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ABSTRACT

EVALUATTON OF STRENGTH PROPERTIES CF SEVERAL

SOILS TREATED WITH VARIOUS ADMIXTURES

James Davis McGee
(5 pages

Directed by Professor Radnor J. Paquette

In order to meet the demands of an expanding economy and a tremen-
dous increase in vehicles, highway engineers are confronted with the
problem of building and maintaining better highways which will withstand
the greater traffic and increased loads. These high quality highways
require greater stability and strength in the load supporting portions
of the roadway. In many locations, suiltable soil for the base course
and subgrade is not available, creating a problem of transporting suitable
solls to the area or changing the physical proﬁerties of the available
solls by stabllization with admixtures.

This work was undertaken to study various soils and evaluate the
effectiveness of stabilization with various admixtures. Used in this
study were five selected soils of widely varying physical properties.
Using compressive strength to evaluate stability, these solls were sta-
bilized with portland cement, a lime and flyash mixture, phosphoric acid,
and asphaltié cutback, RC-3,

Each soll was mixed with the individual admixtures and moisture-

density tests were performed to determine the effect on the maximum dry



density and optimum moisture. Using this density and moisture data,
samples 2.8 inehes in diameter by 5.6 inches in height were statically
compacted, and cured for T and 28 days. These samples were then tested
by an unconfined compression test and a triaxial test using a lateral
pressure of 20 psi. Additional samples of the soil-portland cement mix-
ture were tested with a lateral pressure of 50 psi for plotting Mohr's
diagrams to determine the effect of that stabilizer on the "angle of
internal friction" and "cohesion."

Results of the study indicate that phosphoric acid slightly
increased the density in all soils. Portland cement, lime-~flyash and
RC-3 increased the density in the uniformly graded soils. There was
little effect from the addition of portland cement or RC-3 in the well;
graded soils while lime-flyash caused a marked reduction in density in
these soils.

Strength tests indicated that portland cement was the most
effective stabilizer in all soils giving high strength gains. The
addition of portland cement also increased the 'angle of internal fric-
tion" and "cohesion," The lime-flyash admixture and phosphoric acid
caused slight strength increases in all soils. Some soils had a negli-
gible strength increase with the addition of RC-3, while other soils

indicated a reduction in strength,



CHAPTER I

INTRODUCTION

General .~=50i1l stabilization with portland cement and other admixtures has
become of great importance in recent years. In order to stay abreast of
the expanding economy and tremendous inerease irn vehicles and vehicle-miles
traveled each year, highway engireers are confronted with the problem of
building arnd maintaining more and better roads, This problem is not only
concerned with shorter and faster routes but alsc with roads which must
be able to withstand the loads imposed by larger and heavier truck traffic,
Stabilization has alded the engineer in solving these problems.

A basic requirement in constructing high quality roads is providing
a base course of sufficient strength to distribute the high intensity load
applied to the pavement to a smaller stress which can be supported by the
weaker subgrade, PFor the stability necessary for this load distribution,
a base course soil mixture should be composed of aggregate which is strong
and durable enough to resist weathering and crushing, and soil fines of
8 character such as to provide graded mixtures with sufficient cohesion
to act as a binder but without the risk of detrimertal volume charnge, Some
areas do not have an available supply of soll meeting the above require-
ments; therefore the engineer is confronted with the problem of transport-
ing suitable soill inteo this area or attempting to change the characteristics
of the available soil by artificial methods. This artificial changing of

» - o L4 o u u - 13
the physical properties of a soil is termed 'soil stabilization.



This research was undertaken to study various soils and to evalu=
ate the effectiveness of stabilization with various admixtures, The five
soils selected were typical soils found in Georgia. The admixtures
chosen for comparative purposes were portland cement, asphaltic cutback,
phosphoric acid, and a combination of lime and flyash, The use of port.-
land cement as a stabilizing agevt has increased tremendously siace the
first controlled soil=cement project was constructed in South Carolira
about 1933, and it is probably the mest widely used admixture today.
Bituminous materials have had considerable use as statblilizers, especially
in fine sands, The cutback, RC-3, used in this study has been success=
fully used in many areas., Phosphoric acid is a relatively new product in
the field of stabilization bubt it has shown some stabilizing qualities
in experimental work., The combination of lime and flyash has shown some
success 1in this field but it, too, 1s relatively new.

