10 75 25

28 day strength and coniours

127228 / 33 33 323
g‘is S 5n %ses
®Tiss *353 '\\’422 425
400
300 ~
200psi
36— ° ° °
145 141 265 356
0 l l
[0} 10 20 30
Fly ash no.2,%
‘ 28 day strength and contours
127598 418 463/ 508
L) \ |
9Té'74 391 %95 %8
| 300
| 400
L 300
*es 306 378\3183
N\ 200 ‘
i 100psi ;
3T6 s 53 %208
|
ol I 1
0 10 20 3C

Fly ash no.2,%



Figure 24, Immersed unconfined compressive strength
velues obtained for several combinations
of gumbotil, lime, and fly ash No. 3 for 7
and 28 day curing periods, and strength

contour lines for 28 day results.
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improving the strength that may be obtained with gumbotil

and lime alone. Strengths of from 200 to ever 500 psi were
obtained. Consequently the use of fly ash with lime may be
recommended to stabilize gumbotil to mset the standards of

a base course.

Alluvial clay

Strength contours. There is no definite optimum ratio

of 1ime %0 £1y ash in the ftests made with alluvial ¢lay
soil (Figures 25 through 27). The dclomitic monchydrate
lime content of mixtures was very criticel for the develop-
ment of streagth. For high amounts of dolomitic lime the
fly ash content was more critical. With caleitie hydrated
lime, the fly ash content was almost the only comp&nent
contributing to strength as seen by the vertiecality of the
contours for mixtures with calecitic lime.

The recommended éaeunts and Xinds of lime and fly ash
to stabilize alluvial clay are from 5 to 7 percent dolomitice
monohydrate lime with from 10 to 25 percent of any fly ash
used, or else 3 perscent caleitic hydrated lime with 25 per-
cent fly ash HNoe. 3. Fly aches Nos. 1 and 2 ars not reccm-
mended with caleitic hydrated lime because the same strengths

may be obtained with doiomitic monohydrate lime only, in

amounts from 6 %o 9 percent.



Figure 25.

Immersed unconfined compressive strength
values obtained for several combinatlons
of alluvial clay, lime, and fly ash No. 1
for 7 and 28 day curing perieds, and
strength contour lines for 28 day results.
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Figure 26.

Immersed unconfined compressive strength
values obtained for several combinations

of alluvial e¢lay, lime, and fly ash No. 2
for 7 and 28 day ocuring periods, and strength
contour lines for 28 day results,
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Figure 27.

Immersed unconfined compressive strength
values obtalned for several combinations
of alluvilal c¢lay, lime, and fly ash No. 3
for 7 and 28 day curing periods, and
strength contour lines for 28 day results.
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strength. The same statements made above on the relation-
ship between specific gravity of fly ash and denslity of
mixtures also apply here.

Lime. The calcitic hydrated lime gave better strengths

than dolomitic monohydrate for the lowest amount of lime,

3 percent. The effectiveness 1s reversed for higher amounts.
Without fly ash, 9 percent of plain dolomitic monohydrate
lime may proéerly stabilize alluvial ¢lay. Strengths of

173 psi after 7 day curing, end 345 psi after 28 days were
obtained.

Fly agsh. The overall effectiveness of fly ash No. 3
exceeded that of the other two fly ashes. Fly ash No. 1
wasg better than fiy ash No. 2 with dolomitic monohydrate
lime, but the effectiveness was reversed with caleitic
hydrated lime; fly ash No. 2 was better than fly ash No. 1.

Strengths from 400 to 500 psi may be obtained with
dolomitic lime and fly ash. This 13 an adequate strength
level. OQOnly 1y esh No. 3 could be used with calcitic lime
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Based on this study, no conclusions can be drawn as t0
the begt ratic of lime to fly ash or as to the amount of
lime and fly ash that could be used to stabilize any kind
cf soil.

Based on the results obtained with dune sand the
amount of lime recommended for sandy or granular soils is
from 3 to & percent and that of fiy ash from 10 to 25 per-
cent.

Unless fly ash 18 of a2 very high pozzolanic value, it
should not be used with friable loess. If such a fly ash
is available, 3 percent lime and 25 percent fly ash are
recommended. The use of dolomitic monohydrate lime is
Tavored.

The amounts of lime and fly ash best for both alluvial
clay and gumbotil soils vary. For gumbotil, between 5 and
9 percent lime and between 10 and 25 percent fly ash are
recommended. For alluvial elay, between 5 and 7 percent
dolomitie monohydrate lime and between 10 and 25 percent

£1ly ash ars recommended. Lower amounts of lime may be used

strengths with fly ash than calcitic hydrated lime for the
curing temperatures used (70°F). It should be pointed out
that with one fly ash, No. 6, calcitic hydrated lime was



more effective Than dolemitic moanohvdmate Time. Wor iaw
amounts of lime, the calcitic hydrated is more effective
than the dolomitic monohydrate in the stabilizetion of
clayey soils with lime and fly ash; at higher lime contents,
dolomitic monchydrate gives better strengths than calsitic
hydrated.

Fly ash, unless of a high quality, is detrimental in
the stabilization of friable loess; in all other soils it
was beneficial, giving better strengths tham mixtures of
801l-1ime without fly ash.

In another report it was presented some work done at
the Iowa Engineering Experiment Station on the pozzolanie
behavior of fly ash (67). Twenty two fly ashes were studied
in that report, among them those used in these tests. No
new information 1s found here that might broaden our know-
ledge on the relation between pozzolenic activity of a fly
agh and its physical or chemical characteristics.

The maximum dry density, for the same compactive effort,

of 80il, lime, and fily ash mixtures does not correlate with

than calcitic hydrated lime. Fly ashes of low specific
gravity produce lower densities than fly ashes of higher
specific gravity.
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Fiy Ash Mixztures

subgrades and stabilized scils is towards compactive efforts
greater than the standard Proctor. The Corps of Engineers
specifies the required density in airfield construction as
a percentage of the modified maximum density. Although
some wWOrk has been done in comparing the strengths obtained
at different compactive efforts (68,80) only one fly ash
was used, and the speclmens were cured only up to 28 days.
In this work three fly eshes were used with the sand
and gumbotil and one fly ash with the alluvial clay and
loess. Ouring perieds were carried up to 90 days. The
results for different molsture contents may be seen in
Figures 2 to 9, and the maximum strengths versus time are

plotted in Figures 28 to 31, and given in Tables 9 to 12.

Digcussion of results

In ail the eight comparative'studies made, the modified

. <+ ma 3 ) - - - o B e 3R -9
standard compacticn. This incrsase is a pPreGlavet 1 ais
2 B & E n -~
curing pericds, and rangss frox a minimum ¢f 50 pesrcent

increase to a maximum of 160 percent without any correlation
whatsoever and depending on the kind of so0il and fly ash
and probably on the kind of lime also.
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The rate of sirencth inerease faw 7 2] and 0N Asve
curing is almest a straight line relationship, except for
those mixes made with the gumbotil. Greater rate of in-
crease with time i1s found in the friable soils (dune sand
and frieble loess), in which thers is not a break in the
rate of increase up to the longest curing period used.
After 90 days curing, all the mixtures show that the
strength increase also takes place at longer curing perlods.

The convenience of compacting the soil, lime and fly
ash mixtures to the highest possible degree is obvioué.

By a closer contact of paftlcles at the proper moisture,
the surface reactions have more opoortunity to develop.
This results in the higher strengths obtained with the
modified compaction.

When lime and fly ash are used to stabilize friable
80ils, account for the steady increase in strength with time
has to be made (Figures 28 to 31). Early strengths may be
low, dbut the continuous gain in strength over long periods
of time increases the qualltly of the pavement made with
lime-fly ash stabllized gonwrses. Thig 1z desirable when

& - b > o
the volume of trafflis 1z expest



Figure 28. Effect of compactive effort on strength
of a 76.5:6:17.5 mixture of dune sand.

calcitic hydrated lime, and fly ach.

Figure 29. Effect of compactive effort on strength
of a 76.5:6:17.5 mixture of gumbotil,

calecitic hydrated lime, and fly ash.
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Figure 30.

Figure 31.

Effect of compactive effort on strength

of a 76.5:6:17.5 mixturs of friable loess,

calcitic hydrated lime, and fly ash No. 3.

Effect of compactive effort

of a 76.5:6:17.5 mixture of

calcitic hydrated lime, and

fly ash No. 3.
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Tabhle . Maximnm atrancths obieined at differeni curing
pericds for standard and medified Proctor com-
paction of 76.5:6:17.5 dune sand, calcitic hy-
drated lime and fly ash mixtures

Fly ash Maximum immersed unconfined
used, Compaction compressive strength., psi
No. 7 day 25 Qay 90 Gay
1 Standard 55 9¢ 240
1 Modifled 105 170 570
2 Standard 0 150 560
2 Modified 0 390 1625
3 Standard 165 396 930
3 Modified 280 750 1780

Table 10. Maximum strength obtained at different mixing
periods for standard and modified Proctor com-
paction of a 76.5:6:17.5 friable loess, ecalcitic
hydrsted lime, and fliy ash No. 3 mixture

Maximunm immersed unconfined

Gamnamtinn anmreoaaica atmancoty: . nsd
SOERagGLI0n SeEVTeLE_TE gsrengsE, DE2
7 day 28 day S8 day
- = = - < Loz
Standard i45 235 655

Modified 305 390 980
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Maximum sirencth cbtained at diiferent curing

periods for standard and modified Progctor

(¢

on=
pacticn of 76.5:6:17.5 gumbotil, calcitic hy-
drated lime, and fly ash mixtures

Fly ash Maximum immersed unconfined

used, Compaction compressive strength. psi
No. 7 day 28 day 90 day

1 Standard 170 260 &ho

1 Modified k9o 700 1000

2 Standard 270 430 675

2 Modified 570 835 1170

3 Standard 255 hls 685

3 Modified 620 890 1260
Table 12. Maximum strengths obtained at different curing

periods for standard and modified Proctor com-
paction of a 76.5:6:17.5 mixture of alluvial
clay, ealeitiec hydrated lime, and fly ash No. 3

Compection sworaziiva astrensth. nal

S¢andard y2) 316 G
Modified hhs 585 810
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No reports have been published on the influence of
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ime, arnd fly egh mixtures. The ambient temperaturse kbetween
two consecutive days in Jowa may in extreme cases be k0O P,

and that between a 600l day in the early working season and

another day in the hot part of the summer may be 60° F.

This phase of the work was undertaken to determine the in-

18]

3 ol o an P PR Y | i
lusnce of axtreme caszss of ambient temperaturs during the

=3

working season on the strength of soil, lime, and fly ash
mixtures.

The so0lls used were dune sand and gumbotil in mixes
with 76.5 percent s0il, 6 percent calecitic hydrated lime
and 17.5 percent fly ash No. 3. A very reactive fly ash
was used because 1t should accentuate the findings. A
serles of batches were mixed and compacted with the soll,
lime, fly ash and water in a cooled stats (abeut 540 F),
and another series in a heated one (about 104° F)., The
80il, lime, and fly ash mixtures were molded at several
water confents, and then stored in the moist room at
70 # 3° F. The maximum immersed unconfined compressive

strength and density values obtalined are reported in Table

13.
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Although the data do not show a marked trend, mixing
and compacting with hot materials may show s deirimental
influence in clayey so0ils stabilized with lime and
The density and strength were somewhat redneed. No notice-
able effects are seen in the tests made with sand.

According to the results, the basic reastion between
lime and fly ash 1s not influenced by the temperature, in
the range 54 « 104° F, of the materlals at the time of
mixing. This statement is based on the results obtained
with sand, which may be considered as an aggregate inert to
lime and fly ash. The slight decrease in strength and
density in the hot batches made with the clayey soil, gum-
botil, 1s caused by the reaction between the iime and the
highly active surface of clay particles prior to compaction.

Further tests were made in which the materials were

mixed at the same temperatures as above, and then stored

1]
o

at the same temperatures of mixing for four hour efore

compaction. The specimens were eured in the moist room.

L N I
LRIIG Balia was

o3
T
-

vhe only 501l used. Tne maximum resgults
obteined, from baiches mads at different water moisture
contents given in Table 14,

The resulte obtained further prove that the meazction

between lime and fly ash in iteelf is not affected by the

temperature of the materials, bebtween 5% and 1049 P, at



Table 13. Influence of mixing temperature of material.s on the strength of a

76.5:6:17.5 mixture of soll, caloltio hydrated lime, and fly ash No. 3,

with ocompaction after mixing

Soll Temperature

Maximum immersed unconfined

Maximum Optimum
Clr’y M‘ 0.

op compreasive strength, psi density, for maxinum den-.
7 day 28 day 90 Aday pof sity, %

Dune sand 5l 154 22 1004 123.8 12
“ " 70 165 390 930 124.2 12
" " 104 158 382 1010 124,2 12
Gumbotil 5k 302 Lss 620 9k.1 25
" 70 255 bhs 685 93.0 25

" 104 238 350 ho2 92.5 25

S0T
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al ways with the elay particles, and some of these reactions

[

may be astivated by temperature, these reactions gnhatrast
or make inactive part of the lime for the pozzolanie reaction
with fly ash and soil particles, causing a decrease in com-

pacted dengity and in subsequent streagth.

Effect of Delay of Compaction After Wet Mixing on Strength
of Soil, Lime, and Fly Ash Mixtures

Actual road sonstruction is subject to ﬁany disturbances.
¥hen interrupticns cccur right aftsr mixing of lime and fly
ash with soll and water, and compaction 1s delayed the
strength of the stabllized soll may be arfecteé. A few
tests were made to establish a sritsrion on the maximum per-
missible length of time to be allowed to socil, lime and fly
ash mixtures between wet mixing and cbmpaction.

Selected mixes nsing dune sand or gumbotil, caleitic
hydrated lime, and fly ashes Nos. 1, 2, or 3 were made. The
mixfures were prepared with different amounts of water to

A B

btain maxi for strength and density. After mix-

- e
23 RN LI

O
Y
B
<
9
o
st
(]
o

[
()

(1]
44
faly
[14]
[14]
o
3
jot
}=?
[
5]
®

-

il

fiy esh end water, one set of mixtures
as lmmellately compacied into specimens; another set was
stored for b houﬁs in the moist room at 70° F and then
specimens were compacted; and another set was stored for 24

hours in the same moist room before compaction of specimens.




Table 14. Inf'luence of mixing temperature of materials in the strength of a
76.5:6:17.5 mixture of dune sand, oaloitic hydrated lime, and fly ash

No. 3, in which compaction was delayed four hourse after mixing

Temperature Maxinmum immersed unoconfined Maximum Optimum M. (.
oF sompressive strength, pal dry,density, for maximum
7 Qay 28 day 90 day pof denslty, &
sl 140 369 960 124.0 12
70 141 348 935 122.7 12

104 148 342 973 122.0 12

40T
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Tables 15 and 16.

