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A SUMMARY REPORT ON SOIL STABILIZATION 
BY THE USE OF CHEMICAL ADMIXTURES 

SUMMARY 

This report presents the results ob- 
tained from laboratory and field investiga- 
tions of the soil s tab il i z in g properties of 
nunerous chemicals with r e s pe c t to their 
applicability for road and airport construc- 
tion . Laboratory t e s t in g procedures are 
described which were developed for evalua- 
ting the v a r i o u s chemical soil treatments 
studied. 

Although no entirely successfulmn- 
terial was found during these investigations, 
s e v e I a 1 have shown good soil stabilizing 
properties. The most effective of these are: 

1. Portland cement plus certain resin 
admixtures 

2. Aniline-iurfural resin plus certain 
additives. 

3. Resorcinal-formaldehyde resin (Am- 
berlite PR-115) plus hardener. 

4. Phenol-formaldehyde re s in (Resinox 
9673) plus catalyst. 

Bituminous materials were not effective 
when applied alone to any of the soils used in 
these tests. MC-2, RC-2 and asphalt emul- 
sion. however, were considerably improved 
by the addition of small quantities of artifi- 
cial i-es ins, particularly aniline-iuriural, 
Amberlite PR-115 and Resinox 9673. Hy- 
drated lime also prosed beneficial to bitumi- 
nous materiale.. Sodium silicate, hydrated 
lime, powdered slag, calcium chloride and 
resinous water-repellents (materials which 
have been ad v o c ate d for soil stabilization 
purposes) were not effective when subjected 
to severe laboratory and field exposure. 

Due to the relatively high cost of 
synthetic resins, their use in normal paving 
construction as per i ma r y s o i 1 stabilizing 
agents is not practical at the present time. 
Their use in small quantities as activators 
and modifiers for the lowe I priced, tradi- 
tional paving materials appears to be eco- 
nomically feasible. In such application sev- 
eral of the admixtures have been quite 
promising. 

As a result of this study it has become 
apparent that a more basic understanding of 
fundamental soil properties is required be- 

fore the complex reaction between soils and 
chemical treatments can be fully evaluated. 
The composition of natural soils, and their 
consequent reactivity to chemical modifica- 
tion, has be en the g r e ate s t variable en- 
countered during this study. Until these 
variables can be more fully understood and 
controlled, the future development of soil 
stabilization cannot be directed with optimum 
efficiency. 

INTRODUCTION 

For the past several years the Techni- 
cal Development and Evaluation Center has 
conducted s t u d i e s to develop, improve and 
evaluate the techniques of chemical soil sta- 
bilizationfor use in airport paving construc- 
tion. In this report the term “chemical soil 
stabilization” is used todescribe any method 
wherebythe engineeringproperties of natural 
soils are improved by the chemical or 
physico-chemical interaction between an ad- 
mixture and a soil and includes the use of 
such general materials as Portland cement, 
bitumens, lime, etc. The desired stabilizing 
e f f e c t may be obtained by bonding, water- 
proofing or otherwise modifying the natural 
soil in such manner that the resulting mix- 
ture will withstand the detrimental forcea of 
weather, moisture and traffic. Thesuccess- 
fulapplication of these techniques to road and 
airfield construction should permit the eco- 
nomical and efficient utilization of n a t u r a 1 
soils for the construction of durable wearing 
surfaces and base courses. 

The early phases of this work, begun 
in 1939, were concerned with: 

1. Development of laboratorytestingpro- 
cedures for determining the acceptabiljty of 
soil stabilizing agents - primarily Portland 
cement and bituminous materials. 

2. lnve.stigation of the relative efficiency 
of field equipment as used in processing soil- 
cement. 

3. Laboratory and field testing of avail- 
able stabilizing materials. 

Part of the workperformed under Item 
I was conducted under the direction of Pzo- 
iessor W. S. House1 through contract between 



the T e c hn i c a 1 Development and Evaluation 
Center and the University of Michigan. All 
of the workperformedunder Item 3 was con- 
ducted under the directionof Professor K. B. 
W o od s through contract between the TDEC 
and Purdue University. 

Although not conclusive, this initial 
work was fundamental and comprehensive 
and has s e r ve d as a foundation for subse- 
quent work in this field. 

Shortly after the outbreak of World War 
II, additional studies were undertaken; to 
develop new. more highly active types of 
chemical soil stabilizers which would be ef- 
fective in small quantities, and to develop 
methods of successfully utilizing the pos- 
sible soil stabilizing potential of materials 
available in the d if i e r en t combat areas. 
Most of this work was conducted through 
development contracts with the University of 
Missouri, Purdue University, Armour Re- 
search Foundation and Princeton University. 

The most significant results obtained 
fromthis contractualworkand from that per- 
formed earlier in the soils laboratory of the 
TDEC have beensummarized and reported in 
Technical Developmentpublications.l.2,3,4,5 

Although the development of new chem- 
icals for soil stabilization was initially con- 
sidered to be of primary interest to the armed 
forces, the test results indicated that some 
of these materials might be of value in nor- 

IHans F. Winterkorn ,and George W. 
McAlpin, “So i 1 Stabilization by the Use of 
Rosin” Technical Development Note No. 34, 
February 1946. 

2George W. McAlpin, R. C. Mainfort 
and Hans F. Winterkorn, “A Laboratory 
Study of the Soil Stabilizing Effectiveness of 
a Complex Salt of Abietic Acid,” Technical 
Development Note No. 35, July 1944. 

3R. C. Mabiiort. “A Laboratory Study 
of theEffectiveness of Various Chemicals as 
Soil Stabilizing Agents.” Technical Develop- 
ment Note No. 40, October 1945. 

4Hans F. Winterkorn, “A Laboratory 
Study of the Soil Stabilizing Effectiveness of 
Artificial Resins with Special Emphasis on 
theAniline-Furfural Resins,” Technical De- 
velopment Note No. 43, January 1947. 

5R. C. Mainfort, “AStudyoitheSoil 
Stabilizing Properties of Tung Oil,” Techni- 
cal Development Report No. 80. April 1948. 
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me.1 civilian construction. The evaluation of 
newly developed materials and combinations 
has continued, therefore, inthe soils lab- 
oratories of the TDEC. Sunrn arieed in this 
report is the more significantwork completed 
to date inthe field of chemical soil stabiliza- 
tion, bothas performed under contract and in 
the TDEC laboratories. Emphasis has been 
givento work performed since World War II, 
but previously unreported work conducted 
during the war years. especially that per- 
formed under contract at Purdue University, 
also is included. 

Throughout this project, close co- 
operation was maintained with organizations 
engaged in similar work. At the present 
time, the Army Engineers Research and De- 
velopment Laboratories at Fort Belvoir and 
the Navy Bureau of Yards and Docks are 
conducting extensive and valuable investiga- 
tions in the field of soil stabilization. Al- 
though their ultimate objectives differ some- 
what from those of non-military groups, the 
fundamental concepts involved are similar. 
Considerable assistance inthis work has been 
received from the chemical industry and is 
reflected in the materials sent to us for in- 
vestigationby varioufi commercial organiza- 
tions. 

MATERIALS TESTED 

Soils 
In order to test the effectiveness of 

prospective chemical stabilizing agents upon 
a wide range of soils, samples were obtained 
fromdifferent locations throughout the United 
States, with textures varying from sand to 
clay. The characteristics of the soils used 
inthe TDEC laboratories are shown in Table 
I and the grain size analysis curves are pre- 
sented in Fig. 1. The primary physical 
characteristics of the more important soils 
used in the testing at Purdue University are 
shown in Table II. For most of the testing 
described in this report the -10 fraction of 
the soil was used. For special work, how- 
ever, both the -4 and -3/8-inch fractions 
sometimes were employed. The TDEC soils 
are designated byletter in order of ascending 
values of their liquid limit. 