The criteria used to evaluate these admixtures was the compressive
strength, which was determined by both an unconfined compressive test
and a triaxial test using a latersl confinement of 20 psi. The tests
were performed on the samples after a curing period of 7 and 28 days.
Additional work was done with the various soils combined with portlacd
cement to evaluate effects of this admixture on cohesion and angle of
internal friction.

Previous studies.==In 1935, the Portland Cement Association begar a pro-

gram of investigation in an attempt to determine the basic prineiples
controlling mixtures of soil and portland cemert, This basic research by

*
Catton (l) on various soils mixed with cement to produce satisfactory

#*
Numbers in parentheses refer to the corresponding numbers in the
bibllography.



durability and stability was based on wet-dry and freeze-thaw tests.
Conclusions from that work indicated certain soil characteristics were
necessary, namely:

1, Liguid Limit must be below 50 per cent.

2. Plastic Index must be below 25 per cent.

5. Clay content must not exceed 35 per cent.

4, Percentage of solids at maximum density must be 60 or greater.
5. The particular soil must possess a 'regular' moisture-dersity

curve ,

Later, work by Winterkorn (2) showed that theoretical and experi-
mental evidence permits the conclusion that satisfactory waterproofing
and cementing can be accomplished with soils not previously recommended
for soil-cement practice.

Felt (3) described the factors that have a pronounced influence
on the physieal properties of soil-cement as the soll type, quantity of
water and cement added, density teo which the mixture is compacted, mixing
time and degree of pulverization of the soil. Goecker, et al. (L) des-
cribed a study of several variables on the uncornfined compressive strength
of lime-flyash stabilized soils, the effect of the mixture on stardard
Proector moisture-density relationship and an evaluation of the resistance
of lime=flyash stabilized scils to freezing-thawing and wetting-drying.
Minnick and Williams (5) deseribed several field projects of lime-flyash
soll mixtures with a comparison of performance and properties of the mix-
tures.,

The American Road Builders' Associatiorn Committee on Soil-Asphalt

Stabilization (6) discussed the uses of various asphaltic produets iz



stabilizing sandy and cohesive soils, They described the different prob-
lems involved in stabilizing the two types of soils and suggested speci-
fications and construction procedures. Benson (7) reported on the proper
use of bituminous materials for soil stabilization. Lyons (8) described
‘some work with phosphoric acid as a stabilizer. This work showed that
soill stabillized with about two per cent phosphoric acid became iess
plastic, was easier to mix and l-creased the strength of the mix,

With this and other research work as a background, this study was
undertaken to evaluate the comparative stabilizing qualities of these four

admixtures with several different soils.



CHAPTER 1T

MATERTALS AND TEST EQUIPMENT

Spils.~~The solls choser for this study are typical of the available
roadbuilding soils in the general area from which they were obtained,
All soils were obtained from within the state of Georgia, Soil I is
a brownish, well-graded, clayey, silty sand; Soil II is a reddish brown,
uniform, silty, clayey sand; Soil I'T is a greyish-white uniform sand;
Soil IV is a red, well-graded, silty, sandy clay; and Soil V is a yel-
lowish~brown, well-graded clayey, silty sand. A desecription of the socils
is giver in Table 1, with the grain size distribution shown in Figure l.
According to the Georgila Highway Department classification and
usage, only Soil II would be suitable for base construction without
treatment with aggregate or an admixture. BSeciis I, III and IV would
be suitable for subgrade construectior without treatment while Soil V
would require treatment before using as a subgrade and would not ror-
mally be used for base construction even with treatmert., It is noted
from Table 1 that although Soils I and II have the same classification
under the Bureau of Public Roads Classification, these two socils are
vastly different in appearance, texture and stabilizing characteristies.
Physical testing of Soil V indicates a granular material, but this soll
is a disintegrated rock soil which 1s very soft and the grasular struc-
ture is easily broken down which makes this a very poor scil for road

construction.



Table 1. Description of Soils

Soil No, I 1T ITT v v

Location by
County Carroll  Effingham  Camden Fulton Fulton

Textural analysis
% retained by wt.