Table 15. Results obtalnmed with 76.5:6:17.5 mixtures of
dune sand, calsitic hydrated lime, and fly ash
compacted after different lapses of time folliow-
ing wet mixing

Fiy Maximum Maximum immersed

ash Setting time éry den= uncenfinsd ctm-

No. sity, pcf pressive strength

7-3557 28-day GC~day

1 Molded after mixing 121.2 55 90 240

1 Holded 4 hrs. after mixing 120.3 45 81 219

1 Molded 2& hrs. after mixing 118.6 41 60 210

2 Molded after mixing 112.3 0 150 560

Z Molded 4 hrs. after mixing 112.5 0 159 533
2 Molded 24 hrs. after mixing 110.8 0 141 K17
3 Molded after mixing 125.1 16 390 930
3 Molded & hrs. after mizxing 122.6 14 343 935
3  Molded 24 hrs. after mixing 122.6 118 243 obs
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gumbotil, caleitic hydrated lime, and fly ash
compacted after &iffeorent iapses of time follow-

ing wet mixing

Maxinmum Maximum immersed

Fly dry den- unconfined compres-
ash Setting time sity, pof sive strength, psi
No. 7-day 28-day90-day
1 Molded after mixing Undefined 176 260 4bo

1 Molded 4 hrs. after mixing Undefined 151 260 k32

1 Molded 25 hrs. after mixing Undefined 136 279 327

3 Molded after mixing Undefined 255 4hs 685

3 Molded & hrs, after mixing Undefined 260 ko5 596

3 Molded 24 hrs. after mixing Undefined 173 2k 351

Dune sand

Strength and density of the mixture with dune sand
deecreases slightly as the time betwesn wet mixing and com-
paction increases. Regarding strength, the greatest de-
cresase is found in mixtures made with fly ash Ro. 3, in
which for 7 days curing it dropped from 1635 psi for ro delay
in molding to 118 psi for a 24 hour delay; for 28 days curing
the drop is from 390 to 243 psi; for 90 days auring there isg
no difference between the strength of specimens molded after

mixing and of those mclded after a 24 hour delay. ¥With fly
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great difference bstwesn the strengths of mixtures with no
delay in compaction end those with 24 hours delay, the
strength for these two cases being 560 and 417 psi respec-
tively. With fly ash No. 1 the decrease is not very signif-
icant although it is steady with time of delay.

In general the decrease in strength is very slight in
mixtures in which compaction was performed 4 hours after
wet mixing. The decrease is more accentuated for the mix-
tures stored 24 hours before compaction.

A delay in compaction after wet mixing also brings
about a decrease in dry density of sand, lime, and fly ash
mixtures. The decrease amounts toc less than 2 percent after

a 24 hour delay.

.~
-

Gumbotil

A great decrease in strength correlates with the time
of delay in compaction after wet mixing of gumbotil, c2l-
citic hydrated lime, and fly ash mixtures. With a 24 hour
delay for fly ash No. 3 the strengths were reduced from 32
to 45 percent, depending on the curing period. The re-
duction in the fly ash Ko. 1 mixture is less important,
showing up in 7 and 90 day strengths but not in these of 28

days.
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paction increased. As the maximum dry density was undefined
in mixtures with gumbotil, the moisture-dry density relation-
ehips are plotted for the range in moisture content in whilch
the maximum strength were obtained (Figures 32,33). The
compacted density is lowered to a great extent by a delay in
compaction. The drop in dry density is about 2 pof for a

i nour delay and about 5 pef for a 24 hour delay.

Discussion

The results stress the importance of proceeding with
compaction as soon as posgible after wet mixing of soil,
lime, and fly ash mixtures. This is highly recommended with
montmorillonitic clayey soils in which strengths may drop
by about 40 pefcent and dry density by about 6 percent if
compaction is delayed one day after wet mixing. With sandy
goils, the drop in strength and dry density is not very sig-
nificant, and compaction may proceed the following day after
wet mixing without significantly impairing the strength or
dry density.

The lowering of sirength and density may dbe for one or
mors of three different reascns:

1. Formation of carbonates by chemical reaction between
iime and the carbon dioxide of the atmosphere.

2. Pozzolaric reactions betweern lime and fly ash,



Figure 32.

Moieture~density relationships Filgure 33.
of a 76.5:6:17.5 mixture of

gumbotil, ocaloitic hydrated

Jime, and fly ash No. 3, in

which compaction was carried

at different intervals of

time after wet mixing.

Molsture-~density relatione
ghips of a 76.5:6:17.5
mixture of gumbotil, cal.-
citic hydrated lime, andl
fly ash No. 1, in which
compaction was carrled ot
different intervals of

time after wet mixing.
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3. Heactions Detween iime and =011 partiaies.

The first twe are probable in sandy soils and all three
in clayey soils. -

A very small reduction in strength and density in sandy
80118 indicates that the first two processes are not devele
oped to a great extent. Because the ocarbonation of lime
tgkes place at a rapid rate in a moist condition and the un-
iikeness of poezolianic reaciions between lime and 1y ash in
a loose state, the first reaction is likely mainly respon-
sible for the lowering of density and strength in sandy soils.

The reactions between lime and socil particles are very
important in clayey socils. The unbalanced electrical surface
forces of the clay particles adsorb calcium cations of lime;
calciuz icons alsc produce a orowding actiom 67 clay particles:
and lime reacts with the soil particles in a pozzolanic
action. These reactions account for a great part of the
reduction of strength and density when compastion does not

follow wet mixing of elayey soill, lime and fly ash mixtures.

Effect of Temperature on Strength of Seoil, Lime, and ¥Fly Ash
Mixtures
High temperature i1s known tc accelerate the reaction

between lime and fly ash. The knowledge of the rate of

a determinant of the working season for lime and fly ash

stabilization. It alsc may throw some 1ight on the pre-



b
$=
Wn

diction oY 1ono-term atwmenctha at amhiant fammasmatman W

- ——— ~ e emepe = w — vy

curing fer a short period of time at high temperatures.
Dune sand was used in these studles with csleitis hy-

drated lime and fly ashes Nos. 1, 2 or 3, or with dolomitie

monohydrate lime and fly ash Ne. 3. The data are given in

Tables 17 and 18 and the results are plotted in Figures

3% to 37.

Caleitic lime

The results point out the benefiglal effects of high
curing temperatures on the strength of soil, lime, and fly
ash mixtures. The rate of strength increase varies with
temperature. ¥ith caleitic lime the lowest increase in psi
per degree F is found between 50°F and 709F as seen by the
small value of the tangent of the lines joining the strength
values at 509F and 70°F. The strength then increases at a
higher rate between 70°F and 104°F. At 104°F there is a
break in the rate of strength for specimens sured for 28
days. Between 1049F and 140°F, specimens cured for 3 and
7 days experlence the highest rate of increass in psi per
degree F; thoss cured for 28 days are still gaining strength,
but the rate is a little lewer than that at the previous
range of temperatures. Between 149°F and 2489F the strsngth

g€ s%iii inorsasing; bul ithe rate of increase. although still

[ 28
4}

very important, is smaller then for zome of the other temp=
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gtrength should still be increasing for curing temperatures
over 248°F, Steam curing mixztures made with fly ash No. 3
at temperatures higher than 248°F may make them reach

strengths of #4000 psi or over after a few hours curing.

Dolomitic lime

The pattern of strength inerease for mixtures made wWith
dolomitic monohydrate lime is very different from the one
given by the mixtureg made with calecitic hydratsd lims
(Compare Figure 36 with Figure 37). The rate of strength
increase at low temperatures is greater than with caleitis
lime, but at high temperatures it is not as great. At about
1359F the strengths are the same for both limes; dolomitic
lime gave better strengths below that curing temperature;

above that temperature calclitic lime was the best one.

Disecussion

The pozzolanic activity between iime and fly ash 1s
greatly infiuenced by temperature. Affter curing periods of
3 and 7 day o7 f£ail
hose of consGreve. AV amvient tempersat
dolomitic monohydrate lime gave higher strengths than cal-
citic hydrated lime, but at high temperatures calcltic lime

was better than doliomitie.



Figure 3h.

Effeot of temperature on
strongth of a 76.5:6:17.5
mixture of dune sand, ocal-
citio hydrated lime, and
fly ash No. 1.

Figure 135.

Effect of temperature on
strength of a 76.5:6:17.5
mixture of dune sand, cal-
citioc hydrated lime, and
fly ash No. 2.
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Figure 36.

Effect of temperature on
strength of a 76.5:6:17.5
mixture of dune sand, ocal-
cltic hydrated lime, and
fly ash No. 3.

Figure 137.

Efffect of temperature on
strength of a 76.5:6:17.5
mixture of dune sand,
dolomitic¢ monohydrate llinme,

and fly ash No. 3.
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76.5:6:17.5 mixture of dune sand, ecalecitic hy-

drated lime, and fly ash

17 ash Curing Immersed unconflned compressive
Neo. temperature Strength, psi
oF 3 day 7 day 28 day
1 50 V) ¢ 0
1l 76 0 k2 78
1l 10& By 285 1818
1 140 813 1216 1488
i 248 1783 2342 2572
2 50 4] ¢ e
2 70 0 0 151
2 lo% 53 268 718
2 140 4ho 712 971
2 248 o 15877 15985 1627
: 7 2 8 B
159 371
3 1ok 268 635 1496
3 140 1530 1785 2199
3 248 3507 3862 k263
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76.5:6:17.5 mixture of dune sand, dolomitic

monohydrate lime, and fly ask No. 3

Curing tempereture Immersed unconfined compressive strength,

F psi
3~-day 7-day 28-day
50 ) o 153
70 52 145 783
10% 717 1097 1758
140 146k 1622 2079
248 1997 2605 2047

The importance of high temperatures in the development
of strength emphasizes the necessity for early summer con-
gtruction when using lime-fly ash stabilization. The
pavement courses will have time to cure for several weeks
at temperatures high enough to aid in developing strength

enough to withstand the adverse effects of winter freezing

L
temperatures.
s s

The strengths cbtained for svery temperalure and cwring
- o @ -2 — e Qem amaD 4l mea U —e—~ e D el hmw Al bl O e o mta
PU AL T Lid U'CLASLIAWVIE VWUV YT LCavvivivy Ul UiiT 1Ly ODLle
w 2 - ] - o9 T o el L L ]
Fly ash ¥c. 3 is a good guallity £iy ash and thes sirengtihs

obtained with 1t are ir every case abocve those cbtained with
fly ashes Nos. 1 or 2. Fly ash No. 1 1s considered of medium
guality and generally performed better than fly ash No. 2,



gt
LAY
W

_—~mer ml DRnemad A s e~V A b M n St mcn e mdamnon e dle caenA Mena DA an
W S P atn - W - - rvv- “_.—."—- 'J - - - s N - N - - - W V‘QD wae y‘ W '-'..3

or quality, of a fly ash shows up on the unconfined compres-
sive strength of its mixes with lime for any temperaturs of
curing. The methods of seleeting a fly ash as standardized
by ASTHM or the Corps of Engineers inciude a variety of tests
cumberscme and expensive to make, and some do not sslect a
fly ash properly. The selection of a fly ash must be made
on the basis of its reactivity with lime, except when, as
in cement-concrete, a gradation of the fine material is very
important.

Although thease tests are not statistically enoungh, it
appears that the quality of a fly ash is reflested in the
strength values of 1its mixtures with lime at any temperature,
and it is possible that a2 fly ash might be selected cn the
basis of a simple strength test, three days after molding the
specimens.

For instance, a fly ash mixed with caleitic hydrated
lime and dune sand in the proportions used here, should be a

good quality fly ash if after three days 1t gives astrengths

0 -l mesmad .
©f 3000 psi cursd at 248%F, 1400 psi cuwrsd at 1405F, and 220
e @ merem 3 . a T ALD Blman v, —da B8 . o D S A e M N . wm = . -
P51 GUrea &v 104 . rmoTe svudies 6r this xind showid be made

in order U0 estapliisn & eriterionrn for use in the selection
of satisfastory fly ashes by the simple method of determining
its reactivity with lime for short curing periods at high

temperatures.
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Some investigators nave used a snori ocuring veriod at
high temperature to predict the streagth that may bs sxpsct-
ed after long curing periods at ambient temperaturss. To
check for possible relationships of this kind, the strength
after 90 days curing at 70°F has been compared with th
strength-curing time relationship (Figure 38). The results
indicate that strengths equal to those cbtained after 90

a) after 6 days curing at 104°F with fly ash No. 1 and
caleltic lime

b) after 19 days curing at 104°F with fly ash No. 2
and caleitic lime

e) after 12 days curing at 104°F with fly ash No. 3
and calcitic lime

d) after 7 days curing at 104°F with fly ash No. 3 and
dolonmitic lims.

The range is from 6 to 19 days with both limes and
even with calcitic lime only. This peints out the difficulty
of predicting long-term strengths ot ambient temperatures

by finding short-term strengths at high temperatures. Curing

less realistic correlation because of the probable formation
of compounds different from ¢those formed at ambient temper-

atures.



Figure 38. Time relationships between strength
obtained after 90 days curing at 70°F
and the same strength when curing at
104°F,
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Table 19. Effoots of high-temperature curing on specimens previously cured at

lowor temperatures

Immersed unconfincdl

Mixture Curing compressive strengih,
piai
76.5% dune sand v days at 120°¢ 2342
6.0% oaleitic hydrated lime 28 days at 1090 & 7 days at 120°0 21.04
35 days at 109C 10
28 days at 40°C 4 7 days at 12000 210/
35 days at 400C 1079
28 days at 60°0 + 7 days at 120°C 1895
35 days at 60°C 1336
76 .5% dune aand 7 days at 12000 1595
6.0% caloitlc hydrated lime 28 days at 1090 & 7 days at 12000 1915
35 days at 10°0 o
17.5% fly ash No. 2
28 days at 409C + 7 days at 120°C 1520
35 days at 40°C 905
28 days at 60°C + 7 days at 120°C 1204
35 days at 60°C 1093

]
~3
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accelerated after the specimens have been cured for a lapse
of time at a certain temperature by submitting them t¢ khigh-
er temperatures. The lower the initlal temperature of cur-
ing the higher the strength is boosted. Examples of thigs
property are given in Table 19. These findings indlcate
that the astrength of so0ll, lime, and fly ash mixtures may
be increased at any time by submitting them to higher curing

temperatures.
Steam Curing BSoll Stabllized Mixtures

After the temperature curing studies were made, further
investigation was made of the effect of steam ecuring on the
strength of stabilized soil specimens.

In a recent report presented to the Highway Research
Board (38) 1t was recommended that an additional 10 million
dollars be spent exclusively in research on aggregates during
the next four or five years. The same report suggested
some research in the use of nuclear energy in highway con-

& for new sources of aggregates

(=3
aQ
o]
@
@

ana ohig ruture use of nuclear energy, the study on steanm
curing of solil-lime-~fly ash specimens was expanded t¢ inolude
gcll-cement and soil-lime. This was done Pecsugse of ths

concrete-like strengths obtained with soil, lime and fly ash
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curing on other kinds of soil stabilization.

8 & systematic study sincs it

't

This was not appreachsd
18 beyond the purpose of the lime, fly ash stabilization
investigation.

Extensive research has been done on sand-lime bricks
(23,27,29,3,57). These bricks are made by submitting the
sand-lime paste to temperatures of 150-200°C (302-3929F) for
about 8 honré in autoclaves with pressures from 5 to 10
atmospheres. The addition of clay has been tried, and about
10 percent clay has been found to increase the strength of
sand-lime briocks (27,57,60). The treatment of cement con-
orete by steam is a well known process, and the curing of
lime and fly ash mixtures at high temperatures has already
been mentioned. A comparative study of the autoslaving of
8011 specimens stabilized with lime, cement, or lime, and fly
ash at 2489F, 15 atm., was undertaken. The results, together

with those obtained at 70°F are presented in Table 20.

Discussion

Soil gpecimens stabilized with lime and fiy ash, lime,
or cement may readsh strengths of 1000 psi or higher by ex-
posing them to high temperatures and steam.