Chemical Admixtures 
The chemical admixtures usedwere 

either commercially available or were sup- 



3 

plied from laboratory or pilot plant produc- 
tions. Table 111 lists the admixtures investi- 
gated and their sources of supply. For con- 
venience inpresentationthese materials have 

r been placed under general headings, although 
in certain cases there is some overlapping of 

L characteristics. The bulk materials used, 
suchas Portland cement, bitumens andresins 
were the normally available c o mm e r c i a 1 
grades. Reagent chemicals were generally 
of C. P. grade or higher. 

TESTING PROCEDURES 

Preparation of Samples 
The natural soil as obtained from the 

field was air-dried, screened and classified 
according to standard soil testing procedures. 
Maximum density and optimum moisture 
were determined by the standard or modified 
Proctor procedures or both. The selection 
of either of these compaction efforts for use 
in exploratory testing appears to be entirely 
a matter of choice since no change in relative 
effectiveness of the tested admixtures was 
noted by the use of either method. Withsilty 
clay soils, however, more clearly defined 
curves were obtained by using the modified 
compaction effort. In many tests the density 
as determined for the natural soil was used 
also for molding treated samples of the same 
soil. In or d e r to secure properly molded 
s ample s when using higher percentages of 
certain admixtures it was found necessary, 
however, to use the maximum density as 
determined with the admixture in the soil. 
Fig. 2 shows the effectthat certainadmixtures 
have on the maximum density and optimum 
moisture content of different soils as corn- 
pared with those obtainedon identical natural 
soils. For these determinations the ad- 
mixture was added to the soil prior to the 
incremental addition of water and the com- 
paction test conducted in the usual manner. 
For all of the more significant evaluation 
tests the moisture-density relations hips 
were determined with the admixture included 
in the soil and suchprocedure is recom- 
mended where the addition of a chemical ma- 
terially affects the moisture-density relation- 
ship of the soil. 

After determining the amounts of soil, 
admixture and water required to form a 
specifiedsample, the proportioned materials 
were thoroughly mixed, the order and method 

depending upon the nature of the treatment 
used. If in a powdered form. the chemical 
usually was applied to the dry soil prior to 
the add it ion of water; if water soluble, it 
sometimes was added in solution with the 
mix water. If in liquid form, the material 
usually was added directly to the previously 
moistened soil, or ii miscible, was added to 
the mix water. Small batches of materials 
were mixed by a Hobart paddle type dough 
mixer, the larger by a Simpson laboratory 
mixer. For particularly large batches, as 
used in field test panels, a Lancaster SKG 
mixer was used. A minimum mixing period 
of five minutes was used for all tests per- 
formed in the laboratory. A better dispersion 
of the more viscous liquid admixtures usually 
was obtained if the moistened soil was slaked 
for several hours prior to the addition of the 
chemical. 

After mixing, the quantity of material 
r e q u i r e d to produce a sample of specified 
density and size was weighed and placed in a 
compaction mold. For all the exploratory 
work and most of the more detailed labora- 
tory studies 2- by 2-inchcylindrical samples 
were used, molded with the special tamping 
device shown in Fig. 3. This apparatus per- 
mits dynamic compaction of a sample by 
double piston action, the load being applied 
to both the top and bottom of the sample. For 
special laboratory and field tests, where 
larger samples appeared advisable. 2 1/2- 
by 4-inch cylinders were used. These were 
molded in a single layer to predetermined 
density by the static load method. using a 
laboratory press for applying the load. 

Uniformdensities throughout the molded 
samples usually were obtained by both static 
anddynamic compactionwheathe samples did 
not exceed a height of 2 l/2 inches. Attempts 
to construct higher samples resulted in a con- 
siderablevariation in density from the top to 
the bottom of the sample. Dynamic tamping 
in several small layers, as used in Proctor 
molding, produced uniform density but re- 
sulted in samples that were particularly sus - 
ceptible to failure at the compaction planes 
during weathering. 

As both the 2- by Z-inch and the 2 1/2- 
by 4-inch s ample s were satisfactory, the 
smaller sized sample was selected for most 
of the routine testing in order to conserve 
labor, materials and storage space. 

Where test panels were constructed 
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for comparing field and laboratory weather- 
ing tests, the treated soil was molded to re- 
quired density by tamping a weighed amount of 
proportioned material into a form of known 
volume, using I l/2-inch layers. The com- 
pactive effort was furnished by a small vi- 
bratorycompactor, which is shown in opera- 
tion in Fig. 4. 

Curing of Samples 
From studies in chemical soil stabil- 

ization, it was found that the type and amount 
of curing allowed a sample, prior to its sub- 
jection to exposure, is of considerable im- 
portance, and that different types of admix- 
tures react to curing in different ways. The 
usual methods recommended br curing treated 
soilsamples are: (a) moist-curing, (b) oven- 
drying to c on 5 tan t weight at temperatures 
notexceeding 140°F. (c)air-dryingtoconstant 
weight, or (d) partially drying to a predeter- 
mined moisture content. Althoughall of these 
methods have beenusedto some extent during 
this study it is believed that moist-curing 
and air-drying more nearly fit conditions 
likely to be attained in the field. Oven-drying 
at 14O?F is advantageous for obtaining a uni- 
form rate of drying and for attaining a well- 
definedmoisture content from which absorp- 
tiontests could begin, and towhich weathered 
samples could be returned after testing. For 
natural soil and certain admixtures oven-dreg 
is suitable, but for other materials, partic- 
ularly bitumens and resins, the applicatmn 
of heat at 140°F over the period necessary to 
completely dry a s amp 1 e results in an im- 
provement to the treatment that cannot be 
duplicated under normal f i e 1 d construction 
procedures. For this reason, curing the 
samples athigher than normal roam temper- 
atures was, with the e x c e p t i o n of earlier 
tests, eliminated from consideration ineval- 
uating chemical admixtures. 

A pa r t i a 1 drying back of the sample, 
either by moist- or air-cure, is probably 
nearer to the field conditions likely to be at- 
tained but is very difficult to’ control and 
duplicate in the laboratory. It should be re- 
alized, in this connection, that actual curing 
conditions to be expected in the field are ex- 
tremely variable depending upon general and 
specific weather conditions. soiltypes. drain- 
age and other factors. For the purpose of 
s t ud y i n g the waterproofing as well as the 
bonding characteristics of the chemical treat- 

merits, emphasis was placed on air-drying 
the samples inmostof this work. The effects 
ofbothmoist- and air-curing, however, were 
investigated for all treatments. Materials 
which were known to require moist-curing 
for proper hardening, such as Portland ce- 
ment, were moist-cured prior to air-drying. * 

Evaluation of Unweathered Samples 
Immediately after curing and prior to 

laboratory or field exposure, control samples 
of both treated and untreated sail were broken 
incompression. at a uniform rate of loading, 
by an electrically operated hydraulic testing 
machine. The usual method for obtaining 
unconfinedcompression strength of the sam- 
ples is shown in Fig. 5. A close-up view of 
the special equipment used for obtaining the 
partially confined compressive strengthof 
the 2 l/2- by 4-inchsamples. loadingnormal 
to the edge, is shown in Fig. 6. The device 
used for confining the sample is part of the 
equipment providedwith the Marshall stability 
apparatus6 as used for testing the stability of 
bituminous mixtures. 