Sieve No. 10 =] 0 0 3 2
Sieve No. 4O 1k 5k 2 19 2k
Sieve No. 60 37 68 T 28 36
Sieve No. 100 Lk Th 53 57 L6
Sieve No. 200 62 83 92 L6 55
Total Silt, % 21 2 3 re 2k
Total Clay, % 6 i - o7 14
Specific Gravity 2.67 2.63 2.69 2.70 2.69
Liguid Limit 13 14 -- 29 37
Plastic Limit - -- —-- 2451 -
Plastic Index NP NP NP 6 NP
BPR Classification A-2-4(0) A-2-4(0) A-3-(0)  A-bL-(k) A-L-(2)
Ga. Hwy. Dept. o ] B, 1-B II-A

Classification Topsoil Topsoil Subgrade Embankment Embankment
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Admixtures .--The portland cement used was Type I normal purchased on the
open market, A typical analysis of the several sacks used is shown in
Table 2.

The asphalt used in the study was an asphaltic cutback RC-3,

The lime used in the mixture of lime and flyash was a hydrated
high caleium lime purchased on the open market. Analysis of the flyash
is shown in Table 3.

The phosphoric acid used was an 85 per cent solution.

Test Equipment .--The moisture-density tests were verformed with the Stand-

ard Proctor compaction equipment consisting of a mold of 1/50 cubic foot
volume and compacted with a 5.5 pound hammer falling 12 inches with the
soll compacted in % layers with 25 blows on each layer.

The molding equipment consisted of an eight inch length of steel
tubing bored to 2.8 inches in diameter with a 3 inch extension attached
to the top to retain the loose mixture and a split 3 inch spacer on the
bottom to support the mold while filling. Compacting the mixture in
the mold was a 4 inch removable piston used in the bottom and a 7 inch
piston for the top which was attached to the upper movable head of the
testing machine, A dial gage was mounted on the end of a measured rod
for determining the proper height of the compacting mix. Appliecation of
load for compaction was from a 120,000 pound constant-strain testing
machine. The molding equipment and molding processes are shown in Figures
2 and 3 respectively,

For strength determination, the sample was placed in a standard
type triaxial cell. Lateral pressure, when used, was provided by com-

pressed air metered into the sealed cell. Load was applied through a



Table 2. Portland Cement Analysis

Chemical Composition, %

Silicon dioxide, S8iOp 20.Lk6
Ferric oxide, Fep03 2.4
Aluminum oxide, AlpO3z 5490
Sulphur trioxide, 503 2.08
Calcium oxide, CaO 62.87
Magnesium oxide, MgO 4,18
Insoluble residue 0.30
Loss on ignition 1.38
Specific surface aresa,
Blaine (sq. cm/gm) 3464

Table 3. Flyash Analysis

Macon, Ga. Columbia, S. C.

Chemical composition, %

Silicon dioxide, SiOs L1 .40 b5.92

Aluminum oxide, A1205 21.05 32.00

Ferric oxide, FepO3 8.65 16.50

Magnesium oxide, MgO 5.36 1.%0

Sulphur trioxide, SOz 1.16 0.8k

Carbon, C 1.66 258
Loss on ignition 5.12 2.2k

Specific surface area,
Blaine (sq. cm/gm) 3407 1760




| a5

Figure 2. Molding Equipment.

Figure 3. Molding Soil-3pecimen.
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1.1,

piston in the top of the cell by a 30,000 pound constant strain type
testing machine, or in some cases, samples were tested in the standard
triaxial cell using a constant stress scales-type loading device. The
constant strain and constant stress triaxial testing equipment is shown
in Figures 4 and 5 respectively. Strain measurements were made with s

dial gage attached to the top of the triaxial cell.



Figure 5.
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CHAPTER III

TESTING PROCEDURES

General .,~~The basic testing program was designed to evaluate the compres-
sive strerngth of different types of solls mixed with various admixtures.
The procedures adopted were for testing material passing a No. 4 sieve,
Scme of the desirable features in a testing program of this nature include:
l. A standard size sample and method of compaction which is suit-
able for testing variocus type soils.

2. A method of curing which is comparable to field curing condiw-
tions,

3., Evaluation by testing the stability of the samples under condi-
tions which can be correlated to actual field conditions of
stability failures.

4, Consistency in reproducing test results.

Prepgration of soil and mixing.~-The soil was alr~dried to a urniform moist-

ure cortent and sieved through a No. 4 sieve with only the material passirg

being used in the tests. All the soils were predominantly minus 4 materials,

with the majority of the discarded material being hardened lumps and roots.
Mixing was done in a Hobart Model C-100 mixer at a speed of 1hi

RPM., For coils with a dry mixture, the dry ingredients were mixed ore

minute, the water for the proper moisture content was added and ther mixed

for 9 minutes. For the mixture with phosphoric acid, the acid was combined

with the water and mixed for 10 minutes. The mixture with the asphalt was



1k

first mixed for % minutes with the proper amount of moisture; then the
asphalt was added and the mixing continued for 7 more minutes.