A mixture of 76.5 pvercent sand, 6 percent calecitic

hydrated lime and 17.5 percent fly ash No. 3, developed a
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autoclave (2480F, 15 atm.). After 7 days, the strength was
3662 psi. These strengths ere many times higher then those
obtained at amblient temperatures. A great inerease was alse
obtained with the same fly ash and different iime percentages
mixed with friable loess. Mixtures of dune sand, lime and
fly ash No. 1 or No. 2 also gave very good strengths after
curing in the autoclave, although they are much lower than
strengths obtained with fly ash No. 3.

Addition of 6 percent calcitic hydrated lime to friable
loess gave 2 24 hour strength of 1792 pei, with & subsequent
increase for longer curing periods. Dolomitic lime gave
strengths lower than calecitic lime, either used alone or with
fly ash. Sand-lime mixes that have practlically no stresngth
at ordinary temperatures, reached 1030 psi after 3 days in
the autoclave.

Cement treated s0ils also benefit from the accelerated
curing at high temperature, but not to the extent of those

treated with lime or lime-fly ash. Maximum strengths with

An examination 0f the resuits sno¥Ws thai:
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i. High-temperature curing with & supply of molisture 1in
the form of steam enhances the strength of soils stabilized

with lime, lime-fly ash or cement.
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mixtures cured at 248°F and 70°F

Materisals and proportions

Immersed unsonfined compressive
strength after steam-curing
at 2b8CF

1 8ay 3 é&ays 7 days

Sand
+ 8% cale. lime 311 1030 ND®
+ 8% cement é65i 968 1162
+ 6% cale. lime + 17.5% F.A. #1 1668 1783 2342
+ 6% eale. lime + 17.5% F.A. #2 1087 1477 1595
+ 6% calc. lime + 17.5% F.A. #3 2548 3407 3662
+ 6% dolo. lime + 17.5% F.A. #3 ND 2014 ND
Loess
+ 3% cale. lime 630 654 ND
+ 3% dolo. lime 25h 271 RD
+ 3% cement 366 520 ND
+ 6% cale. lime 1792 1977 2118
+ 6% delo. lime 1396 1630 1561
+ 6% cement 955 108 1244
+ 9% ecalc. lime 1441 1820 ND
+ 9% dolo. lime 1354 152% "D
+ 9% cement 1140 1525 ND
+ 3% cale. lime + 17.5% F.A. #3 1432 162% ND
+ 6% calc. lime + 17.5% F.A. #3 1780 1969 KD
+ 9% calc. lime + 17.5% F.A. #3 2063 2182 ND
Allavial
+ 9% calc. lime 921 969 1054
+ 9% dolo. lime 613 597 ND
+ 3% calc. lime _ 6% cement 717 715 711
Jumbotil
+ 9% cale. lime 1188 1318 1330
& Not deterzined.
b

Dolonitic monohydrate lime used.

Table 20. (Continued)
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Immersed unconfined compressive
etrength after mgﬂ st-guring

at 70°F
7 @Gays 28 &ays 90 days
Sand
+ 8% ocalc. lime 5 20 30
+ 8% cement 398 b7k 541
+ 6% calc. lime + 17.58 F.A. #1 55 90 20
+ 6% sals. lims + 17.5Z F.A, #2 o lz0 240
» 6% cale. lime + 17.5¢ F.A. #3 165 390 930
+ 6% dolo. lime + 17.5% F.A. #3 145 783 1030
Loess
+ 3% calé. lime 72 110 287
+ 3% dolo. lime 117 2h9 234
+ 3% cement ND ND ND
+ 6% cale. lime 59 105 ko3
+ 6% dolo. lime 151 ggb 584
+ 6% cement 330 Z;j
+ 9% ecalc. lime 78 '158 9
+ 9% dolo, lime 174 621
+ 9% eement 423 566 1001
+ 3% eale. lime + 17.5% F.A. #3 140 226 NP
+ 6% ealc. lime + 17.5¢4 F.A. #3 142 225 655
+ 9% cale. 1ime + 17.5% F.A, #3 126 203 D
Alluvial
+ 92 cale. lims ic 14¢€ 2:8
+ 9% dolo. lime 173 345 336
+ 3% calc. lime _ 6% cement 328P Lg3P 501
Gumbotil
4 9% ecale. lime 125 215 386

2 Not determined.

2]

Dolomitic monchydrate iime used.
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which it is deducted that the strengths might be boosted %o
higher values by curing at higher ftemperatures than the one
used here (248°F).

3. Compaeted mixtures of soll, calcitic hydrated lime,
and high quality fly ash develop concrete-like strengths
after a few hours of steam curing.

k. Lime-fly ash gave best strengths followed by
caleitic lime, dolomitic lime and cement in this order;
although sand-lime mixes should be regarded as a special
case requiring higher temperatures than those used here.
Caleitic lime ranks better than dolomitic in steam cured
s01l, lime, and fly ash mixtures.

It is anticipated that the results shown by these ex-
periments may have an impact in the future development of
the technique of so0ll stabilization. The recommendations
made to the Highway Research Board to promote research %o
study the applications of nuclear power in road construction

are reinforced by the resulits reported herein. The deveiop-

oractice of soil stabilization. If the application of heat

to road courses is feasible, further work may deteramine
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soll, the time and temperature of application as related to
the heat conductivity of soils and to the strength desired,

feaslbility of the use of steam, etec.

Preliminary Survey of Chemical Additives to Mixtures of Lime

and Fly Ash
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The prelimis nETy survey was mele using twWelve chemicals
in varying amounts to determine the minimum amount of each
required for substantial improvement of the lime-fly ash
reaction and to serve as the basis for selecting a smaller
number of chemicals for more detalled studles. Ottawa
sand was used as the soil component because its gradation
and monomineralic composition, silica, may make it behave
as an lnert material at the curing temperatures used, thus
minimizing the effect of The soll component on the lime-Tly
ash reaction. A calcitic hydrated lime was chosen because,
although of reagent grade, it was representative of a great
amount of commerecial limes produced in the U. S. A medium
quality fly ash from the Midwest (St. Clair Power Plant)
was used as the pozzolan component. The Ottawa sand, lime,

fly ash mix proportions were 75 percent, 5 percent, 20 per-

cent, respectively, near optimum for these materials.
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Any or certain amounts of all the chemicals used in-
creased the strength of the Ottawa sand lime, and fly ash

mixture. Following is an analysis of each chemloal evaluated.

Sodium carbonate

Even the smallest amount of sodium carbonate tried,
0.05 percent, increased the strength substantially. Seven
and 28 day strengths ﬁere increased over thirty times with
amounts of chemical greater than 0.5 percent. Some differ-
ences in strength are shown between the use of sodium
garbonats in powder form or in liquid solution, but the
great increase in sirength warrants the use of the chemical
in either form. The optimum amount is about 1.0 percent
when used in powder form. The commercizl price of this
product, 35 to 65 dollars a ton, makes it a prémising
additive for lime-fly ash stabilization.

Sodium hydroxide

This chemical is aiso very erfeeuive. A noticeable

improvement of strength started with amounts of scdium hy-

ie chemicel, priced st about 100 &ollars
a ton, may 2ls80 be an economical activator of the pozzolanic

reaction.



Figure 39.

(a,b,c,d). Effect of amount of
chemical additive on strength of
75:5:20 Ottawa sand, calcitic hy-
drated lime, and fly ash No. 1

aixture.
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Figure 39. (e,f,g,h). Effect of amount of
chemical additive on strength of
75:5:20 Ottawa sand, calcitic hy-
drated lime, fly ash No. 1 mixture.
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Figure 39, (4,J,k,1,m). Effect of amount of cheomical additive on
atrength of 75:5:20 Ottawa sand, ocaleitic hydrated lime and
fly ash No. 1 mixture.
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The effects 0f these two additives are somewhat parailel.
They gave 1ittle improvement tec 7 day strength, but geve 2
substantial increase to 28 day and 4 month strengths even
with small concentrations of chemical. THe price difference,
20 dollars a ton for sodium chloride and 60 for calcium
chloride, and the small amounts of sodium chloride reqﬁired
Tor g maximum increase in strength, makes sodium chioride
the cholce when improvement of long-term strengths is the
main lnterest. Three-tenths of a percent of sodium chloride

increased the 28 day strength by about ten times, and the

optimum amount was about 1.0 pereent.

Sodium metasgilicate

This chemical increased the strength greatly, even in
emall amounts. The strength increase was more or less pro-
portional to amount used; the optimum was above 3.0 percent.
The strengtk of 1,000 psl wes found after 7 dsys curing with
the largest amount of sodium metasilicate tested, 3.0 per-

cent. The commerelal price of this chemical is about 120

o8

ollars & ton oa a 4dry basis, which makes it a promising

(&)

hemical additive when used in small amounts.
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aluminum chleorids and scdium phosphats

These chemicals increase strengths, but the rate of
lncrease, amounts required, and economical considerations

make them iess desirable.

Phosphoric acid

Although very small amounts of phosphoric acid improved
801l gtrength, concentrations larger than 0.03 percent
caused a decreass in strength. Its use 1s therefore not

recommended.

Magnesiunm oxide

One of the components of dolomitic monohydrate (Type N)
lime is magnesium Oxide; comsequently the effects on strength
caused by addition of this chemisal should give an indica-
tion on the effects of using dolomitic monohydrate ilime
instead of ealcitic hydrated in lime-fly ash stabilization.

Small amounts, up to 0.5 percent, resulted in a slight
decrease of strength, but increased amounts up teo the large-
gt amount tried, 5.0 percent, increased the strength
{(Figure 39, k). The results indicate that dolomitic monochy-
drate limes are more effective with the fly ash used here.
but they are not as effective as calcitie hydrated lime plus

treatment with some of the other chemical additives. The

results also warranted an investigation on the effects of



tended BEvaluation of Chemical Additives

To complement the tests made with Ottawa sand, the
study was extended to include four natural soils: a dune
sand, a friable loess, an alluvial clay and a gumbotil
(Tables 1 and 2).

The evaluation of magnesiﬁm cxide indicated that doic-
mitic monohydrate lime might be more effective than calecitie
hydrated lime, and that the use of dolomitic lime might
make unnecessary the addition of chemicals; therefore the
use of both limes, calcitic hydrated and dolomitic monohy-
drate, was evaluated. Commércial type limes were used.

Three fly ashes were selected te include such desired
varlations in their properties as coarseness, carbon content,
specific surface, etc.

From the preliminary studies, four chemicals warranted
further evaluation based on strength improvement and econom-
ics: sodlum carbonate, sodium hydroxide, sodium metasilicate
and sodium chloride.

The proporticns of s0il, lime, and fly ash used wers
76.5 percent, 6 percent and 17.5 percent. The amount of
chemlcal used was 1.0 percent in mixtures prepared with all
80ils, limes, and fly ashes, except that 0.5 percent was

also used with dune sand and fiy ash No. 1. The evaluation
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ash-chemical stabilization of soils with other methods of
scil stabilization,; but rather to be a2 check on the possible
benefioclal effects of the selected chemicals on s0il, lime,
and fly ask mixtures. Therefore, the mixture proportions
are within the range commonly recommended for lime-fly ash
stabilization, and the amount of chemical added 1s probably
near the optimum amount, except for sodium metasilicate.

The molding molsture content for mixtures was deducted
from the molsture-density and moisture-strength curves of
801l, lime, and fly ash mixtures without chemical additives.
With friable loess, maximum density and maximum strength
occurred at the same moisture content, and this was consider-
ed the optimum. The moisture requirements for maximum
density and maximum strength of mixtures with &and were not
the same, and as the moisture content for maximum density
gave very low strengths, the moisture content for maximum
strength was used as the optimum. The molding moisture to

get maximum strengths of mixtures with alluvial clay and gume
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Sodium carbonate, sodium metasilicate and sodium hy-
droxlde in amounts of 1.0 percent increased 7, 28 and 90
day strengths of 21l dune sand-lime-fly ash mixtures con-
siderably. Sodium chloride increased 28 and 90 day strengths
of June sand, calcitic lime, and fly ash mixtures to a great
extent and also increased substantialiy the G0 day strength
of dune sand, dolomitic lime, and fly ash mixtures except
those made with fly ash No. 2, in which the strength increase
was quite small.

The strengths obtained using 0.5 percent chemiecal in
mixtures with fly ash No. 1 are smaller than those obtained
with 1.0 percent chemical additive, but the strength increas-

es follow the same trend for both amounts.

Friable loess

All four chemlecals increased the strength of loess,
calcitic lime, and fly ash mixtures except for 90 day
strength of specimens made with sodium metasilicate and fly
ash No. 2 {Figures &% through 48). Loess, dolomitic lime,
and fly ash mixtures were not zpprecisbly benefited by the
addition of the chemleals.

.

i€ Use ©

2]

scdium chioride, sodium carbonate or soGium

hydroxide in mixtures of friable loess, calcltic hydrated



Figure 40. Effect of 0.5 percent chemical additive
on strength of a 76.5:6:17.5 mixture of

dune sand, lime, and fly ash No. 1.

Figure 41, Effect of 1.0 percent chemical additive
on strength of a 76.5:6:17.5 mixture of

dune sand, iime, and fly ash No. 1.
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Figure 42. Effect of 1.0 percent chemical additive
on strength of a 76.5:46:17.5 mixture of

dune sand, lime, and fly ash No. 2.

Figure 43. Effect of 1.0 percent chemiesal additive
on strength of a 76.5:6:17.5 mixture of

dune sand, lime, and fly ash Ko, 3.
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Figure 44. Effect of 1.0 percent chemical additive

on strength of a 76.5:6:17.5 mixture of

friable loess, lime, and fly ash No. 1.
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strength of a 76.5:6:17.5 mixture of

frisble loess, lime, and fly ash No. 2.
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Figure 46. Effect of 1.0 percent chemical additive
on strength of a 76.5:6:17.5 mixture of

friablie loess, lime, and fly ash No. 3.
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Time and Tiv ash No. 1 or No. 3 cowld be recommended. The
strengths produced by the addition of these chemiecels in
mixtures containing caleitiec hydrated lime surpassed that
of the simllarly proportiocned mixtures contalning dolomitic

monohydrate iime, with or without chemicals.

Alluvial clay and gumbotil

The effect of chemical additives on these claysey soils
stabllized with lime and fly ash was nil and scmetimes
detrimental; consequently the results are not graphed.
Speclimens treated with sodium carbonate, sodium hydroxide
or 8o0dium metasilicate and cured for 90 days were 80
weakened during the 24 hour immersion period that strength
testing was impossible, or strengths were much lower than
the strengths of specimens made without treatment or with
godium chloride as the additive. Sodium carbonate, sodium
hydroxide and sodium metasllicate are therefore not recom-
mended for use as additives to montmorillonitic clay socils
stabilized with lime and fiy ash. Sodium chloride was
neither harmful nor beneficizl; so there appears no reason

to unge 1% 28 an additive.

Scdiuvm carbonate

This chemical was very effective in the improvement of
7 and 28 day strengths of sandy scil, lime, and fiy ash

mixtures, regardless of the kind of hydrated lime used.
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extent. Sodium carbonate also improved the sarly strength
of friable loess, lime, and fly ash mixtures contalning
caleitic hydrated lime, but it did noé improve the early
strength of mixtures contalning dclomlitic menchydrate lime,

Owing to its relatively low cost, sodium carbonate in
amounts of 0.5 to 1.0 percent is a most promising additive
for sandy solls stabilized with lime and fly ash,

Neither -~odium carbonate, nor sodium hydroxide or
sodium metasilicate, are recommended as additives to
montmorillonitic clay soll, lime, and fly ash mixtures
because they reduce the long-term immersed strength, and do

not affect early strength.