The compressive strengths of the un- 
weathered samples were used to determine 
the relative bonding action of different treat- 
ments, to compare treated soils with identi- 
cal non-treated soils, and to determine the 
deterioration of the samples due to exposure 
by comparison of their weathered and non- 
weathered strengths. 

Laboratory Weathering Tests 
Other than the procedures used for 

evaluating the effectiveness of soil-cement, 
there are no recognized standard procedures 
for testing the durability of chemically treated 
soil samples at the present time. A Bitumi- 
nous Producers Co-operative Research Com- 
mittee has recommended certain procedures 
for testing soil-bituminous combinations. but 
the proposed test methods vary for the par- 
ticular type of admixture used and are con- 
cerned with only one form of laboratory ex- 
posure, moisture absorption.7 

In many of the earlier investigations of 

6 
Thw apparatus is designedanddistrib- 

uted by the Marshall Consulting and Testing 
Labar$tories, Jackson, Miss. 

A. S. T. M. Designation: D915-47T. 
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soil stabilizingmaterials very mild exposure 
tests wereused, the treated samples in some 
cases being subjected to only a few hours of 
capillary absorption or immersion. Certain 
materials tested in this manner appeared to 
have s t a b i 1 i z in g properties which, under 

t 
more severe laboratory or field exposure. 
proved to be merely temporary. 

As additional test data became avail- 
able the trend was toward more severe lab- 
oratory testing procedures. Observation of 
f i e 1 d results indicated that a properly sta- 
bilized soil should be able to withstand not 
only moisture absorption but also freezing 
and thawing, wetting and drying or other 
temperature variations in the p r e s e nc e of 
moisture. In earlier test work. it was con- 
sideredunnecessary to design stabilized 
mixes to resist freezing and thawing if they 
were to be used in non-freezing areas. Lab- 
oratory tests conducted during this investi- 
gation have shown, however, that a cooling 
and warm in g test conducted in a manner 
similar to the usual freezing and thawing 
test, but us i ng a minimum temperature of 
t35DF rather than -lO?F, is almost as de- 
structive as the freezing and thawing test. 
and is much more severe than an absorption 
test. 

As a result of comparative laboratory 
and field studies described inthis report a lab- 
oratory procedure for evaluating chemically 
stabilized soil samples was developed. After 
the samples are molded to a selected density 
and allowed to cure either in air or in a moist 
cabinet they are subjected to the following 
successive exposures: 

1. Three-day capillary absorption in a 
moist cabinet. 

2. Four-day immersion. 
3. Twelve cycles of alternate freezing at 

-10°F for 8 hours and thawing in immersion 
at room temperature far 16 hours. 

4. Twelve cycles of alternate wetting by 
immersion for 8 hours and oven-drying at 
14O?F for 16 hours. 

5. Seven-day immersion. 
The selection of the sequence used in 

this testing procedure was made in an effort 
to c 1 o s e 1 y approach the most detrimental 
f i e 1 d weathering conditions to be expected. 
Thus, the samples were thoroughly soaked 
prior to the freezing and thawing test, a con- 
dition which is likely to occur in the field. 
The wetting and drying test followed the de- 

structive action of freezing and thawing in 
order to minimize the possible beneficial 
effects impartedto some chemical treatments 
by the heating r e qu i r e d during the drying 
cycle of this exposure. When used in this 
manner the wetting and drying test proved to 
be progressively destructive even to those 
samples which benefit from the application 
of heat at the beginning of exposure. Im- 
mersion. subsequent to the wetting and dry- 
ing test, was found to be necessary in order 
that test samples might be rewetted to a de- 
gree comparable to that existing before ap- 
plication of the drying cycle of the wetting 
and drying test. Although capillary absorp- 
tion by itself is not a sufficiently severe test 
foracceleratedlaboratoryexposure. it is be- 
lieved to be a natural method for beginning 
the moisture absorption portion of the ex- 
posure test, particularly when air-dried 
samples are used. The severity of the im- 
mers ion test on a dry sample is clearly shown 
in the alternate wetting and drying cycles of 
the exposure test. 

The combined form of exposure test 
has been used during this study for all of the 
severe laboratorytesting, unless specifically 
described otherwise. The various operational 
procedures for this test are shown in Figs. 
7A, B, C and D. 

Field Weathering Tests 
The chemical stabilizers which the lab- 

oratory test results indicated to be the most 
promising were subjected to field weathering 
exposure. In this way not only were the more 
promising treatments evaluated under field 
conditions, but the applicability of the labo- 
ratorytest procedures could be partially de- 
termined. For the field weathering tests, 
samples duplicating those tested in the lab- 
oratory. both in constructionandcuring, were 
b u r i e d flush with the ground with no cover 
and allowed to weather for certain specified 
periods of time, usually for one, two or 
three years. Fig. BA shows a section of the 
buried samples as placed in a field test plot. 
The samples were examined. and in some 
instances weighed, periodically d u r in g ex- 
posure 

In addition to the buried cylindrical 
samples. small test pane 1s of treated soil 
we r e constructed for auxiliary weathering 
tests. Fig. BB shows a general view of sane 
of the areas, 2 by 2 feet by 4 inches deep, 



whit h were compacted as shown in Fig. 4. 
Similar field tests were made at Purdue 

University for evaluating different chemical 
admixtures. In that case. however. two test 
areas were used, one a well-drained loca- 
tion in which the samples were buried in 
sand, and the other a poorly drained location 
in which the samples were buried in a plas- 
tic soil, In our work only one test plot was 
used, a le ve 1 graded area of natural, silty 
clay soil. 

Evaluation of Weathered Samples 
At the conclusion of the laboratory and 

f ie Id exposure tests the surviving samples 
were b r o ke n in compression as described 
previously. The compressive strengths of 
the weathered samples were compared with 
those obtained for similarly treated and un- 
treated unweathered samples. These values 
were used as a relative index of the effective- 
ness of the different treatments. The samples 
were weighed after molding, after curing, 
periodicallythroughout their exposure and at 
the end of the testing. Dry weights were ob- 
tained for all samples either after breaking 
or at their point of failure during exposure. 
From these data the moisture content of the 
samples during the testing could be studied. 
The appearance of the sample during the 
testing, the moisture absorption character- 
istics, and the breaking load were used to 
evaluate the relative merits of the different 
admixtures. 

In the tests performed at Purdue un- 
confined samples also were broken in com- 
pression at a constant rate of loading, but 
the load was applied through a 3/4-inch cir- 
cular p lun g e r placed concentrically on the 
top of the sample. 

Field teat panels were evaluated by 
visual inspection and simple penetration 
measurement. 

TEST RESULTS 

The over-alltesting of prospective soil 
stabilizingagents as described in this report 
has c o v e red a considerable period of time 
and, with s ome of the materials, has been 
the work of different investigators. For this 
reason, and because of the fact that uniform 
test procedures were not always employed, 
much of the exploratory and earlier work is 
presented in qualitative form. 

Specific test results which demonstrate 
the typical effectiveness of different admix- 
tures with various soils are presented in a 
series of tables and photographic reproduc- 
tions. These data include the results of com- 
prehensivelaboratoryandfield tests in which 
the more promising admixtures were tested 
with representative soil types or with those 
soils that o f f e r e d particular stabilimtion 
problems. No specific data concerning 
weathered untreated samples are shorn be- 
cause all of these failed early during ex- 
posure. 

Some of the admixtures have been pre- 
viously evaluated and reported in detail but 
are reviewed here in the light of more severe 
and controlled exposure tests and for the pur- 
pose of comparison with newer materials 
under identical test conditions. 

Instudying the test results it should be 
realized that many of the commercial ma- 
terials investigated were not developed pri- 
marily for soil stabilization use and that the 
results obtained inthis connection do not nec- 
essarily r e f le c t the effectiveness of these 
materials when used for other purposes. 