Moisture~density tests.=-Moisture-density tests were performed on each

soll with no admixture and with each soil combined with the wvarious test
inerements of stabilizer. All tests were performed in accordance with
standard ASTM and AASHO specifications. Tests using cement as an admix-
ture were made at 2 per cent inecrements up to 12 per cent on all soils
except Soll IIT, Due to the character of this soil, tests were made at
L per cent increments of cement up to 12 per cent. Moisture-density
tests were also made on all soils with the other admixtures at the vari-
ous test increments. An exception was that no moisture-~density test was
made with Soil ITI and phosphoric acid.

Molding test specimens.~=Molding of all the soils and mixtures was done

immediately after mixing except when RC-3 was used as an admixture. The
soil and RC=3, after mixing, was allowed to stand in the open air until
it had = "tacky" feeling. Molding was done with static compaction in

the 2.8 inch diameter mold compacting the soil mixture to a height of

5.6 inches, With the bottom piston placed in the mold and spacers and
extensior. attached, the properly mixed soil or soil and admixture was
placed in the mold in two layers, each layer being rodded 20 strokes with
the 5/8 ineh rod., The amount of material placed in the mold was a pre=
determined weight calculated to give the maximum density, as determined
from the moisture density curve, when the sample was compacted to a height
of 5.6 inches. The spacers were then removed and the mold placed in
alignment with the top piston which was fixed to the upper head of the

loading machine. The two pistons were forced together uatil the dial



gage indicated the proper 5.6 inch height. Loading pressure was then
released, the lower piston was removed and with the mold placed on the
extruding jack, the sample was extruded from the mold. After extrud-
ing, the height and weight of the sample was checked.

Each batch consisted of material for 4 samples. Two moisture
content samples were taken from each batch and checked after oven dry-
ing. A tolerance of *1 per cent was allowed in the moisture content.

in developing the test procedure other sample sizes and compac-
tion methods were attempted but all eliminated because of certain short-
comings. Primary consideration was given to the Stardsard Proctor method
of compaction (ASTM Method D-558-44). This method, being more or less
stardard for all compaction work, would be ideally suited for correlation
of past tests but the sample size was unsuitable. Past studies (9) (10)
have shown that a sample having a ratio of length to diameter of approxi-~
mately two is necessary to overcome the effects of end restraint during
the triaxial test. On the Proctor size samples with an 1/d ratio of
approximately one, this end restraint caused serious errors in the strength
measurement. An attempt was made to trim the samples to a 1.4 inch diam-
eter but this proved inadequate due to the scaling of the granular soil
samples and the greater amount of time involved.

Another method considered was the miniature compaction equipment
developed by Professor George F. Sowers in the Georgia Institute of Techw-
nology Soils Laboratory. This method consists of a 2.8 inch diameter by
6.3 inch high mold with compaction accomplished with a 5 pound hammer
dropping 12 inches using 25 blows on each of 4 layers. The density ob-

tained very closely approximates the density determined by ASIM D=559=4lk |
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Difficulties encountered with this method occurred from the compaction
planes which were formed at each layer of soll. These planes caused non-
uniformity in density of the compacted samples which caused, in many cases,
a low strength determination when the sample sheared along the compaction
plane.

Curing.--In adopting a method of curing the test samples, primary consid-
eration was aimed at approximating field conditions. In this respect,
experience has indicated that the moisture content of a compacted highway
base course will undergo very little change under normal curing conditions,
i.e., unless the roadway is inundated or subjected to extreme wet or dry
conditions. To approximate normal curing conditions and prevent moisture
changes due to the atmospheric conditions, the test samples were placed

in polyethylene freezer bags and sealed immediately after molding. The
samples were then placed in a moisture room (approximately 90 per cent
relative humidity and 70° F.) to prevent any variation from daily fluc~-
tuations in temperature and humidity.

Testing specimens for compressive strength.--Samples were cured for 7 and

28 days and then tested in a dry condition as they were removed from the
freezer bags.

Compressive strength values of the molded samples were obtained by
both the unconfined compression test and the triaxial fest using a lateral
confining pressure of 20 psi, Twenty-eight day samples of each soil with
no admixture and with 6, 9, 12 and 15 per cent portland cement were also
tested triaxially using a confining pressure of 50 psi.