Sodium hydroxide

This chemical greatly improved the strength of sand
and friable loess stabilized with hydrated lime and_fly ash.
The overall effectiveness was greater with ealcitic hydrated
lime than with dolomitie monohydrate lims. As an example
of the strength increases possible, dune sand stabilized

with czicitie hydrated lime and fly ash Ho. 1 showed the

following strength improvements by ths addition of 1.0 percent
g I

of sodium hydroxide:
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period mixture 1.0% NaCh
zg gays E% pal L3 psi 10.5 times
o cays 74 psai 1,251 psi i7.4 times
90 days 241 psi 1,493 psi 6.2 times

Its use ig therefore recommended with thesse types of soils,

Sodium chloride

This chemiczal used as an additive increased the S0 day
strength of dune sand, lime, and fly ash mixtures, in some
to a considerable extent. Seven day strength was slightly
reduced, and 28 day strength was sometimes greatly improved
and sometimes was reduced. All 90 daj strengths were in-
creased by the addition of sodium chloride. The same trends
were observed in mixtures with friable loess as a soil. Thus
sodium chloride may be a promising additive to friable soils
stabllized with lime and fly ash when long-term strengths are
desired. The strength of mentmorillonitic clay soil, lime,
and fly ash mixtﬁrés ¥as not affected by adding scdium

chloride.

Scdium metasilicate

Sodium metasilicate in the amount of 1.0 percent in-
ecreased the strength of the dune sand, lime, and fly ash
mixtures. It ean elso improve friable loess, lime, and fly
ash mixtures containing some iy ashes. For the percentage

uged, thils chemical rates lower than sodium earbonate or
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greatly the strength of friable solls; they were not tried

here for econcmic ressons.

Caleitic hydrated and dolomitic monohydrate limes

The delomitic monohydrate lime used produced better
strengths than the calcitic hydrated lime when the mixtures
were not treated with chemlicals. However, the calcitic

lime mixture responded better to chemical treatments.
Effects of Additives at Low Curing Temperatures

The strengths obtained with lime and fly ash mixztures
depend greatly on curing temperatures. When soils are sta-
bilized with lime and fly ash in the late part of the summer
in temperate climates, they may not develop suffiecient
strength to withstand the lmposed stresses of the colder
seasons. Thils may lead to fallure of the pavement.

The effect of chemical additives at low temperatures
was investligated. Dune sand and fly ash No. 1 were used
with both caleitic hydrated and dolomitic monohydrate limes.
The curing temperature was %3 & 1 OF. Results for 7 and

28 day strengths are given in Figuras 47.

Caleitic lime

The mixture of dune sand, caleitic hydrated lime and
£ly ash No. 1 withont additive, cured for 7 days, failed
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with the mixture with 1.0 percent sodium chloride as addi-
tive. Additions of 1.0 percent sodium metasilicate, sodium
carbonate or sodlium hydroxide, however, gave strengths of
about 100 psi.

After 28 days curing, the mixture without additive
showed some immersed strength, 41 psi. This strength was
increased five or sgixfold by additions of 1.0 percent sodium
metasilicate, sodium carbonate or sodium hydroxide. Sodium

chloride produced a slight strength improvement.

Dolomitic lime

The untreated dune sand, dolomitic lime, and fly ash.
mixture d4id not show any immersed strength after 7 days
curing. Additions of 1.0 percent sodium metasilicate gave
a strength of 107 psi; 1.0 percent sodium carbonate gave
57 psi; and 1.0 percent sedium hydroxide gave 76 psi.
Sodium chloride was not beneficial.

After 28 days, the untreated mixture had a strength of
111 psi. Additions of 1.0 percent sodium metasilicate or
scdium carbconate more than doubled the strength. One per-
cent sodium hydroxide increased the strength almost three
times, to 298 psi. Specimens with sodium chlioride &id not

show any immersed strength.



Figure 47,

Effect of 1.0 percent chemical additives
on strength of a 76.5:6:17.5 mixture of
dune sand, lime, and fly ash Ho. 1 cured

at a temperature of 43°F,
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The beneficial effects of some additives to the lime-
fly ash pozzolanic reaction ars very important when low
temperatures are expected during the curing period. Addi-
tion of promising chemicals may lengthen the working seascn
for stabilization of solls with lime and fly ash,

The strengths obtained with dune sand, lime, and fly
ash No. 1 mixtures cured at 43 4 1 OF may be from 200 to 300
psl by the addition of a small amount of sodium metasilicate,
sodium carbonate or sodium hydroxide. Those strengths may
be sufficient in 2 base course to withstand the adverse
effects of traffic and lower winter temperatures. Untreat-
ed sand, lime, and fly ash No. 1 mixtures after 28 days
curing showed strengths of 100 psi or less, which are in-
suffient for a base course. The same beneficial effects
may be expected with other fly ashes. Sand, lime, and fly
ash mixtures made wlth either calcitic hydrated or dolo-
mitic monohydrate lime increased in strength by the addition

of sodium metasilicate, sodium carbonate or sodium hydroxide,

lowering the freezing point of the free water in stabilized
801l mixtures. By depressing the temperature at which the

free soll water freezes, more time is allowed to gain
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periods to the damaging effects caused by ice formation.

A complete evaluation of the me€hanism of the effeects
of chemical additives in lime and fly ash mixtures must
involve extensive chemlcal analysis. Based on the strength
data and on the assumption that strength is indicative of
the extent of the pozzolanic reaction, an explanation of the
mechanism is given herein.

The effects of chemical additives on lime and fly ash
may be due to one or more of the three following:

1. ©Speeding up of the pozzolanic reaction;

2. Production of secondary cementitious products; and

3. GCombination with the primary, or pozzolanie,
cementitious products.

The first should probably be of a catalitic nature.

It may show up particularly in the curve for 7 day strength
versus additive content, with a sharp increase in strength
for small a2mounts of chemical added.

In the second, the chemicals Comvine Or Teast with
lime to form cementlitious produsts likxe 0alls, Ca(POio,
Al(OH)B, ete.

In the third are included those chemicals that may

combine or react with the pozzolanic cement produeed, with
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combination or reaction may be a complex one producing

or be a reaction that activates scme 5f the materials, in-
creasing their pozzolanic value.

For a separate evaluation of the different chemicals,
they may be grouped on the basis of their reactions ~ basic,
neutral or acidic. Bases and basic salts, also known as
alkalies and alkaline salts, produce hydroxyl ions in water
solutlion to varying sxtents. Acid salte produce hydrogen
ions in water solutions to varying extents. Neutral salts
in water solution do not upset the natural balance of hy-
drogen and hydroxyl ions. Another group 1s formed with
phosphoric acid, and magnesium oxide 1s in a miscellaneous
group.

Thie evaluation is made based on the results obtalned
with mixtures with Ottawa sand as 2 s0il in this and in &
previous investigation (18,50). The characteristics of this

sand make it, supposediy, an inert material in the lime-fly

-~ PR ] -— -
ash or lime- fi-gchemical reactions.

Bases and basic salts

Alkaliine additives increase the amount of available
hydroxyl ions in the moistened Ottawes sand-lime-fly eoch

system. As a result the pozzolanic reaction may be acceli-
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caused by the alkalinity (390).

The base, scdium hydroxide, acts as & catalyst sup-
rosedly in the following way:

a} It first reacts with the siliceous material to produce
intermediate sodium silicates;

b) The over-all reaction goes to completion when the inter-
mediate sodium sllicates subsequently react with lime
(caleium hydroxide) to form sodium hydroxide and cementitiocus
insoluble calcium silicates;

¢) The sodium hydroxide is then free for further reaction
with unreacted sillceous materilal.

In the alkaline salts, sodium carbonate very likely
reacts with lime in the moist Ottawa sand, iime, and {1y ash
mixture to form calcium earbogate and sodium hydroxide in
the following way,

Na2003 + Ca(OH)2 —bCaCOs + 2N20H
The precipitated ecalcium carbonate contributes cementation

to the system, and, as hypothesized in the preceeding

- T 4 P PR I SR, SR S S emaa
The other a2lkaline salts used, sodium phosphate, sofium
& L ey e N
metagilicate and 1lithium carbonate, may act similarly to

sodium carbonate. Sodiur phogphate rezcts with lime to form
calcium phosphate, which may be cementitious, and sodium

hydroxide, which acts as a catalyst. Sodium metasilicate



(]
ON
N

Pramma hid~hle aamantitiane AoTadum ailisatea with 1ime and

- e cevmyee—y - ———— o — ——

releases also sodium hydroxide. Lithium carbonate reacts
with lime and precipitates calcium carbonate releasing
1ithium hydroxide, an alkali that produces the same catalitic

effects as sodiur hydroxide in the lime-fly ash reaction.

Acid salts

Acid salts undergo a hydrolysis reaction with the
precipitation of weak bases (hydroxides). With calcium
hydrexide (1ime) and aluminum ghloride this resaction preoceeds
as follows:

2A1013 + BGa(OH)z-—*-ZAl(OE)3 + 3CaCl2
The weak base formed, Al(OH)B, has some cementing properties
that may be beneficial. The clacium chloride formed may alse
benefit through complex effects of the third category.

With calcium chloride, the principal long-term strength
benefits obtained are thought due to a different type of
chemical mechanism than discussed above, and that are in-
eluded in the third category of effects. 8alcium chloride
being highly hygroscopic and deliguescent ensures a rela-
tively high concentration of caleium ions over a long period
of time Dy providing moisture for a solution. Since lime
has a low solubillity and a lower ionization constant than
calcium chloride. the concentraticn of calcium ions fronm

lime is lower than that from calcium chleride.



167

The other acid sa1t need. mancanere chlioride. nrabably

producee effects analogous to those of calclium chloride.

Nentral salts

Scdium chloride, although a neutral salt, may aet as
does calcium chloride; but 1t gives less benefit to long-
term strength, perhaps because sodium c¢hloride is less hy-
groscoplc and deliqueseent than calcium chloride.

The mechanism of the action of potassium permanganate
in lime and fly ash mixtures is also included in the third
category. Potassium permanganate, a strong oxidizing agent,
may o0xildize the carbon in the fly ash with subsequent pro-
ductlon of potassium carbonate and the precipitaticn of
manganese dioxide. The potassium carbonate formed may then
give rise to further reactions, of the first and second
category, similar to those of sodium carbonate, previously
discussed, which are beneficial to strength. Potassium
permanganate may also clean the surface of fly ash by oxi-
dation of possible organic matter. This may make the fly

ash more reactive with line.

(o]
-
[ 1)

Very gmall amountsg of phosphoria acid somewhat improved
the strength. This may be brought about by the formation of
complex calcium phosphates or by the activation of fly ash

(1,25). Increased amounts of acid caused a decrease in
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which reduced the alkaliinity and subsequently the silieca

releass.

Miscellansous chemical

Magnesium oxide is supposed to reaet with lime and fly
ash producing effects of the third category. It may enter
into the pozzolanic reaction and form complex silicates of
calcium and magnesium. The effectiveness of magnesium oxide,
a component of dolomitic monohydrate lime, in celeium hy-
droxide and fly ash mixtures corresponds with the findings
of previous research which indicated that dolomitic monohy-
drate lime gives better strengths than calsltie hydrated
lime in soil, lime and fly ash mixtures cured at ambient

temperatures.

Chemical additives in soil, lime, and fly ash mixtures

Four chemicals were evaluated with solls: sodium
carbonate, sodium hydroxide, sodium metasilicate and sodium

chloride. The greater benefits were obtained with the sandy

e = . < .
8011; and the benefits Gegcreacsed with the inersgase in the
. 2
amount of clay in the sciil.
- > & &= 4 &
With the avellzable data 4% ig difficult t¢ svaluats

the influence of the soil factor in soil, lime, fly ash, and
chemical mixtures. The chemical additives used were bene-

ficial in mixtures with friable sgoils and detrimental in
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strength in the clayey soils is likely brought about by the
excess of sodium ions and high alkalinity in the pore fluid
of the soil, lime and fly ash mixtures. Both factors intro-
duce disruptive forees in the clay structures that are not

overcome by the cementitious bond of the pozzolanic reaction.

Modification of Fly Ashes

The processing of fly ash to broaden its use or to
improve its qualities has not been extensively tried. 1In
the manufactgre of lightweight aggregate, a2 fly ash is
sintered by a process developed at the Building Research
Station, Garston, England (61,5). By the sintering process
spherical particles 1/8 to 1/2 inch in size are made. This
18 carried out at a temperature suffieient to cause the
particles to adhere but not to fuse. The spherieal uncom-
pacted pellets produced contain about 40 percent voids with
a density of about 42 pef.

Some work is now being done on the modification of fiy

* Walter N. Handy, Inec. P.C. Box 549, Evanston, Illinois.
Information on screening and pulverization of fly ashes.
Private communication. September 8, 1960,
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The reaction between lime &nd fly ash is apperently a
surface reaction, as the reactivity of a fly ash with lime
1s closely related to fineness and specific surface. It
was supposed that by grinding or by sealilping the coarse
fraction, a fly ash might be improved for its use in soll
stabllization. Consequently two low quality fly ashes, Nos.

uvﬁe

£

with

[4]}

Z and %, were selected to De processed and use
sand and calecitic hydrated or dolomitie monohydrate lime.
The proportions used were 76.5 percent dune sand, 6
percent lime and 17.5 percent fly ash. The mixtures were
run at several water conteats and the maximum results are

recorded (Tables 21 and 22).

Table 21. Comparative results obtalned by the modifieation
of the fly ash of a 76.5:6:17.5 mixture of dune
sand, calgitic hydrated lime, and fly ash No. 2

Maximuom Maximum immersed un-
Process of fly ash dry confined compressive
densgity, gstrength, psi

pef ? day 28 43y 9C day
As it is (unprocessed) 112 ¢ 158 55l

Ground to pass the #270 sieve 116 o 203 631

Discarded coarser than #270 sieve 118 © 175 633
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of the fly ash of a 76.5:6:17.5 mixture of dune

sand, dolomitic mononydrate lime, and fly ash

No. 4
Maximum immersed un-
Process of fly ash Maximum confined compressive
dry strength sl
density, 7 day 28 day 90 day
pef
As it is {unproccsssed) 105 S1 3069 650
Ground to pass the #200 sieve 110.5 116 Lo8 700
Discarded coarser than #200 sieve 126.5 103 506 892

Fly ash No., 2

This fly ash, with a 7.2 percent carbon content, was
selected because 1t did not show any strength after 7 days
curing for any combination of sand, lime and fly ash. The
results show that neither grinding it to pass a #270 sleve
nor the use of only the fraction passing the #270 sieve
gave any improvements in 7 day strengths. For 28 and $0
days curing perlods, the mixtures with the procezsed fly ash

showed an inersase in strength over th
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This fly ash was chosen because it has a very high
content of carbon, 18.6 percent. A different lime, dolomitic
monohydrate, was used wilth this fly ash, and the #200 was
used as a selector sieve instead of the #270.

By grinding the coarse part to pass the #200 sieve
there 1ls a slight increase in strength. Discarding the
material retained in the #200 sieve, the strength is in-
creased 64 percent after 28 days curing and 40 percent after
90 days. The processing of this high-carbon fly ash may

then be economical.

Discussion

The density of sand, lime, and fly ash mixtures in-
creased greatly when the fly ash was modified by grinding or
by scalping the coarse fraction. This increase in density
is caused by an improvement in the gradation of the fly ash
or by breaking down hollow spheres present in any fly ash.
An increase in strength is brought about by the increase in
density and through a closer contact and/or more contact
points between the lime and fly ash. Using a finer fly ash
there wlll be more surface ares available for the pozzeolanie
reaction to take place, which also brings an increase in
strength. 1T is apparent that the increase in sirengih was

partly a contribution of the higher densities and of the
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greatar AaurTace area of the modified T1lv ashes.