Exploratory Tests 
All of the mate r i a 1 s investigated as 

possible soilstabilizing agents were subjected 
to preliminary testing prior to large scale 
evaluations in order to determine their pro- 
mise in this field. In some cases the pre- 
liminary testing was conducted in comider- 
able detail, while in others a material was 
eliminated from further consideration after 
brief indicator tests. 

The proposed admixtures were tested 
with at least two soils using quantities nor- 
mally ranging from one to five per cent of 
the dry weight of the treated soil or quanti- 
ties specifically recommended by the pro- 
ducer. Both moist- and air-cured samples 
were used. All of the exploratory t e s t in g 
included some form of absorption, freezing 
and thawing, wetting and drying or a combin- 
ation of these tests. 

A summary of the qualitative results 
obtained from the exploratory testing is in- 
cluded as part of Table IV. The de gr e e of 
effectiveness as expressed in this table is 
based on average results obtained from all 
soils tested. For specific soils the classi- 
fication could be modified in certain cases 

Experimental work also was conducted 
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in an attempt to improve the stabilizing ef- 
fectiveness of the more promising or more 
available admixtures by the addition of small 
quantities of a second chemical. These ad- 
ditives were usually applied in quantities 
ranging between two and ten per cent of the 

c weight ofthe basicstabilieer. Table V shows 
the qualitative effectiveness of several ad- 
ditives as usedwith five primary admixtures. 
These data are based upon average test re- 
sults obtained with several soils. 

Severe Laboratory and Field Tests 
Inadditionto the exploratory tests dis- 

cussed previously, Table IV also includes a 
summary of the qualitative results obtained 
from the more severe laboratory and field 
testing. These tests includedthe more prom- 
isingmaterials as indicated by the prelirnin- 
ary tests as well as those conventionally used 
for soilstabilizationsuch as Portland cement 
and various bitumens. 

Table VI summarizes in a more quanti- 
tative form the test r e 6 u? t s obtained when 
2- by Z-inch air-driedsamples of six treated 
soils were subjected to progressive labora- 
tory exposure. The unconfined compressive 
strengthandmcisture content after a complete 
series of exposures, are listed in the table. 
When complete deterioration occurred before 
completion of the test, the table s how s the 
point at which it occurred. The exposure of 
s oils B. F and H was less severe than that 
to which the other soils were subjected, the 
freeze-thaw and wet-dry portion of the test 
in these cases having been reduced from 12 
to 6 cycles each. 

Figs. 9 through 11 are photographic re - 
productions which illustrate the progressive 
deterioration of t r e ate d 2- by 2-inch air- 
dried samples of soils C, D and I, due to tile 
laboratory exposure. The blank spaces in 
some of the illustrations ind i c ate that the 
samples failed during exposure. 

The three soils used were obtained 
from widely s c at t e r e d sites in the United 
St ate s and a considerable variation can be 
seen in the reaction of these soils to treat- 
ment. This is particularly true of soils C 
and D which r e acted differently to a basic 
grouping of admixtures. Soil C, for example, 
was very susceptible to cement treatment but 
was benefited only slightly by most resins. 
Soil D. on the other hand, was particularly 
benefited by resin treatment but cquld not be 

stabilized with cement. Soil Iwas inter- 
mediate in its reaction to the stabilizers. 

Table VII and Fig. 12 show the results 
of initial testing to determine the effective- 
ness of certain soil treatments under both 
laboratory and field exposure and to compare 
the relative severity of field and accelerated 
laboratory weathering. Eight representative 
soil treatmentswereusedwithtwo soil types, 
a sandy clay loam (soil B), and a clay loam 
(soil F). Allsamples were 2 l/2 by 4 inches 
and were oven-dried to constant weight at a 
temperature of 140°F prior to testing. The 
laboratory p o r t i on of this test, conducted 
prior to the development of the progressive 
e xp o s u r e test used in most of this study, 
c o ns is t e d of two individual exposures. A 
portion of the samples was tested in uncon- 
fined compression after 10 and 30 days of 
capillary absorption only, the remainder after 
10 days of capillary absorption plus 10 and 
30 cycles of alternate freezing and thawing. 

Cement plus Montar No. 3, cement 
plus Aroclor 4065, aniline-furfural. and to 
a lesser degree, cement alone, were the 
onlytreatments able to successfully withstand 
both laboratory and field exposure in this test. 
Aniline-furfural was particularly effective with 
soilF under fieldexposure. Inthis test, how- 
ever , it s ho u 1 d be mentioned that although 
the cement-treated samples failed by splitting 
into sections, each portion in itself was firm 
and capable of withstanding considerable load 
application. The compressive strengths 
shownfor these samples were obtained using 
the largest portion of the split sample. 

Although the laboratory and field ex- 
posure results shown in Table VII were both 
indicative of the general effectiveness of the 
different admixtures tested, no quantitative 
correlation between the two was obtained. 

Table VIII presents the results of con- 
tinued laboratory and field comparative tests 
inwhichaclay loam (soil C) was treated with 
14 admixture combinations. The progressive 
exposure test, adopted for use in this study, 
was used for the laboratory portion of this 
test. Both 2 l/Z- by 4-inch and Z- by L-inch 
samples were used, and 2-by 2-foot test 
panels were weathered concurrently in the 
testplot with the buried cylindrical samples. 
These data, in addition to showing the rela- 
tive merit of the admixtures tested. also 
show good correlation between the results 
obtained with the 2- by 2-inch and the 2 l/2- 



by 4-inch samples. Also, with the exception 
of the aniline-furfural samples, a good co- 
ordination w as D b t a ine d between lbbora- 
tory and field results for similar samples. 
The appearance of the 2 l/2- by 4-inch sam- 
pies before testing and after laboratory and 
field exposure can be seen inFig. 13. For 
all treatments with the exception of asphalt 
emulsion and MC-Z, where the laboratory 
tests were more severe than the field ex- 
posure, (due primarily to their particular 
susceptibility to the detrimental e f f e c t s of 
immersion) the appearanceofthe samples in- 
dicates equal severity between the laboratory 
and field tests. The same comparison holds 
true for the 2- by Z-inch samples. 

Fig. 14 shows the condition of the Z- 
by Z-foot by 4-inch deep field test panels of 
soil C, treated with eight admixture combin- 
ations, after one winter of field exposure. 
Due to a limited quantity of admixtures sane 
ofthe tre+ments were placed two in a panel. 
The rough and broken edges of the treated 
s e c t i o n s are due to removing the wooden 
forms. The test panel, treated with five per 
cent aniline-furfural. Fig. 14A. had a hard 
crust on the top which, although quite firm, 
could easily be penetrated by scraping with 
a spoon. Beneath this surface, the soil was 
dry but quite loose. The dark area visible 
on this sectian was due to moisture trapped 
cm the s u r f a c e during a rain which fell 24 
hours prior to taking the photograph and 
which was unable to penetrate the treated 
soil during that time. This is an indication 
of the excellent water-repellency of the ani- 
line-furfural treatment. Fig. 14B shows a 
s e c t i on treated with five per cent Resinox 
plus hexamethylenetetramine. The top 1 l/2 
inches of this panel were very loose and 
could easily be scraped away. Below this 
point, however, the t r e ate d soil was quite 
firm. Figs. 14C and D show the panels 
treated with five per cent asphalt emulsion 
andMC-2 respectively. Bothof these 
panels were further treated with 0.2 per 
cent of Aggrecote 600 added to the soil 
prior to the addition of the bitumen. These 
sections wereverypoar and the entire 
depth of the panel could easily be penetrated 
with a ruler and sciaped away with a spoon. 
The sectiontreatedwithfive per cent Amber- 
lite PR-115 plus hardener, shown in Fig. 
14F, was the most uniformly stable of the 
resinous treated panels. Although the sur- 
face could be removed by hand scraping to a 

a 

dwth of one-half inch. it could nat be gene- 
trated hythe ruler and the rest of the section 
was quite firm. The sections containing ce- 
mentandcement treatedwithO.bpercent 
Piccolyte S-125 andPiccoumaron XX-100 all 
were very hard and by far the best of the 
treated p an e 1 s. No difference bPtween the 
plain cement and the treated cement panels 
was apparent. 