After the specified curing period, the samples were removed from

the sealed bags and weighed to check for any moisture changes., All



samples were tested in a dry condition. Both the unconfined and confined
tests were made with the sample in a standard triaxial cell of approxi=-
mately 6 inches diameter and 10 inches height. In the case of the con-
fined tests, the sample was enclosed in a thin rubber membrane and the
cell sealed in order to apply the lateral pressure by compressed air,
Loading was accomplished on either a scales~type test apparatus
or on a constant-strain screw type testing machine. A dial gage was
placed on the loading piston and strain readings taken at wvarious load
increments. On the constant-strain test, a rate of loading of 0.05
inches of movement of the loading head per minute was used. With the
test on the scales-type apparatus, loads were applied at the rate of an
increment of load every 30 seconds with the increment varied to approxi-
mate 10 per cent of the ultimate load. No variations were noted from
using the two types of loading equipment with the two different rates of
loading. Loading was continued until the sample sheared or in the case
of bulge failures, the stress-strain relationship indicated a horizontal
curve, After this load was ascertained the sample was removed from the

triaxial cell and a moisture sample taken for check purposes.
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CHAPTER IV

EVALUATION OF TEST RESULTS

Genersl .--Testing of the wvarious soils and goils combined with the admix-~
tures involved determining maximum density and optlmum molsture ard com=
pressive strength. Compressive strength data of the soils and soll-portland
cement mixtures were also evaluated to determine the coheslion and angle of
internal friction.

Fach of the five solls used in this study was comblned with port-
land cement in inecrements of 2 per cent ranging from 2 to 12 per cent. Each
soil was combined with a mixture of lime and flyash on a basis of 79 per
cent soil and 25 per cent lime~flyash, The lime and flyash proportions
in thils 25 per cent was varied by ratios of lime to flyash of 1:1, 1:2,

1:5 and 1:94 The RC-3 admixture was used in percentages of 3, 5 and 7.
Phosphoric acid was added in 1 and 2 per cents, All percentages of ad-
mixture were based on the dry welght of the soil,

Moisture-density.=-A moisture=-density curve was plotted for each soil with

no admixture and for each soil with the test irncrements of admixture as
noted above. An exception was Soil III, which was tested at 4 per cent
inerements of portland cement and no moisture-density tests were made on
this soil with phosphoric acid as an admixture.

Tables 4 through 8 show the maximum density and optimum molsture
as used in molding the samples. Values of percentages of portland cement

and Soil III that were not tested were interpolated. Density and moisture



Table 4. Maximum Dry Density and Optimum Moisture for Soil I

Maximam Optimum

Admixture Dry Density Moisture
(1b/rt3) (%)
None 127,40 9.0

Cement, %
2 122.9 10.0
i 123,0 10.5
6 123.1 11.0
8 123.9 10.8
10 1257 104
12 124 .9 L5
Lime~flyash, ratio

121 11h.3 1345
132 11251 1h,0
1:5 1110 152
139 108.6 1k 0

Phosphoric acid, %

8 1BL.e 9.3

o 125.% 9.0
RC-3, %

3 123.0 8.7

5 123 .2 B.h

7 123.0 6.4
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Table 5. Maximum Dry Density and Ootimum Moisture for Soil II

Maximum Optimum
Admixture Bry Density Moisture
(1b/ft5) (%)

None 119.1 13
Cement, %

2 120.1 11.0

by 121.9 11.0

6 1z22.7 10.2

8 123.1 10.6

10 123.3 10.6

12 123%.9 Y

Lime-flyash, ratio

141 118.7 10.8

132 119.8 105

1:5 12055 10.2

139 120.8 10.4

Phosphoric Acid, %

1 12k .9 1Qw5

2 125.6 9.4
RC-3, %

3 121.9 9.5

5 121.5 8.0

7 119.1 8.5
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Table 6. Maximum Dry Density and Optimm Moisture for Soil IIT

Maximum Cptimum
Admixture Dry Density Moisture

(1p/5t”) (%)

None 107, .0 9.5
Cement, %
2 FO2 A 9.8
L 1043 10.0
6 106.5 1.8
8 109.0 o o
10 110.0 11k
12 s i i 2
Lime-flyash, ratio
Ll 11h b 1low
12 112.8 11 .5
135 109.1 12,1
1:9 108.2 13.0
Phosphoric Acid, %
é Tsed same as rno Admixture
RC-3, %
G| 107 .2 Legh
5 107.4 110
7 109,0 10 .0