A fly ash of high carbon content may be beneficially
processed by sieving. The coarse material will contain
most of the carbon, which is not reactive with lime and can
be reused aes & fuel. The firne materiasl will be more reactive
with lime and be used in soll stabilization or as a pozzolan
in concrete.

The above tests show an opening to improve the quality
of fly ashes by grinding and/or sieving, which will broaden

their use as a construction material.
Lime Stabilization

It has been found in this investigation that the lime
stabilization ¢f scme scils may scmetimes ﬁct be appreciably
benefited by the addition of fly ash. To obtain data to
evaiuate the use of lime or lime and fly ash, an extensive
study of lime stabilization was made. Maximum strength up
to 90 days were recorded, and up to 25 percent of lime was

used. (Tables 23 to 26, and Figures 48 to 50).

Precgentation and discussion ¢f resulss

Dune sand. Though sandy scils do not benefit by the
addition of small amounts of lime, it was suspected that
large percentages ¢f iime might impart some strength.

Therefore quantities of lime up to 25 percent were studled
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in mixtures with dime sand. The Teat rwesnita are given in
Table 23.
The large quantities of lime strengthened the dune sand;

for instance a mixture of 25 percent dolomitic monohydrate

[~

lime and 75 percent sand, had 7 and 28 day strengths of 1i2
and 215 psi respectively. But the additions of such a great
amount of lime 1s not economical. It was also observed that
dolomitic monohydrate lime produced much higher sirsngtihs
than calcitic hydrated lime. The strengths obtained with
lime may be greatly increased by the addition of a fly ash.

The added strength obtained by the addition of lime to
gsandy seils probably comes mainly from carbonétion of the
lime. But part of the strength may have been caused by the
formation cf calclium silicates, although this is net likely
to have occurred at the curing temperatures used in this

research.

Friable loess. This soil shows a great pozzolanic

activity with lime. It has been pointed out in another
secticn, that basged on 7 and 28 day curing psricds the
additien of some fly ashes actuzlly diminishes the strength
obtained with this s0il and lime only, but the pozzolanic
action between loess and lime continues and is important
beyond 28 days (Figure #8). Very small amounts of lime are
needed to develop the full strength that may be obtained by

addition of lime. 8ix percent of dolomitic monohydrate lime



Figure 48. Strengths obtained by additions of
different amounts and kxinds of lime

to friable loess.

Figure 49. Strengths obtained by additions of
different amounts and kinds of lime to

alluvial clay.
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Figure 50. 8trengths obtained by additions of different

amounts and kinds of lime to gumbotill.
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sand stabiiized with lime

Molding  Immersed unconfined sompressive
Linme ary strength. psi
—density,
Kind g pef ? day 28 day S0 day
Calecitie 3 110 0 11 11
hydrated 6 113 8] 11 i2
# g 117 8 25 3z
® iz 1i9 19 30 k2
= is5 120.5 3G 51 ND¥=
# 25 112 64 73 KD
Dolomitic
monohydrate 3 110 0 11 14
b 6 113 0 15 31
" 9 116.5 21 29 57
u 12 119 32 51 93
u 15 120.5 53 125 ND
" 25 120.0 112 215 RD

* Not determined.

Table 24. Strengths of friable loess stabilized with lime
Lime Melding Immersed unconfined compressive
ary strength, psi
Xind £ density,
pef 7 day 28 day 90 day
Caleitice
~ ° 1
© 3 By R B =
iz ST7 o4 ikl 435
Dolomitic 3 100.9 117 245 234
mofiohydrate ©  100.8 151 5k 584
.8 9 160.6 174 00 621
" 12 100.5 182 369 588
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do not appear warranted.

Friable loess should not be stabilized with lime and
fly ash, unless a very good quality fly ash is cheaply
available. ix percent dclomitic monohydrate lime gave
strengths of 150, 354 and 584 psi for 7, 28 and 90 days
curing respectively. These strengths were actually lowered
by the addition of a medium or low quality fly ash.

Gumbotil. In the experiments with gumbotil, lime was
added in amounts up to 25 percent (Figure 50). In every
curing period a percentage of lime was found above which
there was no appreciable inerease in strength. This
"breaking® percentage tends to be higher for the longer
curing vericds. {(This was also observed in the results
with alluvial e¢lay.)

At least 9 percent of either dolomitic or calecitic
lime 1s recommended. With dolomitic lime, 200 and 300 psi
may be obtained after 7 and 28 days curing respsctively.
These figures are rather low and may be increased by the

addition of fly ash, or by substituting some lime for fly
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Table 25. ©DStrengths of gumbotil stabilized with Jime

Molding Immersed uneonfined compressive
_ Lime dry Strength, psi
Kind % density,
pel 7 day 28 day 90 day
Celecitic
hydrated 3 93.5 100 145 97
; 6 89.5 116 155 317
" S 87.1 125 215 386
u 12 87.1 132 228 k78
8 15 87.0 141 240 ND¥*
u 25 86.4 173 307 ND
Delomivis
monchydrate 3 93.8 0 0 0
s 6 92.5 39 104 188
# S 92.3 1391 275 429
® 12 92.3 igso 298 k95
" 15 89.8 197 296 KD
W 25 86.2 211 326 ND

¥ Not determined.

Alluvial clay. The strengths obtained with alluvial

clay stabilized with lime were relatively low {Figure 49},
The desirable value of 300 psl after 28 days curing may be
obtained with 9 percent dolomitic lime, but for this amount
the strength is not improved beyond 28 days. The extensicn
of the curing period from 28 to 90 days shows that amounts
of 9 percent or greater of calcitic hydrated lime and 12
percent or greater of dolomitic monchydrate lime are nseded

for the pozzolanic reaction to continue beyond 28 days.
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obtained with this amount may also be obtained with an

economically competitive lime ard fly ash admixture.

Discussion

These researches change the econcept that in lime
stabilization a small amount of lime added to soil is
sufficient to obtain the maximum benefits of lime. It 1is
possible that this concept was the result of a testing pro-
gram limited in time. Observation of 7 and 28 day strengths
may lead to that erroneous concept (Figures 48 to 50). But
when curing periods were continued up to 90 days, the
strength gain with time was found tc be influenced by the
amount of lime. For instance with friable loess (Figure 48)
it might be concluded, based on 7 and 28 day strengths, that
3 percent lime 1s the best amount to stabilize this soil;
higher amounts do no%t particularly add to strength. But a
study of 90 day strengths shows that 6 percent should be the
recommended amount of lime to stabilize the soil. Therefore
the amount of lime needed to stabilize a s0il should be de-
termined on the baslis of short as well ss long curing
periods. If it 1s desirable tc obtain a high leng-term
gtrength, the highest economically posgsible amount of lime

should be used.
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drated lime was more effective than dolomitie mononydrate
lime in low amounts of lime, of around 3 percent Dele-
mitlc monohydrate lime was more effective than calcitlic hy-
drated in amounts of lime of 6 percent or higher. Conse-
quently when small amounts of lime are used, the calcitic
hydrated type should be favored. For high amounts, dolo-

mitic monohydrate lime should be used.

Discussion of Moisture-Density Curves of Claeyery Secils Treated

With Lime

It has been observed that the moisture-density curves
for gumbotil and alluvial clay treated with lime and fly
ash had a pecuiiar shape (Figures 5,6,7 and 9). There was
not a distinctive maximum density; it being undefined in
many instances. Fly ash was found not to be the cause of
this.

The shape 0f the curves of moisture-density relation-
ships of a friable loess-lime mixture follow the concept of

a maximum density at an optimum moisture content (Figure 51).

bl
-

Q
[}
0
td
k_.l
~3
e}
@
Ly |
Q
[\)]
8
ct
0))
[
ot
-y
Q
L |
13
|-h
H
ot
[
o
m
[
-y
03
E
1
[»)
ot
’.la
§=t
¥
fu
)
7S
3]
(0]
0O

alluvial clay and lime there is not a defined maximum density
for an optimum moisture content, and the drier the mixtures

the greater the dry density obtained (Figures 52,53).
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Roth oumhatil and a3inviad ~lew have = voxy hisk contond
avout 70 percent, of montmorilllonitie clay. It was sus-
pected that high amounts of clay, at least ¢f ths mont-
morillonitic type, were the cause of the poorly defined
shape of molisgture-density curves.

To find if the scil without lime had the same shape
of moisture-density curves, some comparative tests were
made. For instance in Figure 54 are plotted moisture-
density curves for slluvial clay with and without lime,
compacted with the same compactive effort modified Proctor
in this case only. A very wilde range of molsture contents
was used in these tests. The curve for straight soil shows
a continuous inorease in density, as the water content in-
creases, up to & maximum density; higher amounts of water
will then decrease the density. The curve for the soil-
lime mixture shows a small increase in density with increase
in water content for very low amounts of moisture; from then
on, the density decreases with the increase in water content,

slightly initisating a hump close to the point at which,

theoretically., should be the maximum density., The =additicn
of lime %o soils of high sontent of mentmerillconitis clay
distorted the cghape of moistursc-density curves.

The moisture-density curves for montmorillonitic clay
solls stabllized with lime ere probably affected by the

flocculating effects of lime. The lime alters the character-



IMigure 51.

Molsture-density and moisture-
strength relationships of a
mixture of 91 percent friable
loess and 9 percént caloitio
hydrated lime, compacted at
standard Prootor oompactive

effort.

Figure 52,

Molsture-density and
moisture-strength re-
lationships of a mixture
of 85 percent gumbotild
and 15 percent dolomiti.o
monohydrate lime, com-
pacted at standard

Prootor compactive effort.
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Flgure 53.

Molsture-density and molsture- Figure 54,
atrength relationships of a

mixture of 91 percent alluvial

clay and 9 percent caloltioc hy-

drated lime, compacted at stand-

ard Proctor compactive effort.

Molsture-denslity and
molsture-astrength re-
lationehips of a mixtare
of 91 percent alluvial
clay and 9 percent Ao low-
mitic monohydrate limy,
compaoted at modified

Prootor compactive ef’ort.
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icticz 2f 2lovery onile annventiine tham inta a material with
the workability of friable soils. At low molsture contents
the flocculating effects of lime impart to clayey soils

a highly open structure. This facilitates the expulsion of
air which becomes more important, in these scils with 2
vold ratio of about 0.35 at the maximum density, to the in-
crease of density than the lubricating effects of water.
The free expulsion of air from a mass containing about one
third void space can easily have a great influence on the
final compacted dry density at low moisture contents.

As seen in Figures 52 through 54, the maximum strength
does not cccur at a point of maximum density. It 1s also
observed in Figure 52 that for high moisture contents there
is an initiation of a second point of maximum strength.
This is more clearly seen in the 28 day strength curve.
This points out the necessity of reviewing the present
concept used in soil stabilization of compaction at the
optimum moisture content for maximum dry density. As

discussed above, regarding the molding or compaction mecisture

contant of soils stabilized with lime and fly ash, the

A high moisture content maintains a larger supply of water
for the hydration process to proceed at a faster rate and/or

for longer periods. It is therefore recommended that 1ln the
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molding or compacting moisture content be chosen on the
basis of the maximum strength rather than on the maximum

density of the mixture.
Portland Cement Stabilization

An evaluation of lime-fly ash stabilization is not
complete without a comparison of its effectiveness with
that of cement stabilization. Strength results for several
percentages of cement are presented and dlscussed here. A
final comparison of lime-fly ash and cemeat.stabilization
wlll be given further in this paper after evaluating
economically competitive mixes and their durability resis-
tance.

Plastic soils to be stabilizsd with cement should be
pre-treated with lime to flooulate the so0il particles and
thereby facilitate the mizxing process. Alluvial cley and
gumbotil are soils of high plasticity needing the lime

pre-treatment. Consequently alluvial clay was treated

speclmens was used here. The results are given in Table 27

and are presented in Figures 55 to 58.



Presentation and discussion of resulis

Portland cement in the proper amounts stabilized any of
the four soils tested. Good strengths were obtained with
at least 8 percent cement in dune sand, é percent in loess,
3 percent iime pius 6 percent ocement in aliluvial clay and
4 percent lime plus 5 percent cement in gumbotil. These
mixes gave 7 day sirengths over 300 psi.

Most oif The Tinal sirength was Geveioped in %the first
seven days. The rate of increase after seven days was not
very pronounced, except with the leess. In the length of
time needed to develop strength lies an important differ-
ence between cement and lime-fly ash stabilization (Compare
Figure 55 with Figure 28; Figure 56 with Figure 29; Figure
57 with Figure 3C and Figure 58 with Figurs 31). The sarly
strengths for lime-fly ash were low, but the strength
steadily increased with time at a fairiy good rate, For
long curing periods the strengths with lime-fly ash and
cement tended to equalize; being in many instances greater
for lime-fly asgh than for cement-treated seoils.

Both caleitic hydreted and dolomitic monohydrate limes
were used with gumbotil to ¢ompare thelir effectiveness in
the lime treatment to change the vlasticity. The results
were erratic and do not show consistently better improve-
ments, based on strength, with one or the other lime (Table

27). Further tests should be conducted to compare the



Figure 55. Strength of dune sand cement mixtures.

Flgure 56. Strength of friable loess cement mixtures.
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Figure 57. Strength ¢f gumbotil cement mixtures.

Figure 58. Strength of alluvial clay cement mixtures.
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Table 26. 8Strengthe of alluvial oclay stabllized with lime

Immersed unconf'ined compressive

_ Lime Deneity, gtrength, psi ‘
Kind % pof 7 day 28 day G0_day
Caloitic .
hydrated 3 92.4 125 132 124
" 6 91l.1 129 182 194
" 9 90.6 128 166 218
“ 12 89.8 112 148 241
Dolomitic
monohydrate 3 93.5 L8 L8 35
o 6 92.2 173 274 250
“ 9 91.5 173 345 %'36
" 12 90.8 194 330 15

961



Table 27. [mmersed unconfined compressive strength of mixtures of soll, stabilizcd

with portland cement

[
O
~1

Lime Dry Immersed unoonfined compressive
801l treatment Cement Density, strength, pel

% and kind % pof 7 day 28 day 90 day
Dune sand None 5 110.8 127 184 228
" " None 8 112.7 398 Lol 541
" "n None 0 117.1 591 770 802
Friable loess None é 101.3 330 b9 s 715
: 2 None 9 103.5 h23 566 1001
Alluvial clay 3, dol. 3 93.5 266 341 369
" " 3, dol. 6 94.0 328 46? 501

" " 3, dol. 9 9.9 391 574 ND&
Gumbo il Iy, calc. 3 9ly,2 317 376 Lé3
" ly, calo. 5 93.4 hlyo L93 687
" Iy, oalo. 8 oly b 518 586 870
Gumbotll L, dol. 5 95.0 L32 507 590
" L, dol. 8 9L.,7 534 692 830

& Not detormined.
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stabilization. In the meantime the cheapest one avallable

is recommended.
Durebility Evaluaticn

The effectiveness of lime-fly ash stablilization was
compared with that of other methods of soill stabilization.
A few mixes were selected with the proper amount of lime
and fly ash for each scil, to compare them with mixes in
which lime and/or cement was the stabilizer. The comparison
included freeze-thaw testing of selected mixes.