The weathering of these test panels 
was similar, in general, to that of the con- 
current weathering of the buried cylindrical 
samples. 

Table IX gives a summary of the more 
significant f ie Id and laboratory results ob- 
tained at Purdue University during its TDEC 
contract investigation of various soil stabil- 
izing agents. Standard Proctor and 6-inch 
high and 4-inch diameter test samples, using 
the -4 fraction of the soils, were used for this 
work. All samples were oven-dried to con- 
stant weight at a temperature of 140-F prior 
to testing. 

The results indicate that six per cent 
treatment of aniline-furfural was the best ad- 
mixture used in this group. Field exposure 
of the samples was conducted for l-. 2- and 
3-year periods. Only the 3-year results are 
presented in the table. however, as these, in 
general. reflector amplify the failure trends 
noted for the shorter periods. The field test 
panels used atPurdue were five feet square 
and six inches deep, constructed of gravelly. 
sandy loamy soil. Five different treatments 
were used: Six per cent X-3, six per cent 
aniline-furfural. six per cent asphalt emul- 
sion, ten per cent Portland cement and ten 
per cent Portland cement plus five per cent 
V insol. The section treated with aniline- 
furfural was outstanding, shawin,g very little 
deterioration during the three years of 
weathering. The cementpanelremained firm 
except for scaling of the top inch or so, but 
the cement plus Vinsol was poor. All panels 
of the other treatments f a i 1 e d completely. 
In general, the results obtained with the test 
panels were in agreement with those obtained 
for similarly treated buried samples. 

Effect of Sample Size on Resistance 
to Exposure 

Several sizes of samples have beenused 
in the TDEC soil stabilimtion studies and 
those conducted by other investigators. In 
order to determine the effect of this variable 
cm resistance ta weathering. tests were can- 



ducted in which different sizes of similarly 
treated samples of the same soil were sub- 
jected to identical laboratory and field ex- 
posure. For this purpose, 15 batches of soil 
C were prepared, each tre ated with a dif- 
ferent admixture combination. F r om each 
batch three different s iees~of cylindrical sarn- 
ples were molded to equal densities: (1) 2- 
inch height and 2-inch diameter; (2) 3 l/Z- 
inch height and 2 l/4-inch diameter; and 
(3) 2 l/2-inch height and 4-inch diameter. 
The 2- by 2-inch samples were molded dy- 
namically, the two larger sizes by the static 
method. Three samples of each size and 
treatment were subjected to identical curing 
and laboratory and field exposure. Figs. 15 
and 16 show the appearance of a representa- 
tive g I o up of treatments for the three dif- 
ferent s ieed samples after laboratory and field 
exposure. These photographic reproductions 
clearly indicate that the resistance of the 
samples to weathering was not affected by 
their size. These results are further con- 
firmed by the data s how n in T a b 1 e VIII in 
which the breaking loads of two sizes of sam- 
ples of soil C, treated with similar admix- 
tures, show the same relative values when 
compared with the 1 oa d s resisted by com- 
parable unweathered samples. These results 
indicate that the 2- by 2-inch samples are as 
satisfactory for comparative testing as are 
larger samples, or those having a greater 
height-to-diameter ratio. Evaluation of the 
smaller samples requires a severity of ex- 
posure equal to that required for testing larger 
samples. 

DISCUSSION OF INORGANIC 
CEMENTING MATERIALS 

Several inorganic cementing materials 
studied in this work were capable of harden- 
ing or bonding soil but none imparted appre- 
ciable waterproofing characteristics to the 
resultant structure. Although a soil that has 
been successfully bonded will absorb con- 
siderably le s s moisture than the same un- 
treated soil, this is usually due to the inability 
of the bonded sample to swell rather than to 
any waterproofing action of the treatment. 

A relatively high percentage of an in- 
organic cementing agent (ten per cent or 
more) is normally required for properly 
bonding a soil. Smaller quantities of ma- 
terials of this type, however, are sometimes 

e f f e c t ive in improving the usefulness of a 
soil by modifying its physical and chemical 
characteristics. Portland cement, lime, 
sodiumsilicateandcrushed slag are particu- 
larly effective in reducing the plasticity of 
fine-grained soils. 

Allsoil samples treated with inorganic 
cementing materials were susceptible to 
moisture attack, especially under freezing 
and thawing conditions. 

Portland Cement 
Portland cement probably has been used 

more widely and with greater success than 
any other soil stabilizing material. and its 
properties inthis respect have been reported 
by numerous investigators. Although an ex- 
cellent bonding agent for many soils, Portland 
cement does not impart water-repellent 
characteristics to the treated soil, andunder 
certain climatic conditions, especially where 
wide temperature variations prevail, has not 
always proved to be a durable admixture. In 
add it i on to the highly plastic soils, which 
are not recommended for cement treatment. 
there exist c e r t a in soils of good physical 
characteristics which cannot be successfully 
stabilized with cement. 8, 9 Soil D used in 
this study, is a “problem soil” of this type 
with which no reasonable amount of cement 
was effective. 

The prime reason for including cement 
inthis study was not to further evaluate soil- 
cement mixtures, but to attempt the i r im- 
provement by the addition of other admixtures 
which might result in a more generally ap- 
plicable and durable treatment. A treatment 
whereby the excellent bonding properties of 
cement could be augmented bywater-repellent 
characteristics would be desirable. 

All of the c e men t used was obtained 
fromfreshsupplies and was screened to pass 
a No. 200 sieve prior to mixing withthe soil. 
Some variations in the stabilizing effective- 
ness of cement obtainedfromdifferent sources 

SMiles D. CattonandE. S. Felt, “Effect 
of Soil and Calcium Chloride Admixtures on 
Soil-Cement Mixhmes.” Proc. Highway Re- 
search Board, Vol. 23, pp. 497-529. 

9s o il-Cement Mixtures - Laboratory 
Handbook, Portland Cement As s o c i a t ion 

(1950). 
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were noted, the causes of whichare not known. 
For tests in which special additives were ap- 
plied to the soil-cement mixture the moist- 
curing time was varied from 7 to 28 days in 
order todetermine the actual permanent sta- 
bilizing e f f e c t of the additional admixtures 
rather thantheir possible high-early 
strength-producing value. 

The qualitative results of exploratory 
tests to dekrmine the effectiveness of dif- 
ferent admixtures with soil-cement are given 
in Table V. Some of the promising combin- 
ations were later subjected,to more thorough 
testing while others remainto be investigated 
further. Many of the additives, although 
promising in the exploratory work, were not 
effective when subjected to more severe lab- 
oratoryandfieldexposure. Theeffectiveness 
of the admixtures applied to soil-cement 
varied with the type of soil used. The most 
beneficial, expressed in terms of their ef- 
fectiveness over a wide range of soils, were 
Resin 321, Aroclor 4065, Montar No. 3. 
PiccolyteS-125. PiccoumaronXX-100, 
Monsanto CRD 108-~133-155 and Santa Resin. 
Some of these treatments are included in the 
severe exposure test datapresented in Tables 
VI through IX and Figs. 12 through 13. As 
can be noted, none of the improvements were 
large and their effectiveness varied with dif- 
ferent soils andtest conditions. Considerably 
more dataare requiredbefore the results can 
be considered conclusive. 