Table 7. Maximum Dry Density and Optimum Moisture for Soil IV

Maximum Optimum
Admixture Dry Density Moisture
(1b/£%”) (%)
None 114 .2 14,6
Cement, %

2 112.h4 15.5

L 111.6 16.6

6 111.8 16.8

8 e 15t

10 1282 15.9

12 114.2 8T

Lime~flyash, ratio
1:1 101 56 20.0
132 102.1 19.8
115 102.0 20,0
1:9 102.,0 20.0
Phosphoric Acid, %

1 ¥5.8 152

2 T1T 8 145

RC-3, %

3 114.5 1h,0

5 i T 123

i 1152 12.6




Table 8y Maximum Dry Density and Optimum Moisture for Soil V

Maximum Optimum
Admixture Dry Density Moisture
52 /
(1b/1t7) (%)
None 1318 16.5
Cement, %
2 111.9 16k
s 111.9 16.7
6 11Tt 170
8 1112 173
10 111.,8 16.8
12 1311.2 1 o
Lime-flyash, ratio
13l 10155 20.2
112 102 .0 20,0
135 101.3 19.8
139 101 .4 19.7
Phosphoric Acid, %
1 115.8 15.9
2 i By 1,7
RC=3, %
3 11840 1545
5 112.3 13.7
¥ 111.5 1547
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values used for Scoil IIT and phosphoric acid were tve same as for ro
admixture in that soil. Curves showing the variation in maximum dry
density and optimum moisture versus admixture are shown in Figures 6
through 10.

For Soll I, the addition of portland cement produced an increase
in maximum density with inereasging amounts cf cemert while the optimum
moilsture inereased slightly with the addition of cemert ther remaized
nearly the same as the cemert percentage ircreased, Maximum dersity with
phosphorie acid increased for this soil with no change 17 moisture.
Asphalt caused an increase in density which was almost constant with the
higher percentages while the moisture dropped with increasing amounts of
RC=3, The addition of lime and flyash to this soil caused a marked
reduction at the higher lime-flyash ratios. Optimum moisture inereased
with the addition of lime-flyash, then remained nearly the same as the
lime-flyash ratio increased.

Evaluation of Figure 7 for Scil II shows that increasing percent-
ages of cement causes increasing density witk little change in optimum
moisture. The addition of phosphoric acid caused a substantial increase
i density while the higher per cent of aclid increased orly slightly over
the lesser per cent. No appreeciable change cccurred in the optimum
moisture, Addition of RC-=3 fo this soll ircressed the dersity at 3 ard
5 per cent while at 7 per cent, the density dropped to the same value as
the original soll,. Optimum moisture decreased with the KT with the great-
est decrease at 5 per cent. Adding lime and flyash to this soil produced

a very slight decrease in dencsity at the lowest ratic of lime-flyash with
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the density increasing slightly with the higher ratios. Again, optimum
molsture was changed only slightly.

501l ITIT with its fine uniform grains was very difficult to com-
pact ag the compaction hammer sheared the soil i:. the mold. Optimum moist-
ure 1in this soil was not critical as the compaction could be accomplilshed
over a falrly wide range of moisture conteats, Tre addition of an ad-
mixture improved the compaction characteristies., Portland cement as an
admixture caused a nearly linear increase in dernelity with increase in
percentage of cement., Optimum moisture also increased but to a lesser
amount at the higher cement contents. RC-3 produced an increase in den=
sity but little change with increase in RC-? per gent. Optimum moisture
increased at 3 per cent RC but then dropped to approximately the original
soill value for 7 per cent RC. The addition of the smallest proportion of
lime~-flyash gave a marked increase 1ln density with a lesser increase as
the lime-flyash ratioc inereased. Optimum moisture for this mixture in-
creased approximately linear with inereasing amounts of flyssh.

The addition of admixtures to Soil IV had only slight effect on
density except the admixture, lime-flyash. Portland cement added to this
soll caused a slight reduction in density, the reductior becoming less
at the higher percentages. Optimum moisture increased slightly with the
intermediate percentages of cement with practicslly the same moisture
content at higher percentages as with the original sgoil. A small linear
increase in density with phosphoric seid was noted with no change in
moisture. The only change with this soll and asphalt was a slight de-
crease in density at 7 per cent and small reduction in moisture with

increasing asphalt percentages. Witk the addition of lime-flyash, a



marked decrease in density was noted with a corresponding rise in opti-
mum moisture. Varying the ratio of lime fo flyash did not effect this
drop in density or rise in moisture.