Dolomitic monohydrate lime and fly ash No. 3 were the
most sultable lime and fly ash for stabllizing any of the
four Iowa scils evaluated here. The addition of chemicals
is highly recommended with sandy soils; therefore chemical
additlives were used in three mixes with dune sand. Sodium
carbonate and sodium chloride were chosen as additives
based on strength improvements, cost of the chemicals, and

practicability of their use in field coanstruction. The

.“o

canm = o= K W NP
ures, wiiGo

!

e -

The provortions used in the soll, lime and fly ash
mixtures were calculated to compete with the required amount

of cement and/or lime needed to stabilize the same soil.
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soil-lime-pozzolan mix design (71).

It was assumed thet:
a) Eight percent cement is recuired to stabilize dune sand.
b) Ten percent cement or 9 percent delomitic monchydrate
lime 18 required to stabilize friable loess.
¢) Three percent lime and 9 percent cement are required o
stablilize alluvial clay.
d) Four percent lime and 8 percent cement are reqguired to
stabilize gumbotil.
e) The cost of lime or cement is the same, about $22 a ton.
f) The cost of fly ash is one-sixth that of lime or cement.
g) The cost of handling two materials (lime and fly ash;
lime and cement), instead of one if stabilized with cement
or with lime only, is squal to the cost of one percent of
cement.
h) The cost of sodium carbonate and handling this extrs
material is 2.5 times that of an egusl amount of cement,
and the cost of sodlum chloride and extra handling 1s the

same as oae percent of cement.

Dune sand
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Vhan vie roguircd O poroent vl cement needed to 8LaDIllze
dune sand.

Based on 28 day strength reguirements, lime and fly ash
may be economieally used to stabilize sandy soils (Table 28).
Either lime and fly ash mixtures or lime and fly ash mix-
tures with chemical additives withstood the severity of
freezing and thawing tests and had enough residual strength
to be consldered adequately stable. A good quality fly ash
(No. 3) was used in these tests; these results may not be
reproduced with all kinds of fly ash.
| All five selected dune sand, lime, and fly ash mixtures
gave 28 day strengths equal or greater than dune sand-cement
for the same curiﬁg period. It has been estimated that
after freezing ahd thawing, the stabilized soill specimens
should yield a minimum strength of 250 psi (16). This value
‘was surpassed by all mixtures (see column pe Table 28). It
Xad

is desirable that scil stabilized specimens show an i z of

'
)
[}

0.4]

resistance to the effects of freezing (Re) of at least 80
percent to satisfactorily withstand Iowa climatic conditions

16). Only mixes Nos. 4 and § gave indexes of resistance

~~

lower than S0 percent; however, they had Rp values of 78 per=-
cent, wnich snouid be adequate, since the values of p, and

D, are over 400 psi.



Figure 59. Equal-cost-line charts for soil stabilized with
gelected admixtures of lime-fly ash or lime-fly
ash-chemiocal compared with mixtures of goll-limew

cement or soll-cement.
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Table 28.

Durability evaluatlion of seleoted admixtures to stablllize dune sand

As-molded dry

Mix No. Proportions density, pof
1 92% sand, 8% p. cement 112.6
2 73% sand, 3% dol. lime, 24% fly ash No. 3 124.3
3 ?76% sand, 4% dol. lime, 17.5% fly ash No. 3 1244
L 82% sand, 3% dol. lime, 15% fly ash No. 3
4+ 0.5% sodium oarbonate 117.2
ha  82% sand, 3% dol. lime, 15% fly ash No. 3 123.8
5 82% sand, 3% ocale. lime, 15% fly ash No. 3
+ 0.5% sodlum carbonate 116.1
6 82% eand, 3% cale. lime, 15% fly ash No. 3
+ 0.5% asodium chloride 124.1
5A~6A 82% sand, 3% calo. lime, 15% fly ash No. 3 123.1

(Continued)

€0z



Table 28. (Continued)

Unconfined compre#spsive
strength, pnsl

Mix No. Proportions )
28 day®. be P,° Rfd,%
1 92% sand, 8% p. cement 4ol 507 517 98
2 73% sand, 3% dol. lime, 24% fly ash No. 3 792 821 966 85
3 764 sand, 4% dol. lime, 17.5% fly ash No. 3 646 634 674 9l
4 82% sand, 3% dol. lime, 154 fly ash No. 3
+ 0.5% sodium carbonate 554 L2 583 78
ha 82% sand, 3% dol. lime, 15% fly ash No. 3 390 ND® ND ND
) .
824 sand, 3% ocalc. lime, 15% fly ash No. 3 :
g # + 0.5% sodium oarbonat% 64k 596 570 1ok
6 824 sand, 3% calo. lime, 15% fly ash No. 3
% + 0.5%%eod1um chloride hs3 AR hsh 78

5A-6A  82% sand, 3% calo. lime, 15% fly ash No. 3 120 ND ND ND

& After 28 days ouring and 24 hours immersion in distilled water.

b After 28 days ouring, 24 hours immersion in ddistilled water and ten
freeze-thaw oycles.
0 After 28 days ouring and 1l days immersion in distilled water.
L Ry = 100 Pr
P

~

o (M}
Not deternined.

702
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ing and thawing eycles and/or during immersion. None of the
mixtures gshowed any visible damage detriment from freeze-
thaw, neither did they show any expansion.

The as-molded dry density of the several mixtures
changed by as much as 12 pef, but there was no relationship:
between density and strength values. |

Friable loess. Only one loess, lime and fly ash mix-

ture was consldered to compete economically anrd on a strength
basis with loess and cehén% or loess and lime mixtures.
That loess, lime and fly ash mixture was 72 percent losss,
3 percent dolomitic monohydrate lime and 25 percent fly ash
No. 3 (Table 29). It was compared with mixtures of the same
goll stabllized with 9 percent dolomitie monohydrate lime
or with 10 percent cement. The amount of 9 percent dolomitic
lime was chosen based on a previous evaluation using differ-
ent amounts of lime {Table 24). Ten percent cement was
chosen bagsed on the A.S.T.M. requirements te¢ stabliize this
kind of soil (3). Twenty-eight day results for mixtures
with 6 and S percent cement are also inciuded in Tebie 25.
Sirengths of 40C psi were obtained with all selected
mixtures after a ouring period of 238 days. The mixtures
exposed to lé eyecles of freezing and thawing showed a
strength elther close to 400 psi or well over this value,

which 1s very adeqguate for a base course. The indexes of
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Friabie loess can be stabilized with cement, lime, or
lime and fly ash for use as a road basse gourse material,
The 10 percent cement mixture gives strengths that are much
higher than those obtained with mixtures with lime or with
lime and fly ash. It appears that a lower amount of cement
might also adequately stabilize friable loess. For instance,
mixture No. 15 (Table 29), composed of 6 percent cement and
34 percent loess, gave a strength of 495 psi after 28 days.
This strength 1s comparable to that obtained with the
gelected mixtures of loess-lime and loess~lime-fiy aeh.
Therefore, it is possible that 6 percent cement would be an
adeguate amount to stabilize this soill. In this case,
cement should preferably be used to stabilize friable 1oessg
rather than 11;& or lime and fly ash, unless the price of
lime is much cheaper than that of cement or a high quality
fly ash i1s cheaply avallable.

Gumbotil. Two fly ashes, No. 2 and No. 3, were used
with dolomitic monohydrate lime to stablilize gumbotil and
te make an evaluation of the durabllity of these mixtures.
*vions used, based on previocus results, were 69
percent gumbotil, & percent iime a2nd 25 percent fly ash
(Table 30). The strengths previously obtained with lime
“and gumbotll were rather low (Table 24) and do not recommend

the use of straight lime stabilization for base course con-



Table 29. Durability evaluation of seleoted admlixtures to stabillize friable loecs

Ag-molded dry Unoconfined compressive
Mix No. Proportions density, pof strength, psi .
B dayd PP P,° Red,
11 90% loess, 10% cement 103.5 645 567 682 83
12  91% loess, 94 dol. mon. lime 100.8 396 387 L28 90
13 72% loess, 3% Aol. mon. lime, 25% 99.1. 462 Ah1 521 85
fly ash No. 3
14  91% loess, 9% cement 103.5 566 ND® ND ND
' ™
15 94% loess, 6% cement 101.3 Loy ND ND ND <

~i

PLL]

& After 28 days ocuring and 24 hours immersion in distilled water.
b After 28 days curing, 24 hours immersion in distllled water &nd ten free:e-

thaw ayocles.

0 After 28 days curing and 11l days immersion in distilled water.

4 Ry = 100Pg
am llrol-- o

® Not determined.
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not evaluated here. The amount of csement to stabilize gum-
botil, based on A.S.T.¥. requirements iz about 12 percent {(3).
Therefore this was the amount used in the durability studies.

Without using lime 1t would be impossible to fleld mix
gumbotil with cement, because guﬁbotil is an extremely
plastic clay soll. Hence, four percent of the required
amount of cement was replaced by lime to decrease the plastic-
ity of the soil. )

Both mixtures in which lime and fly ash was the stabil-
izing agent gave stirengths comparable with that of the mix-
ture of gumbotil stabilized with iime and cement. The stre
strengths after 28 days curing were above 600 psi for both
immersion periods and for all thres mixes selected for the )
freeze-thaw studies. The strengths arter freezing and
thawing cycles were about 540 psi for the three mixes.

These strengths are very good for this high-clay content
goil, and warrant the use of these mixtures 2s a2 base course

material. The indexes of resistance are adeguate for mixes

Nos. 21 and 22 {Teble 38). HMix Ho. 23 had a rather low index
of resistance of 68 percent. This index value is due to a

substantial gain of strength during the 11 day immersion

at the strength after the Icwa freeze-

"

eriocd, Provided th
thaw test is still 529 psi, gumbotil may be used in a base

course when stabilized with the materials and proportions of



Table 30. Durablility evaluatlon of selected admixtures to stabilize gumbotil

Ag-molded Unoonfined compressive
Mix No. Proportions ry density, © atrength, psi
POT 28 day® B0 P> R, %
21  88% gumbotll, 4% dol., mon. lime and 95.1 705 634 550 87
84 ocement
22 69% gumbotil, 6% dol. mon. lime and 90.0 606 642 534 83
25% fly ash No. 2
23 69% gumbotil, 6% dol. mon. lime and 94.1 682 780 529 68
25% fly ash No. 3
1§V
24 91% gumbotil, 4% dol. mon 1lime and 93.3 534 ND® ND ND 3
5% ocement

& After 28 days ocuring and 24 houre immersion in distilled water.

b After 28 days curing, 24 hours immersion in distilled water and ten
freeze-thaw oyoles.

¢ After 28 days ouring and 1l days immersion in distilled water.
4 Re = 200 Py

D e L ]

Py

9 Not determined.
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monohydrate lime and 25 percent fly ash No. 3.

As evident by the strength obtained with mix No. 24,
it 1e possible to obtain good strengths with lesser amounts
of lime and cement. However, strengths equivalent of mix
No. 24 may be also obtained with lesser amounts of lime and
fly ash than those used in mix Nos. 21 and 22. Hence it may
be concluded that gumbotil can be stabllized with lime and
fly ash, competing economically and strength-wise with cement,
or, for this plastic soil, with lime and cement.

It is necessary to point out that with gumbotil, the
strengths obtained with the specimens prepared for the
durability evaluation studles had grester strengths than
specimens made with the same admixtures in previous studles.
Thisg lack of reproducibility of strength was only found with
gumbotil. It is possible that specimens prepared for the
durabllity studies were benefitted during curing by tem-
peratures slightly higher than in the other studies, causing
the strength differences noted.

Aiiuvial ciay. About 1Z percent cement is the least

amount required for stabilizing alluvial clay accerding to
A.S.T.¥. tests (3). The lime-fly ash combinations that
micght give atrengths comparasble with those obftained with

cement were those made with dolomitic monohydrate lime plus
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lime did not show high strength (Table 26), so they were

3

ct evaluated hers.

Instead of using the full cement reguirement of 12
percent, 3% lime and 9% cement were used. The lime was used
primarily tb give the soil friable characteristics which
wonld allow better mixing with the cement. Lime also may
counteract any adverse effects from the scmewhat high
organic matter ccntent of the alluvial clay.

Both mixtures submitted to the freezing and thawing
tests gave strengths of around 500 psi for any of the three
testing treatments. tried. The indexes of resistance were
also above the minimum desired. It appears that alluvial
clay stabilized with the proper lime and fly ash admixture
may have strengths and durability comparable to alluvial

clay stabllized with cement, and be esconomically ecompetitive

LT
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Mix No. 33, was composed of 91 percent alluvial clay
and 9 percent lime and cement, not evaluated in freezing
and thawing but seemingly gave adequate 28 sirength. It is
also possible that mixtures containing smalier amounts of

fly ash than mix No. 32 might give strengths as good as
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Table 3l. Durabllity evaluation of selected admixtures tc stabilize alluvial olay

Unconfined ocompressive

Mix No. Proportions Ag-molded dary strength, psl
densit of '
V» POT 28 aay® B,° P ° RY,;

31 88% alluvial olay, 3% calo. hyd. 94.9 574 98 527 9k
1ime and 9% cement

32 69% alluvial olay, 6% dol. mon. 93.6 513 hos 563 8l
lime and 25% fly ash No. 3
33 91% alluvial olay, 3% dol. mon. 94,0 470 ND® ND ND
lime and 6% cement o

N

& Aftor 28 days ouring and 24 hours immersion in distilled water.

b After 28 days ouring, 24 hours immersion in dletllled water and ten
freeze-thaw oycles.

6 After 28 days ouring and 11 days immersion in Adlstilled water.
da -
Re 3 100 Pg

© Not determined.
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Basgsed on this investigstion the following conclusions

not necessarily the optimum moisture content for maximum
density. With sandy soils, the compaction moisture for

maximum strength 1s to the dry side of the optimum moisture

P-4 -
-~

¥. ii s0ils having a high cliay content,

at least of the montmorillionite type, it is to the wet siase.
¥ith other soils, such as friable loess, maximum strength

and maximum density may occur at the same compaction moisture.

2. Maxipum strength of soil-lime mixtures also may
occur at a compaction moisture content different than the
optimum moisture content for maximum density.

3. The required compaction moisture content to pro-
duce maximum strength changes with the curing pericd of
soil, lime, and fly ash mixtures: the longer the curing
period the greater the compaction moisture content needed
for maximum strength.

b, Increasing the compactive effort from standard
Proctor to modified Proctor incresses the strength of scil,

R Y o~ o2
iime, ana

f1ly ash mixtures. The strengtn increasge obtained

is variable, but usuzlly in the range o7 50 toc 160 percent.
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and fly ash for stabilizing all soils. The amount and pro-
portions of lime end fly ash to use depend greatly on the
kinds of fly ash and soll, and somewhat on the kind of lime.
For granular socils the amount of lime should be tetween 3
and 6 percent; the amount of fly ash between 10 and 25 per-
cent. For clayey soils the amount of lime should be between
5 and 9 percent; the amount of fly ash between 10 and 25
percent.

6. Dolomitic monohydrate lime generally gives better
strengths in soll, lime, and fly ash mixturee tkan calcitic
hydrated lime for normal amounts of lime and using ambient
curing temperatures.

7. A%t low 1ime contents, of the order of 3 percent,
caleitic hydrated is more effective than dolomitic monohydrate
for stabilizing clayey soils with or without fly ash; at
higher iime contents, dolomitic monohydrate gives better
strengths than calcitic hydrated.

8. The fly ashes used were beneficial o soil-lime

t frizble loesgss, With the friable

-

-
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9. Heating of the materlals to high temperature at the
time of mixing lowers the compacted density and cured

strength of clayey soil, iime, and fly ash mixtures.
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after wet mixing of soil, lime, and fly ash mixtures; other-
wise density and strength may be substantially loweresd.