Although the results at Purdue showed 
the effect of Resin 321 to be detrimental rath- 
er than beneficial, this has not been borne 
out so far in our investigations. The poor 
showing at Purdue may have been due to the 
large quantity of resin used (20 per cent by 
weight of cement) or to the oven-drying of the 
samples prior to testing. 

Stabinol, containing 80 per cent cement, 
was beneficial only to the extent of the added 
cement. An extensive field test, using soil 
G, in which Stabinol was mixed with cement 
in varying ratios, clearly indicated that no 
benefit was obtained from the resinous por- 
tion of Stabinol. Vinsol, NVX, a co-er- 
cial powdered rosin, natural resins and par- 
tially neutralized Vinsol and natural resins, 
proved to be detrimental to the stability of 
soil-cement mixtures. 

Considerable attention was given to the 
use of oleic and stearic acid and the salts of 
these organic acids for waterproofing soil- 

cement but, although t e mp o r a r y water- 
repellency was obtained, none were signifi- 
cantlyeffective when subjected to severe ex- 
POSUIY. In some cases the~use of stearates 
reduced the strength of the soil-cement mix- 
ture. Calcium andmagnesium stearate were 
the most effective of these materials. 

Slight improvement to soil-cement was 
obtained by the addition of several inorganic 
chemicals including sodiunxsilicate and 
potassium permanganate. Calcium and so- 
dium chloride were detrimental under severe 
exposure, and the addition of bituminous ma- 
terials to soil-cement was detrimental in all 
cases. 

A considerable number of admixtures 
were used in an effort to improve the reaction 
ofsoil D tocement treatment. Sterox LF-87 
was particularly e f f e c t i Y e in this respect. 
Resinox 9672, Resin 321, and, to a lesser 
degree Piccoumaron XX-100 and Montar No. 
3, also were beneficial. Resinox 9672 was 
very detrimental when added to cement- 
treated samples of soils other than D. 
Studies of the reaction of cement with soil D 
are being continued. 

The Purdue laboratory and field re- 
sults and those of the TDEC with soils B and 
F (Tables VII and IX and Fig. 12) indicate 
a need for improving soil-cement treatments. 
The poor results obtained inthese tests, how- 
ever, with the exception of the Purdue test 
plot, appear to be due to the oven-drying of 
the samples (after 7-day moist-curing) prior 
to exposure. Other tests conducted during 
this study have indicated that moist- or air- 
cured samples of cement-treated soils are 
superior to oven-dried samples. 

Most of the admixtures used with soil- 
cement, when added in quantities ranging 
from one totenper centofthe weight of 
cement, showed no well-defined optimum 
effective ratio of additive to cement. For 
comparative purposes an arbitrary value of 
five per cent, by weight of cement, was 
selected for all treatments unless otherwise 
shown. With or without additional admixtures 
cement proved to be the most generally sat- 
isfactory stabilizing agent investigated. Ad- 
ditional study that might extend its usefulness 
appears fully warranted. 

Lime 
A considerable amount ofwork has been 

conducted by various investigators to deter- 
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mine the suitability of lime (slaked) as asoil 
stabilizing agent. All of the results of tests 
performed with lime during this study were 

c negative. Some bonding of the soil was ob- 
tained with treatments of s ix per cent and 
higher, but the samples were particularly 
susceptible to the disintegrating act ion of 
alternate freezing and thawing. The addition 
of lime considerably modified all of the soils 

t tested. Plastic soils, in particular, when 
treated with lime, were much easier to mix 
uniformly. and mold to required density than 
were the same soils when-treated. Numer- 
ous admixtures were used in an effort to im- 
prove the soil stabilizing characteristics of 
lime but none proved to be particularly ef- 
fective under prolonged exposure. Salicylic 
acid and zinc stearate were the most effective. 
Field samples treated with lime failed com- 
pletely during one winter of exposure. 
Tables VI and VII, and Figs. 9. 10 and 11 
show specific testdatafor soil-lime mixtures. 

Sodium Silicate 
The use of sodium silicate is another 

met hod for solidifying soils which has re- 
ceived considerable attention. Good bonding 
of sandv soils has been attained with treat- 
ments of six per cent or more of sodium 
silicate, but such treatments will not with- 
stand attack by moisture. Very little effec- 
tiveness was obtained by the applicationof so- 
dium silicate to fine-grained soils. Earlier 
studies10 indicatedthat the addition of sodium 
aluminate greatly increased the resistance of 
the sodium-silicate sample tomoisture attack 
but later tests, using a variety of soils and 
more severe exposure tests, have clearly 
shown this combination to be unsuitable as a 
soil stabilizing agent. Some improvement was 
obtained by adding small percentages of mag- 
nesium stearate, Aroclor 1271, stearic acid 
and triethanolamine individually tO the sodium 
silicate-treated soil but none of these were 
significantly effective under severe ex- 
posure conditions. 

The most suitable form of sodium sili- 
cate for soil stabilization purposes found in 
these studies was a 40 per cent solution, 40- 
42’Be , with a Na20:Si02 ratio of 1:3.25. 

lOSee footnote 3. 

Table VI and Figs. 9, 10 and 11 show the ef- 
fectiveness of a 14 per cent treatment of this 
solution. 

Unless avery successful additive should 
be found, sodium s ilicate cannot be considered 
a suitable soil stabilizing a gent for paving 
purposes. 

Combinations of sodium silicate and a 
strong inorganic salt such as calcium chlo- 
ride have been used successfully for stabil- 
izing medium and fine sand masses in deep 
foundation construction. In this method the 
two chemicals (usually applied separately by 
p I e s s u r e injection) react within the sand 
pores to form an impervious gel which upon 
hardening binds the sand particles into a solid 
mass. Sodium silicate alone, and in combin- 
ation with other chemicals, has also been used 
to temporarily harden sandy soils to such an 
extent that excavation work could p I o c e e d 
without the use of shoring. 

Powdered Slag 
Two samples of powdered slag we r e 

iurnis hed for testing by the National Slag 
Assoc. This material is similar in appear- 
ance to Portland cement, but it provided 
only slight bonding when mixed with soils in 
quantities up to 20 per cent. Combinations 
of crushed slag and various resins also were 
ineffective. The addition of small quantities 
of crushed slag considerably modified the 
characteristics of the more plastic soils. In 
this respect the admixture reacted with the 
soilin a manner similar to cement and lime, 
reducing the plasticity and allowing the soils 
to be more uniformly and easily mixed. 

Other Additives 
Inorganic soluble salts such as sodium, 

calcium and barium chloride, and copper and 
barium sulfate, were ineffective for soil 
8 tab i 1 i e i n g purposes as required in this 
study. Calcium chloride and sodium chlo- 
ride have been used successfully, however, 
to enable granular stabilized roads to re- 
taina moisture content beneficial to stability 
and to facilitate further densification of the 
roadunder the action of traffic. Oxychloride 
cement. zinc oxide and plaster of Paris did 
not set up well when mixed with soils in the 
quantity allowed in this study.~ Natural and 
air-entrained cements were not as effective 
as Portland cement. 
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DISCUSSION OF BITUMINOUS MATERIALS 

Bituminous materials have been used 
extensively for soil stabilization. and their 
properties inthis respect have been thoroughly 
investigated in the laboratory and f i e Id by 
numerous agencies. A brief summary of the 
methods used for testing and applying these 
materials has been compiled by the Highway 
Research Board. 11 

None of the bituminous materials used 
in the TDEC study were particularly effec- 
tive. It was verydifficult toobtaina thorough 
mixture of the bitumens and the finer grained 
soils, even though mixing methods recom- 
mended bythe individual producers were fol- 
lowed closely. In an effort to determine the 
most effective procedure the bit-ens were 
added to the prepared soil under the following 
conditions: (a) air-dried so il. (b) soil at 
optimum moisture, (c) soil above optimum 
moisture (near 1 i qu id limit) and (d) soil at 
different intermediate moisture contents. 