For Soil V, the addition of portland cement had nc effeect on den-
sity or moisture. Phosphoric acid produced an irncrease i~ density with
inereasing percentages of admixture while the optimum moisture had a
corresponding decrease. RC-3 increased the density slightly at 3 and
5 per cent with no change at 7 per cent. Optimum moisture decreased
with the RC but no change occurred with varying percertages, Lime-
flyash caused a marked reduction in density and a corresponding increase
in moisture but the density and moisture values remained nearly constant
with varying ratios of lime to flyash,

Compressive strength.--In evaluating the molded samples, only samples

molded within 1 per cent of optimum moisture were used. For each test,
4 samples were molded for unconfined compression at 7 and 28 days and
L samples for triaxial testing at 7 and 28 days. For compressive strength
evaluation, only the values which were within 10 per cent of the average
of the other samples were used. In most ins%tances, the results were con-
sistent and represent the average of 4 samples tested. Compressive
strength results are shown in Tables 9 through 13. Figures 11 through
20 show curves of compressive strength versus admixture for the confined
triaxial tests and for the unconfined tests,

As shown in Figures 11 and 12 and Table 9 the compressive strength
of S0il I was increased with the addition of admixtures. Portland cement
was, by far, the most beneficial admixture with a small gain in strength

with low percentages of cement and greater increases 17 streagth with the



Table 9. Compressive Strength for Soil I

Compressive Strength, psi

Admixture 7 Day 28 Day
3*
o 20 o 20
None i5 81 7 81
Cement, %
2 20 114 23 1%9
L 50 163 81 239
6 98 254 148 261
8 a7 354 274 516
10 431 580 55T 693
12 572 726 712 883
Lime-flyash, ratio
151 L8 153 27 159
122 ] 138 36 115
1:5 58 156 74 180
1:9 16 96 25 110
Phosphoric acid, %
51 14 126 27 133
2 18 95 29 120
RC-3, %
3 14 53 22 92
5 19 67 35 89
7 26 71 Ul 90

+*
Note: The O and 20 indicate confining pressure in psi in the
triaxial test.
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Table 10, {ompressive Strength for Seoil II

Compressive Strength, psi

Admixture 7 day 28 day
®
o 2 g 5
None 15 85 13 84
Cement, %
2 95 189 1Lk 228
L 217 32T 220 346
6 378 b39 354 L88
8 W75 565 667 728
10 618 yaNi 880 945
12 769 864 2035 1114
Lime-flyash, ratio
Lre, 128 232 153 277
12 115 229 140 266
15 88 197 100 2oL
1:9 72 191 85 205
Phosphoric acid, %
1 3k 126 41 135
2 3l 12¢ Ly 143
RC-3, %
3 125 63 16 66
) 30 &5 29 70
7 2h 53 22 51

*
Note: The O and 20 indicate corfining pressure in psi in the
triaxial test.




Table 11. Compressive Strength for Soil III

Compressive Strength, psil

Admixture 7 day 28 day
¥*
0. 20 L. =20
None 0 0 0 59
Cement, %

2 0 61 3 58

i 3 68 3 62

6 7 8g 5 68

8 L9 163 128 216

10 125 2ho 222 329

18 o6e 32k 389  48h
Lime~flyash, ratio 3 i
1:1 21 1h2 G 106
112 7 108 19+ gt
1:5 9 9l ut  8gt
1:9 g+ 7ot g+ 78%

Phosphoric acid, %

1 2 70 2 0

2 1 68 2 70

RC-3, %

3 2 52 2 Sk

5 2 60 3 66

7 5 69 5 72

+*
Note: The 0 and 20 indicate confining pressure i~ psi in the
triaxial test.

+ .. _ i T
These samples were molded with Columbia, S. C. flyash.