At the most, with clayey solls, wet mixing and compaction
should be done the same day; but with sandy soils compaction
could be delayed until the day after wet mixing without
appreciable loss of strength.

11, Increase of temperature accelerates the lime-fly
ash pozzclanic reaction and the strength of soil, lime, and
fly ash mixtures may be greatly increased by moist curing
at higher than ambient temperatures. Soil-lime and soil-
cement mixtures are also benefited by high temperature molst
curing.

12. Steam cured specimens of so0il stabilized with
lime, lime-fly ash, or cement after a few hours attain
strengths comparable to concrete.

13. At ambient temperatures, dune sand or dune sand-fly

ash stabillized with dolomitic monohydrate lime reaches

»
(=]

generally higher strengths than when stabllized with calcitic

1%, The guality of a fly ash for soil stabilization
is reflected in the unconfined compressive strength developed
in mixes with lime after curing at any temperature. A

mixture made with a high quality fly ash will always show.
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regardeless of the curing temperature at which both mixtures
were cursd.

15. There is no correlation between long-term strength
at ambient curing temperatures and short-term stirength at
elevated curing temperatures for soll, lime, and fly ash
mixtures. The strength correlation depends on the kind of
fly ash, the kind of lime, and probably also on the type of
soil.

16. The quality of a fly ash can be 1mpfoved by
removing the coarse fraction and/or by grinding.

17, a). The strength attained with soil, lime, and
fly ash mixtures may be lncreased by the addition of small
amounts of some chemicals; sodium carbonate, scdilum metasil-
icate and sodium hydroxide appear to be the most promising
ones, as indicated by strength improvements and economic
considerations. This benefit 1s greatest in mixtures with
sandy soils followed by solls of low plasticity. Clayey
soils stabilized with lime and fly ash do not benefit from
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b). Although the increase of strength gained Trom the

use of chemical additives occurs over the ordinary range of
temperatures, the additives are especlally needed at tem-

peratures close to freezing when they may permit extending
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the workine geaaon o7 the A011-1ime~TIv ash ATADITIizATion.
¢). Sodium sarbonate is the chemical most highly

recommended for use in sandy or silty solls stabilized with

lime and fly ash. The addltion of 0.5 percent sodium car-

bonate permits a reduction in the amounts ¢of lims and fly

]

ash needed to attain the same strength that may be obtained
by using greater amounts of lime and fly ash.

18. The amount of lime needed to stabilize a soil
should be determined on the basis of short as well as long
curing periods. Small amounts of lime give early strengths
equal to or higher than larger amounts of lime, but after
long curing periods the larger amounts will produce the
highest strengths.

1S. The moisture-density curves of montmoriliionitic
clay soils stabllized with lime are affected by the floecu-
lating effects of lime. Sometimes the curves o not show
a maximum density.

20. Cement is a very effective stabilizer for most

soils. The strength gain of soil-cement mixtures is rapid
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strength may not be developed for several years. The com-
parison of soll-cement and soili-lime-fly ash test specimens

should be made on the basis of 28 day curing. After this
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of the ultimate strength, and soil-lime-fly ash only about
5C percent, dspending on the soil, lime and fly ash used.

21, Selected compositions of dune sand, lime and fly
ash; or dune sand, lime, Tfly ash and chemiezls can compete
in strength, freeze-thaw resistance and cost with mixtures
of the same soil stabilized with cement.

22. Friable loess is most effectively stabilized with
cement., If lime is cheap and a good guality fly ash is
avallable, lime or lime and fly ash may compete with cement
to stabilize friable loess. ‘

23. Additions of fly ash are beneficial to gumbotil-
lime mixtures. Selected gumbotil-lime-fly ash mixtures
show good resistance to freezing and thawing, and may com-
pete with gumbotil-cement stabilization.

2k. Additions of fly ash are beneficial to alluvial
clay-lime mixtures. Lime-fly ash stabilization of =lluvizal
clay may compete economically and strengthwise with cement

stabilization.
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The following suggestions for further rssearch are an
outgrowth of this investigation:

1. Moisture-density and moisture-strength relation-
ships be compared for mixtures of soil, lime, and fly ash,
with the effect of molding molsture content on strength

Yaco

determined at curing periods up to one year., With elayey
soils these studies should include specimens made with the
highest moisture contents possibie. '

2. The same molsture-density and moisture-strength
studies be made for mixtures of soil and lime.

3. Moigture-density and moisture-strength relation-
ships be compared for mixtures of soll and cement, with the
effect of molding moisture eontent on strength determined
at different curing periocds up to 9C days or longer.

L. A basic investigation be made to determine the
products formed in the lime-fly ash reaction. -

5. A basic investigation be made to determine the
effects of lime in clayey soils in both compacted and un-
compacted states and at different molsture contents.

6. A method be dcveloped for finding the pozzolanie
activity of a fly ash by curing lime-fly ash specimens for

ghort curing periods at elevated temperatures.

v
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layers of rocad courses built with stabilized soil. A
portable nuclear reactor could bs the scurce of cheap
energy.

8. The effect of fineness of lime on strength of soil,
lime, and fly ash mixtures be studied.

9. A further evaluation be made of the effect of
chemical additives on the strength of so0il, lime, and fly

ash mixtures.
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Densities of soll-lime-fly ash mixtures

Molding dry

Soil.l Lime Fly ash density
Kind Amount’, ¢ Kind Amount, % ¥ind Amount, % pef
Dﬁne Bﬂnd, 93 0%10. hxd., 2 - 0 g %igog
oo gl " " 9 - 0 117.0
Dune Sand, 87 Cale. hyd., 3 No. 1, 10 119.7
(] " 79 °5 (!] ] 3 1} 17 . 5 121 “6
" " 72 " v 3 " 25 119.8
Dune 8and, 8L Calao. hyd., 6 No. 1, 10 121.2
i " 76.5 " ' 6 u 17.5 120.9
" ] 69 ] " 6 " 25 “ 120.3
Dune Sand, 81 Calc. hyd., 9 No. 1, 10 122.6
" " 73,5 " 1 9 " 17.5 1.20.8
] 1] 66 " fl 9 " 25 119 .0
Dune Sand, 87 Cale. hyd., 3 No. 2, 10 114.6
1 " 79 .5 " o 3 " 17.5 112.4
) " 72 " 1 3 " 2 5 107.1
Dgne S?nd, 82 Gglc. hgd., g Noa 2, 10 115.7
! ! 76. 17. 112.
-0 1] g9 5 {} 1l 6 1] 22 5 lon? ‘g
Dune Sand, 81 Calc. hyd., 9 No. 2, 10 116.4
" " 73.5 " " 9 " 17.5 112,.1
" " 66 " " 9 " 25 105.1



Densitles of soll-lime-fly ash mixtures

Molding dry

w; 801l Lime Fly ash density
Kind Amount, % KInd Amount, & Kind Amount, % pof
Dune fand, 8y Calo. hyd., 3 No. 3, 10 120.9
" " 79.5 " N 3 , 17.5 123.9
i L] 72 ] (] 3 1] 25 122.7
Dune §and, 8h Caloc. hxd., -6 No. 3, 1.0 122.3
0 " 76.5 " 6 " 17.5 123.2
" " 69 " " 6 " 25 120.5
Dune Band, 81 Cale, hyd., 9 No. 3, 10 121.9
L] ] 73.5 1] H 9 i 17.5 119.2
L " 66 " " 9 " 25 117.7
Dune 8and, 87 Calo. hyd., 3 No. &, 10 108.7
" " 79.5 H " 3 " 17.5 100.6
" 0 "2 " " 3 " 25 92.5
Dune $and, 84 Calo. hyda., 6 No. 4, 10 111.0
" " 76.5 " " 6 " 17.5 101.8
" " 69 " " 6 " 25 91.8
Dune Sand, 81 Calo. hyd., 9 No. 4, 10 112.0
" " 73.5 " " 9 " 17.5 102.7
" " 66 ] " 9 " 25 92.0
Dune 8and, 87 Galec. hyd, 3 No. 5, 10 115.1
) " 79.5 " J 3 " 17.5 117.7
L} ] 72 # t 3 (] ?5 118.9

€2



Dengltlies of s0il--lime-fly ash mixtures

Molding dry
Soill Lime . Fly ash denslty
Kind Amount, % Kind Amount, ¥4 Kind Amount, % pof
Dune Sand, 84 Calo. h{d., 6 No. 5, 10 118.7
" 0 76.5 " 6 " 17.5 120.6
" 4 69 ] u 3 " 25 121.6
Dune 8and, 81 Calo. hyad., 9 No. 5, 10 121.2
) " 73.5 " " 9 " 17.5 122.6
u " 66 " " 9 " 25 122.0
Dune Sand, 87 Cale. hyd., 3 No. 6 10 118.4
i} L] 79.5 " [} 3 (] 1705 122.3
" " 2 " " 3 " 25 122.8
Dune 8Sand, 84 Calo,. hxd., 6 No. .6 10 121.
" o 76.5 " 6 " 17.5 123,
" M 69 L. 6 " 25 122.3
D}'me Sgnd. 81 Oﬂlo. hgd. , 9 No..' 6 10 1.21.9
?3 '.5 1 . 12 ° 0
" “ 66 " " 3 » zg 5 122,6
Dune 8and, 87 Cals. hyd., 3 No. 7 10 109.8
] H 79.5 " [} 3 L 17.5 103.7
" L] ?2 " ] 3 " 25 95.9
Dune Sand, 84 Calo. hyd., 6 No. 7 10 112.4
" " 76 .5 " y 6 " 17.5 104.0
" o 69 " " 6 " 25 95.5

A%



Doenglties of goll-lime-fly ash mixtureas

Molding dry

Soll Lime Fly ash density

Kind Amount, % Kind Amount, 2 XInd  Amount, % pof
Dune Sand, 81 Calo. hyd., 9 No. 7, 10 112.0
" f 73.5 0 f 9 " 17.5 102.6
# ” 66 !} B 9 " 25 9'3 .8
Dune Sand, 87 Cale. hyd., 3 No. 8, 10 116.6
" " 79.5 0 B 3 N 17.5 118.8
" " 72 N " 3 0 25 117.7
Dune Sand, 8l Calo. hyd., 6 No. 8, 10 1119.0
" “ 6.5 " u 6 " 17.5 120.0
e 69 " " 6 L 25 118.0
Dune 8and, 81 Cale. hyd., 9 No. .8, 10 120.9
" % 73.5 " " 9 " 17.5 120,11
0 f 66 " " 9 " 25 117.6
Dgne Sﬂnd, g Dﬂl. m%y., 2 g %%gog
W 91 "o 9 0 116.5
Dune Sand, 87 Dol. mhy., 3 No. 1, 10 120.1
" " 79.5 " " 3 " 17.5 122.6
] " 72 " " 3 " 25 121.2
ane Sﬂnd, 82 Dgl. m?y., 2 No; 1, 10 121.0
! o5 17. 122.0
" o 29 > " " 3 " zz > 122.1

€ee



Densgitiaens of goll-lime-fly ash mixturas

Molding d4ry

Soll Lime Fly ash density
Kind Anount, @ Kind Amount, 4 Xind Amount, 3 pof
Dune S8Sana, 81 Dol. mhy., 9 No. 1, 10 122.,2
“ ] 73.5 ] " 9 " 17.5 120,.2
" " 66 " " 9 " 25 118.5
Dune Sand, 87 Dol. mhy., 3 No. 2, 10 107.7
i 1] 79 .5 W (1] 3 1] 17 .5 99 o 2
" " n2 0 " 3 " 25 99.5
Dune Sand, 8l Dol. mhy., 6 No. 2, 10 110.:
0 " 76.5 “ “ 6 N 17.5 10(5)0‘(2)
]} ] 69 4] 0 6 ] 25 95.8
Dune Sand, 81 Dol. mhy., 9 No. 2, 1.0 111 .4
" " 73.5 o " 9 " 17.5 104.0
[}] " 66 i . {l 9 1] _ 25 97'8
Dune Sanda, 87 Dol. mhy., 3 No. 4, 10 107.8
" , 7945 u " 3 " 17.5 1.00.6
1} " 72 " " 3 H 25 92.7
Dune Sand, 8L Dol. mhy., 6 No. &,
e 76.5 W 6 I 17.5 Toa'¢
9 " 6 " 25 93.9
D%ne sﬂ“d' 81 Dglo mﬁy., 9 No. &4, 10 113.5
" p
" " Z2~5 0 " g " %?-5 ].(92%:2

(%A



Densities of soil-lime-fly ash mixtures

Molding dry

So01l Lime Fly ash density

Kind Amount, % X1ngd Amount, % Kind %mounff?g pof

Dune S8and, 87 Dol, mhy. ‘ No. 5,

e 79.5 o % = ig.s %i?:?
" U n2 0 " 3 " 25 1156.9

Dune Sand, 8l Dol. mhy. o :
1 1 76.5 o ny ! 2 NO" 5 127 5 i}.g.‘;
" " 69 " " 6 " 25" 118:5

Dune Sand, 81 Dol. mhy. 9 No. §, 10 121,
" :: 73 .5 0 ] ’ 9 # 17. 5 ]_]_9 R g

" 66 " " 9 " 25 121.0
Dune Sand, 87 Dol. mhy. 3 No. 6, 10 119.2
" 79.5 e g " 17.5 124,
72 L " 3 " 25 1.24.0

Dune sand ’ 84 DOJ. . mhy. . 2 )
A PR o O A A PR
" " 69 " " 6 " 25 1?3:8
Dune Sand, 81 Dol. mhy., 9 No. 6, 1.0 122.7
" " 735 " , 9 " 17.5 124.3
66 " " 9 " 25 121.6

Dune Sand, 87 Dol. mhy. 3 No. 7 10 110.7
" 7905 "W 3 " 17.5 1ok 0
72 " " 3 " 28 96,9

gLz



Dengitles of soil-lime-~-fly ash mixtures

' Molding dry
Soll Lime Fly ash denslity

Kind Amount, % Kind Amount, & Kind Amount, % pof
Dune Sand, 8l Dol.. mhy., 6 No. 7, 10 11.0.5
" I 6.5 n " 6 " 17.5 104.9
" " 69 " " 6 " 25 96.1
Dune Sand, 81 Dol. mhy., 9 No. 7, 10 11.3.8
" 0 73.5 H " 9 " 17.5 105.0
1] 1 66 ] " 9 ] 25 94 A
Dune Band, 87 Dol. mhy., 3 No. 8, 10 116.4
" n 79,5 " 0o 3 " 17.5 11.8.7
. " 72 . " 3 # 25 117.5
Dune 8and, 84 Dol. mhy., 6 No. 8, 10 119.2
" " 6.5 " " 6 " 17.5 120.4
i ] 69 L] ] 6 “ 25 1]9 . 8
Dune Sand, 81 Dol. mhy., 9 No. 8, 10 122.5
" ! 73.5 " " 9 " 17.5 120.1
" " 66 " W 9 W 25 120.0
Dune, Sand 87 Dol. mhy., 3 No. 3, 10 121.4
0 " 79,5 (U.8. Gypsum) 3 " 17.5% 125.5
" ] 2 3 " 25 25.3
Dune #3and, 54 Dol. mhy., 6 No. 3, 10 23.1
" " 76.5 (U.8. Gypeum) 6 " 17.5 125.3
" " €69 6 " 25 122.7