In all cases the moistened soil was al- 
lowed to slake for a period of 24 hours prior to 
addingthe bitumen. None of these variations 
inmixing procedure appeared to improve the 
resulting stability of the samples, although 
visual inspection indicated that more nearly 
un if o r m dispersion was obtained when the 
bituminous materials were added to the soil 
at a moisture contentwell above optimum and 
mixed in slurry form. In this case. the 
mixtures were dried back to near optimum 
moisture beforemolding. Allof the bitumens 
provided a certaindegree of water-repellency 
to the treated soil but the test samples were 
particularly susceptible to the destructive 
action of alternate freezing andthawing. Some 
treatments began failure early in the absorp- 
tion portion of the laboratory exposure test. 

The emphasis in this study was placed 
on attempts to improve the effectiveness of 
the different bitumens and toextendtheir 
stabilizingusefulness to cover a wider range 
of soils - particularly the fine-grainedsoils. 

Cut-Back Asphalts 
The cut-backasphalts used in this study 

llSoi1 Bituminous Roads, Current 
Road Problems, No. 12. Highway Research 
Board Publication (Sept. 1946). 

were MC-l, MC-2, RC-2 and SC-3. MC-2 
and RC-2 were themostsuitable, althoughnot 
very effective. MC-Z, in quantities of eight 
per cent, was able to withstand the severe 
laboratory exposure test with soils D and 1. 
MC-2 and RC-2 significantly improved soil 
B. when used in quantities of five per cent. 
The effectiveness of the asphaltwas increased 
by the addition of Amberlite PR-115 plus 
hardener, Resinox 9673 plus “hexa”, slaked 
lime. aniline-furfural, L auxite RF-901, 
Aggrecote 600 or zinc stearate. The addi- 
tives were applied individually to the bitumen- 
treated s oil in quantities of 20 per cent by 
weight of bitumen. Slaked lime, Lauxite 
RF-901, Amberlite PR-115, Res inox 9673 
andaniline-furfuralwere the mast promising 
combinations and these will be investigated 
further. 

SC-3 (roadoil) was tested at Purdue and 
gave promising results when used with gran- 
ular soil, butwas not effective withfiner 
grained soils. Tables VI, VIII and IX and 
Figs. 9, 10, 11, 13and 14 show the relatively 
poor laboratory and field results o b t a ine d 
with soil-asphalt combinations. 

Asphalt Emulsion 
With the exception of s o i 1 B. none of 

the soils tested by Purdue or the TDEC could 
be successfully stabilized with asphalt emul- 
sion, even when quantities as high as 25 per 
cent were used. Although the emulsion was 
easy to apply and mixed well with the soils, 
very few treated s ample s could withstand 
even the less severe form of exposure test. 

Considerable effort was made to im- 
prove the asphalt emulsion treatment by the 
addition of other admixtures, the most prom- 
ising of which were Amberlite PR-115 plus 
hardener, Resinox plus “hexa”, aniline- 
furfural and slaked lime. All of these treat- 
ments were added in quantities of 20 per cent 
or less of the weight of the emulsion. Tables 
V, VI, VIII, IX and Figs. 9, 10, 11. 13 and 
14 show s pe c if ic laboratory and field test 
1 ults obtained with different quantities of 
I ,.ted and untreated asphalt emulsion. Of 

I :cular interest is the excellent effective- 
ness of Amberlite PR-115plus hardener 
with five per cent asphalt emulsion applied 
to soil B, a sandy clay loam, as indicated in 
Table VI. This treatment was not as ef- 
fective, however, with the finer grainedsoils. 
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Powdered Asphalt 
The test work performed at Purdue in- 

dicated that some stability was imparted to 
a granular sail by the use of equal quantities 
of powdered asphalt and kerosene. This com- 
bination was not effective, however, with 
the more plastic soils tested. 

Road Tar 
None of the road tars used in this study 

proved to be generally suitable as soil sta- 
bilieing agents, althoughTM-2 (Federal spec- 
ification corresponding closely to RT-6) was 
effective with one granular soil. RT-3, RT-5 
and RT-8 we r e not effective with the soils 
studied. Two forms of tar emulsion furnished 
by the Reilly Tar and C heroical Co. also 
w e r e ineffective for stabilizing s o i 1 s. No 
admixtures were found which would increase 
the effectiveness of tar as a soil stabilizing 
agent. 

DISCUSSION OF RESINOUS 
WATERPROOFING MATERIALS 

For the purpose of soil stabilization, 
resinous wvaterproofing materials are con- 
sidered to be those natural or synthetic resins 
whose chief function is to maintain the mois- 
ture content of a soil at or below optimum 
moisture by preventing entry of water into 
the treat e d and compacted mixture. Very 
slight or no cementing action is obtained from 
these materials. Unlike the bonding agents, 
whose effectiveness increases with the 
quantity used, waterproofing agents usually 
attain maximum effectiveness when used in 
small quantities - two per cent or less by 
weight of the treated soil. 

Althoughimpartingdesirable character- 
istics to the soil. and providing considerable 
waterproofing e f f e c t under mild exposure. 
none of thewater-repellent resins appears to 
be a suitable soil stabilizing agent at the 
p r e s e n t time. Tables VI and IX and Figs. 
9, 10 and 11, show the relative effectiveness 
of the most important of these materials. It 
has beensuggestedthat soil bacterial activity 
may have a detrimental effect on the per- 
manency of organic soil stabilizers such as 
bituminous and resinous materials. 12 

l2Hans F. Winterkorn, “A Fimdamental 
A p p r o a c h to the Stabilization of Cohesive 
Sdils .” Proc. Highway Research Board, Vol. 
28, pp. 415-422. 1948 

A considerable amount of laboratory and 
field testing of resinous waterproofing ma- 
terials has been conducted by the Corps of 
Engineers. 13 

Stabinol 
Stab in o 1 is composed of 75 per cent 

Portland cement and 25 per cent of a com- 
plex resinous compound. When used in the 
small quantities recommended by the pro- 
ducer, the cement fraction cannot impart 
appreciable bonding to the treated soil and 
acts only as a carrier for the resinous ma- 
terial and as a possible modifier for the soil 
to allow more effective use of the resin. A 
maximum of two per cent treatment usually 
has been recommended for water-repellent 
purposes. 

A considerable amount of laboratory 
testingof Stabinolwas conducted in the TDEC 
laboratories and at Princeton and several 
small test roads, treated with Stabinol. were 
constructed by the CAA regional offices. 

Initial laboratory tests were quite 
promising. In further studies. however, 
involving field testing, more severe labora- 
tory exposure and the use of a wider range 
of soils, Stabinol was not effective unless 
applied in sufficient quantities to enable the 
cement fraction to become active as abonding 
material. Usedinlarger quantities, however, 
Stabinol cannot be considered as strictly a 
waterproofing material. Soils A, B. E and 
G were the most susceptible to Stabinol treat- 
ment. Later tests indicatedthattheeffective- 
ness of Stabinol was considerably reduced by 
long storage. 

Stabinol is no longer produced as a 
soil stabilizing agent. 