Table 12, Compressive Strength for Scil IV

Compressive Strength, psi

Admixture 7 day 28 day
*
o 20 o 2
None 33 58 38 59
Cement, %

2 104 142 109 167

i 249 291 27l 3L

6 272 34l 369 k65

8 289 367 376 482

10 349 L66 458 568

12 457 L69 550 640

Lime-flyash, ratio
1:21 53 128 65 149
132 L5 116 51 122
1:5 43 108 51 143
1:9 Lo 108 L9 128
Phosphoric acid, % '

1 IS} 103 L6 Ty

2 78 149 5 182

RC-3, %

3 3l Bl 5T 57

5 37 54 by 63

T Lo L8 LYy L6

*
Note: The O and 20 indicate confining pressure in psi in the
triaxial test,




Table 13. Compressive Strezgth for Soil V

Compressive Strength, psi

Admixture 7 day 28 day
o* 20 o 20
None 23 38 25 b5
Cement, %
2 73 185 81 155
L 188 2u5 246 290
6 209 =262 291 352
8 268 339 Al Y17
10 296 382 304 h5T
12 283 367 Li3 50k
Lime-flyash, ratio
15 L8 136 113 199
132 Ll 126 g1 177
1:5 34 106 75 152
1:9 5t 100 65 143
Phosphoric acid, %
5 L6 7 63 108
2 58 100 82 129
RC-3, %
> 52 22 25 67
5 31 ar 35 68
7 Lo 65 32 56

4+
Note: The O and 20 indicate confining pressure in psi iz the
triaxigl test.
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higher percentages. The triaxial test curves and unconfined test curves
had approximately the same shape with the triaxial test curves showing
greater improvement at the lower percentages of cement. The 28 day test
curves showed approximately a constant increase in strength over the 7
day test curves from 6 per cent to 12 per cent cement. The lime-flyash
mixture gave an improved strength with lifttle variation with the change
in ratio of lime to flyash except at the 1:9 ratio which had a drop in
strength to slightly higher than the soil with no admixture. Maximum
strength obtained with this admixture compared with approximately 3 to U
per cent portland cement. Strength gain with phosphoric acid was about
double the raw soll strength but the maximum strength was only approxi-
mately 100 and 50 psi for the confined and unconfined tests, respectively.
The addition of RC-% caused only a slight increase in strength and was the
poorest admixture from a strength standpoint.

The variation in strength with the addition of admixtures to Soil
IT is shown in Figures 13 and 14 and tabulated in Table 10, Portland
cement was the most beneficial admixture with approximately a linear in-
crease in strength with Increasing percentages of cement. A strength of
over 1000 psi was obtained with 12 per cent cement in both the trisxial
and unconfined tests. There was greater increase in the 28 day strengths
over the T day strength with increasing amounts of cement. The lime-
flyash admixture caused an increase in strength with the maximum strength
obtained with a 1:1 lime-flyash ratio. This maximum strength compared
with‘ the strength of approximately 3 per cent portland cement, A negli-
gible increase in strength was obtained with phosphoric acid. The addition
of BRC-3 caused a decrease in strength with the greatest decrease at 3 per

cent.
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FromFigures 15 and 16 and Table 11, it is noted that the addition
of portland cenent to Soil Il had negligible effect on strength up to 6
per cent. The addition of more than 6 per cent greatly increased the
strength with a rapid rise in the strength, curves up through 12 per cento
The increase in strength of the 28 day tests al so was greater at the higher
cenent contents* The line-flyash mxture inproved the strength of this
soil wth, the 1*1 line-flyash. showing the greatest inprovenent. The
strength increase caused by 1 ne*-flyash conpared to approxi mately 7 per
cent portland cenent, The decrease in 28 day strength as conpared to the
7 day strength may be attributed to the use of flyash fromdifferent plants
for these tests « Phosphoric acid and RG3 gave negligible increases in
strength with this saoil,

The addition of portland cenent to Soil JYas shown in Figures 17
and | 8 and Table 12 caused a marked increase in strength even with, the 2
per cent addition. This increase in strength was approxi mately |inear
wth, the 28 day strength increasing over the 7 day strength at higher
cenent percentages. An increase in strength of approxinately 300 per cent
at 28 days was noted with the addition of 2 per cent phosphoric acid. This
was approxi mately the same increase effected by 2 to 3 per cent portland
cement. The addition of 1 per cent acid was |less effective as was the 1
day curing period. The line-flyash. mxture was slightly effective at the
[jfl Tine-flyash ratio with less strength gains at the higher flyash con-
tents. Line-flyash was nore effective when tested in the triaxial test.
RC-3 was not effective in increasing the strength of this soil, evenre-
ducing the strength with 7 per cent asphalt,

Figures 19 and 20 and Table 13 show the variation in strength

with the various admxtures and Soil. V, Portland cenent was the nost