1%



Denslitles of soil-lime-~fly ash mixtures

Holding dry

Soil Lime Fly ash density
Kind Amount, & KInd Amount, % Kind Amount, % paf
Dune Sand, 81 Dol. mhy. QU.B.Gypsum; 9 No. 3, 10. 2,1,
¢ " 73.5 " " U.8.Gypsum) 9 " 17.5 20.l
1l 1] 66 " [t} " u [ 9 |} 25 118 .9
Dune Sand, 87 Dol. mhy. (U.8.Gypsum) 3 No. 3, 10 120.1
L] i 79 .5 " o L] H 3 ] 17 . 5 ]_23 A
[t} " 7 2 L L] H u ] 3 [} 2 5 122, 15
Dune Sand, 8h Dol. mhy. (U.8.Gypsum) 6 No. 3, 10 120.6
1] 0] 76.5 ] H o 1] 6 ] 17.5 123.3
" " 69 " " u i 6 " 25 201
Dune 8and, 81 Dol. mhy. (U.8.Gypsum) 9 No. 3, 10 122.6
i " 73.5 L} L) o [} 9 it 17.5 22.5
] " 66 " " "ow ] 9 ] 25 11.8.0
Dune Sand, 87 Dol. mhy. (Western) 3 No. 3 10 120.5
e SN 79.5 A L 3 Wt 1p.s 123.2
" (] 72 H " f 3 ] 25 ' 121. a?
Dune 8and, 8l Dol. mhy. (Western) 6 No. 3, 10 122.2
) ) 76.5 H " H 6 W 17.5 122.3
" :] 69 " H " 6 B 25 119.
Dune 8and, 81 Dol. mhy. (Westeorn) 9 No. 3, 10 122.8
0 " 73.5 " " " 9 " 17.5 120.4
1] it 66 ] (] ] 9 i 25 117 . 6

dee



Densities of egoll-lime-fly ash mixtures

Molding dry
. 8011 Lime Fly ash density
Kind Kinount, % Xind Amouvnt, % Xind — Amouat, % pef
Friable Loess, 97 Calc. hyd., 3 I 0 99,8
) i oly ] ' 6 - 0 99,0
[[] ] 91 i " 9 - 0 99 .0
Friable Loess, 87 Cale. hyd., 3 No. 1, 10 97.6
o il 79.5 ] ] 3 " 17.5 98.4
" (1 72 i 1] 3 [ 25 97 . 8
Friable Loess, 84 Calo. hyd., 6 No. 1, 10 98.3
" " ?6.5 i o 6 " 17 .5 97 el
] 1] 69 t # 6 ] 25 96 . 8
Friable Loess, 81 Calc. hyd., 9 No. 1, 10 96.8
" . 73.5 " " 9 y 17.5 95.9
# 1 66 1] i 9 [ 25 95 . 3
Friable Looas, 87 Cale. hyd., 3 No. 2, 10 95.0
[ " 79.5 i 1 3 " 17.5 9.k
L] f 72 L] ] 3 [} 25 88.2
Friable Loese, 84 Cale. hyd., 6 No. 2, 10 94,3
" " 76.5 " ' 6 : 17.5 89.8
] 0 69 i " é 25 87 .6
Friable Loess, 81 Calo. hyd., 9 No. 2, 10 93.9
U] i 73.5 ] ] 9 u 17.5 90.2
" " 66 " " 9 " 25 87.5

ez



Densitie¢s of 80il-lime-fly ash mixtures

Molding dry

8ol _ Lime Fly ash denslty
Kind Amount, 4 Kina Amount, ¥ Kind Anount, % pef
Frilable Louas, 87 Cals. hyd., 3 No. 3, 10 99.1
" ; 79.5 " ¢ 3 " 17.5 99.9
t ] ?2 L] ‘ ] 3 " 25 : 96 .9
Friable Loess, 8 ¢ale., hyd, 6 No. 3, 10 97.6
" " 76 R 5 " (] 6 L) 17 . 5 97 o
" " 69 H " 6 " 25 96.
Friable lLoess, 81 Calec. hyd., 9 No. 3, 10 97.3
] (1] ?3.5 ] ] 9 1] ll;os 95.7
" " 66 " ] 9 " 25 95.8
Friable Loess, 9 Dol. mhy., 3 - 0 100.9
" " 9 " ' 6 - 0 100.8
n " 88 " " 9 - 0 100.6 -
Friable lLoess, 87 Dol. mhy., 3 No. 1, 10 99.8
" " 79.5 " # 3 " 17.5 99.1
" 1] ?2 ] H 3 L] 2_‘)' 9807
Friable Loess, 31 Dol. mhy., 6 No. 1, 10 98.9
" " 76.5 " " 6 " 17.5 99.0
] # 69 i (] 6 L) 25 9«7.6
Friable Loess, 81 Dol. mhy., 9 No. 1, 10 99.6
" y 73.5 " ¢ 9 ' 17.5 98.6
" N 66 " " 9 " 25 96.5

6€2



Densgitiesn of soll-lime-fly ash mixtures

Molding dry

gSoll Lime Fly ash denslty
Kind Kiount, ¥ Xind Amount, %4 Xind  Amount, % pof
Friable Loess, 87 Dol. mhy., 3 No. 2, 10 96.0
" " 79,5 # " 3 " 17.5 92.0
" n 2 " " 3 " 25 88.2
Friable Loess, 8l Dol. mhy., 6 No. 2, 10 95,1
0 o 76.5 " " 6 " 17.5 92.2
] 1} 69 ([} n 6 " 25 88.9
Friable Loesas, 81 Dol. mhy., 9 No. 2, 10 95.7
" " 73.5 " " 9 ] 17.5 924t
(] }] 66 1] ] 9 1} 25 89 .3
Friable Loess, 8v Dol. mhy., 3 No. 3, 10 100.3
" ] 79 .5 " " 3 " 17.5 99 .. b
0 " 72 " '] 3 H 25 99.5
Frieble Loess, 84 Dol. mhy., 6 No. 3, 10 100.7
W " 6.5 N " 6 " 17.5 9845
" f " 69 H H 6 " 25 97.9
Friable Loees, 81 Dol. mhy., 9 No. 3, 10 99.3
" " 73.5 " " 9 " 17.5 98.3
" 0 66 " " 9 " 25 97.k

0%e



Densitiea of soil-lime-fly ash mixtures

Molding dry

S0l Line Fly ash dennity
Kind Amount’, % Kind Amount, % Kin&d  Amount, % pof
Gumbotil, 97 Caloc. hyd., 3 - 0 93.5
W 9"& # L 6 bl 0 8905
" 91 , " 9 - 0 87.1
" 88 " " 12 - 0 87.1
Gumbotil, 87 Calc. hyd., 3 No. 1, 10 93.7
" 79.5 " ' 3 t 17.5 9k, 1
" 72 " " 3 “ 25 9h,6
Gumbotil, 8l Calc. hyd., 6 No. 1, 10 92,2
4 76.5 " " 6 " 17.5 92.3
" 69 " " 6 " 25 92.0
Gumbotil, 81 Caloe. hﬁd., 9 No. 1, 10 90.2
" 735 " 9 " 17.5 9.7
(] 66 f " 9 " 25 91.9
Gumbotil, 78 Galo, hyd., 12 No. 1, 10 90.7
" 70.5 U] | 12 " 17.5 90.5
" 63 “ " 12 " 25 92.0
Gumbotil, 87 Calo. hyd., 3 No. 2, 10 92.5
" 79.5 " " 3 " 17.5 91.1
" 72 " i 3 " 25 89.9
Gumbotil, 8l Calo. hyd., 6 No. 2, 10 91.3
" 69 " . 6 " 25 88.7



Densitles of soil-lime-fly ash mixtures

: Molding dry
8011 Lime Fly Ash denslty
KInd Amount, % Kina Amount, & Kind~ Amount, & pof
Gumbotil, 81 Calo. hyd., 9 No. 2, 10 89 .k
B 93,5 ) " 9 " 17.5 89.6
] 66 1] [} 9 N 25 88.71
Gumbotil, 78 Cale. hyd., 12 No. 2, 10 89.8
" 70.5 " ; 12 " 17.5 89.6
" 63 " " 12 " 25 88.9
Gumbotil, 87 Calo. hyd., 3 No. 3, 10 95 .k
H 79.5 " " 3 " t 17.5 95.0
" 72 " " 3 " 25 95.7
Gumbotil, 84 Calo. hyad., 6 No. 3, 10 93.5
" 6.5 " " 6 " 17.5 93.8
" 69 " " 6 " 25 93.2
Gumbotil, 81. (ale. hyd., 9 No. 3, 10 93.0
" 73.5 t " 9 , 17.5 95.1.
" 66 " n 9 1] 25 94.9
Gumbotil, 78 Calse. hyd., 12 No. 3, 10 92.4
" 70.5 " " 12 .. 17.5 91.8
[} 63 " L 12 L} 25 91.7

2%e



Densities of soll-lime-fly ash mixtures

Molding dry
Soll Lime Fly ash density
Kind Amount, 2 Find Rmount, % KInd Amount, % pef
Gumbotil, 9Z Dol. mhy., 3 - 0 93.8
" 9 " " é - 0 92.5
[ 91 (] ] 9 - 0 92.3
" 88 i " 12 - 0 92.3
Gumbotil, 87 Dol, mhy., 3 No. 1, 10 96.2
tt 79"5 1] " 3 " 17.5 97.1
. 72 i " 3 " 25 97.9
Gumbotil, 8L Dol. mhy., 6 No. 1, 10 9L .l
] 7605 " ] 6 " 17.5 93.6
" 69 " ] 6 " 25 95.0
Gumbotil, 81 Dol. mhy., 9 No. 1, 10 92.0
" 735 0 " 9 " 17.5 92.8
" 66 " " 9 " 25 95.1
Gumbo til, 78 Dol. mhy., 12 No.,1, 10 92.0
" 70.5 " " 12 " 17.8 92.2
il 63 L] 1} 12 " 25 93.0
Gumbotil, 87 Dol. mhy., 3 No. 2, 10 93.2
I 79.5 " " 3 ] 17.5 91.4
" 72 " " 3 ] 25 91.
Gumbotil, 84 Dol. mhy., 6 No. 2, 10 91.9
" 6.5 i i 6 " 17.58 90.1
" 69 1 " 6 t 25 90.

ewe



Densities of soil-lime-~-fly ash mixtures

Molding dry

301l Lime Fly ash density
XInd Zmount, 4 Kind Amount, # Kind Anount, % pot
Gumbo til, 81 Dol. mhy., 9 No. 2, 10 91.3
" 73.5 " " 9 0 17.5 90.8
" 66 i (] 9 (] 25 89 o2
Gumbotil, 78 Dol. mhy., 12 No. 2, 10 90.9
W ?0.5 1} " 12 H 1?.“5 89.’4’
" 63 " " 12 " 25 88.6
Gumbotil, 87 Dol. mhy., 3 No. 3, 10 9h.2
W 79.5 iy ; 3 " 17.5 9b.2
" 72 1 " 3 " 25 - 95.%3
Gumbotil, 84 Dol. mhy., 6 No. 3, 10 93.2
" 76.5 " " 6 0 S A7.5 9k.1
" 69 e 6 " 25 9k.1
Gumbotil, 81 Dol. mhy., 9 No. 3, 10 9k.2
; 735 " " 9 ; 17.5 92.9
H 66 " " 9 " 25 92.9
Gumbot1l, 78 Dol. mhy., 12 No. 3, 10 91.5
; 70.5 " , 12 " 17.5 92.6
] 63 ] " 12 " 25 92.6

142



Dengities

of soll-lime~fly ash mixtures

Molding dry

Soil Lime Fly ash densalty
Kind Amount, ¥ Kind Amount, % XInd Amount, pof
Alluvial olay, ¢ Calo. hyd., - 0 2.0
pak ol gpope e 3z g g
L] " 91 ] " 9 - 0 90.6
Alluvial oclay, 37 Calo. hyd., 3 No. 1, 10 92.0
a " 79.5 : ] 3 u 17.5 93.9
Alluvial olay, B8k Calo. hyd., 6 No. 1, 10 92.9
" " 76 05 ] 1] 6 ] 17 .5 93 2
u I 69 f " 6 " 25 ol by
Alluvial celay, 81 Calo. hxd., 9 No. 1, 10 91.8
M m 3.5 " 9 " 17.5 93.3
" " 66 " # 9 W 25 93 .:)
Alluvvial olay, 87 Cale. hyd., 3 No. 2, 10 90.7
" " 79.5 " " 3 " 17.5 89.8
" " 72 " " 3 " 25 89.1
Alluvial oclay, 84 Cale. hyd., 6 No. 2, 10 90.1
] (1] '76 .5 " " 6 " 17 . 5 90 oAb
" " 69 " il 6 il 25 88.7
Alluvial clay, 81 Calo. hyd., 9 No. 2, 10 90.4
1} [} -73 ‘5 " [} 9 " 17 .5 89 . 8
" Il 66 u # 9 “ 25 86.8



Densitles of so0il-lime-~fly ash mixtures

Molding dry

8011 Lime Fly ash denslty
Kind Kuiount, % Kind Amount, % Kind Amount, % pef
Alluvial olay, 87 Calo. hyd,, 3 No. 3, 10 94,2
" T 79.5 " | 3 " 17.5 9l . by
] ] 72 ] ] 3 f 25 95 .3
Alluvial olay, 84 Galo. hyad., 6 No. 3, 10 93,7
L} H ?6.5 H " 6 " 17.5 9308
(] " 69 " L] 6 i 25 93 u9
Alluvial olay, 81 Calo. hyd., S No. 3, 10 92.0
" " 73.5 " L] 9 " 17.5 93.2
" " 66 L) " S " 25 92.5
Alluvial olay, 97 Dol. mhy., 3 - 0 93.5
" 0 ol " " 6 ~ 0 92.2
" N 91 " " 9 - 0 91.5
Alluvial clay, 87 Dol. mhy., 3 No. 1, 10 95,2
] n ?9 ‘5 1 " 3 1] 17 . 5 95 o 14.
" " 2 " " 3 " 25 95.7
Alluvial olay, 84 Dol. mhy., 6 No. 1, 10 93.2
] " ?6‘5 " " 6 1t 17'5 9308
" " 69 i " 6 " 25 9401
Alluvial clay, 81 Dol, mhy., 9 No. 1, 10 92.5
" " 73.5 " " 9 u 17.5 92.5
" " 66 " " 9 U 25 93.7

4
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Densities of soll-lime-fly ash mixtures

Molding dry
So1l Lime Fly ash denslty
Kind —Anount, % ¥ind Kmount, £ XInd ~Amount, % pefl
Alluvial clay, 87 Dol. mhy., 3 No. 2, 10 95.0
0 " 79.5 " " 3 " 17.5 89.8
" H 72 ] 1] 3 (] '25 8809
Alluvial olay, 84 Dol. mhy., 6 No. 2, 10 91,2
N u 76.5 H " 6 “ 17.5 89.8
] " 69 " ] 6 H 25 38,1
Alluvial clay, 81 Dol. mhy., 9 No. 2, 10 90.0
# " 73.5 " U 9 " 17.5 89.2 "
H L] 66 " U] 9 H 25 87.9
Alluvial oclay, 87 Dol. mhy., 3 No., 3, 10 93.5
" " 79.5 " " 3 " 17.5 94.0
(] " 72 [} " 3 (/] 25 9)4,.7
Alluvial olay, 8L Dol. mhy., 6 No. 3, 10 92.7
" i 76 .5 " " 6 " 17.5 93.5
" fl 69 ] H 6 (] 25 94.0
Alluvial clay, 81 Dol. mhy., 9 No. 3, 10 91.8
H ; 73.5 " " 9 “ 17.5 93.1
1 1 56 ] " 9 " 25 93.5
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