Resin 321 
The effectiveness of Res in 321 as a 

soil stabilizing material has been previously 
reported by the TDEC. l4 and also by the 
Corps of Engineers. l5 Tests conducted by 
the TDEC subsequent to the publishing of 
these reports continued to show that Resin 
321 is the best of the waterproofing agents 
studied and that its water-repellent charac- 
teristics can be II t i 1 i ze d for improving the 

13”Res inou Water Repellents for Soils” 
TechnicalMemorandumNo. 217-1, U. S. 
Waterways Experiment Station, May 1946. 

‘he footnotes 1 and 2. 
l%ee footnote 13. 



14 

effectiveness of other stabilizing materials. 
However, the beneficial qualities of R e s in 
321 are reduced considerably under severe 
laboratory and field exposure. The soils 
most susceptible to treatment (A, B, D and 
E) could not be stabilized successfully with 
Resin 321 under field exposure. 

Like Stabinol, Resin 321 is no longer 
produced for soil stabilization purposes. 

Vinsol and NVX 
Vinsol and NVX (a neutralized form of 

Vinsol) are powdered resins which, like Sta- 
binol and Resin 321, function to impart water- 
repellent characteristics when mixed with 
soils. Withthe soils used in this study. Vin- 
sol was superior to NVX but far inferior to 
both Stabinol and Resin 321. 

Vinsol resin completely and partially 
neutralied by potassium hydroxide and by 
sodium hydroxide was prepared by Dr. Win- 
terkorn at Princeton but none of the resins 
were particularly effective. Vinsol and NVX 
were tested in powder and slurry form and 
withvarious additives including caustic soda, 
alcohol, acetone and other organic solvents 
but no appreciable improvement in their ef- 
fectiveness was noted. 

Laboratory and field testing of Vinsol 
and NVX also has been reported by the Corps 
of Engineers. l6 

Others 
A considerable number of natural and 

partially neutralized natural resins were in- 
vestigated at P r in c e ton, including Belro, 
Congo and Manila Copals, Mauri, Bat av i a 
Damar and Elemi resins. All of these were 
slightly be n e f i c i a 1 as soil waterproofing 
agents but are recommended only for tem- 
porary emergency use in areas where they 
are locally available. 

Other resinous materials tested, none 
of which we r e particularly effective, were 
Soilpak (approximately sevenparts of lime to 
one resin), Valite (a sugar resin). commer- 
cial powdered rosin, lignin sulfate and par- 
tially neutralized Tall oil. 

DISCUSSION OF RESINOUS 
BONDING MATERIALS 

Resinous bonding materials, as applied 
to soil stabilization, are considered to be 
those synthetic resins which cement or bond 

the particle s of soils with which they are 
mixed. Some of these resins also are good 
water -repellent materials. Approximately 
five per cent of the resin was arbitrarily se- 1 
lected as a maximum treatment in most of 
these studies buttestingofhigher percentages 
indicated that the effectivemss of the resin 
treatment increased with the quantity used. 
Some of these materials showed considerable 
effectiveness when used in quantities of less e 
than five per cent. Although several of the 
synthetic I e s ins have shown considerable 
promise as soil stabilizing agents this form 
of treatment is still in experimental stages. 
The present high cost of such materials, as 
c o m p a r e d to conventional methods of soil 
treatment, is an important factor to be con- 
sidered in their possible use as soil stabil- 
izing agents. Initial phases of the work with 
synthetic resins have been reported by the 
CAA and other agencies. 17, 18, 19 

Aniline-Furfural Resin 
The soil stabilizing properties of the 

resin formed by the interaction in the soil of 
two parts of aniline and one part of furfural has 
beenthoroughly investigated and reported. 20 
Since the publication of the orighal data 
considerable work has been performed in the 
TDEC laboratories to study further methods 
of utilizing this treatment; to evaluate its ef - 
fectiveness by means of severe laboratory 
and field exposute; and to determine the in- 
fluence of various catalysts2l on the effec- 
tiveness of the basic admixture. 

l&e footnote 13. 
l7See footnote 4. 
lSLewis B. Olmstead and L. W. Klipp. 

“Chemical Stabilization of Soils for Military 
Uses” U. S. Department of Agriculture Re- 
search Report No. 22, May 10, 1944. 

l9Vincent B. Smith, “Army, Navy Re- 
lease New Data onChemicalSdlStabilization.” 
Engineering News Record Vol. 144, No. 11, 
pp. 23-24, March 16, 1950. 

2OSee footnote 4. 
2lIn this report the term “catalyst” is 

wed, as it is in the plastics industry, to de- 
scribe materials which harden or accelerate 
the setting of resinous materials. In this 
case the catalyst actually takes part in the 
resin-forming reaction. 
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Since aniline and furfural begin reaction 
upon contact it is necessary to add the chem- 
icals to the soil separately. The maximum 
s t a b i 1 i ty of treated samples was attained 
wheneither oftwo methods of application was 
used: (a) the two chemicals added separately 
to the soil after the required mix water had 
been incorporated and (b) the two chemicals 
added to the dry soil in separate portions of 

. the required mix water. 
Unless special catalysts were used, 

the reaction between aniline and furfural in 
moist soil was slow, treated samples being 
easilymoldedwithinat leasteight hours after 
mixing, indicatingthat little “set” of themix- 
ture had taken place. Samples which were 
moist-cured prior to t e sting were always 
g r e at 1 y inferior to those permitted to air- 
or oven-dry, indicating that complete 
resinificationof aniline and furfural does not 
take place under moist-cure conditions. 

The laboratory and field testing results 
shown in Tables VI through IX, and Figs. 9 
through 14, corroborate earlier findings 
which s how e d that aniline-furfural, under 
air-dry conditions. is one of the best soil 
stabilizing agents. In tests w he r e aniline- 
furfural treated soilsampleswere oven-dried 
prior to e xp o s u r e they proved superior to 
those treatedwith even higher percentages of 
cement. This was particularly true in the 
Purdue tests, where not only the oven-dried 
samples of aniline-furfural but also the un- 
driedtestpanel of aniline-furfural weathered 
far better than the corresponding samples and 
test panel treated with higher percentages of 
cement. 

Aniline-furfural proved to be an effec- 
tive bonding and waterproofing agent over a 
wide range of soils but the degree of effec- 
tiveness variedwith the particular soil 
treated. Soil I) was very susceptible of this 
form of stabilization, while soil C was dif- 
ficult to treat successfully. The laboratory 
exposure tests were more detrimental to 
aniline-furfural t r e ate d samples of soil C 
than was field weathering. This was the only 
soil and treatment that reacted in this man- 
ner. 

Numerous catalysts were added to the 
aniline-furfural treatment and studied in an 
effort to improve the effectiveness ofthe resin 
treatment. Thepreliminary results obtained 
with some of these are included in Table V. 
Under more severe laboratory exposure and 
over a wide range of soils, several additives 

appliedinquantities of ten per cent by weight 
of resin, were effective, particularly CRD 
155 (aresinemulsion) potassiumdichromate, 
copper sulfate, ammonium chloride, S ant o 
Resin, NVX and Valite. Magnesium and cal- 
ciurnstearate, ferric chloride, Aroclor 
1271, r.inc sulfate. Montar No. 3 and chloro- 
sulfonic acid were effective but to a lesser 
degree. The more promising of these addi- 
tives are being investigated further. 

Furfural plus aniline sulfate and furfural 
plus aniline chloride were veryeffective. but 
to a lesser degree than furfural plus aniline. 
Two parts of aniline sulfate to one part fur- 
fural was the most effective of these com- 
binations. 

Aniline-furfuralmixture at the present 
time costs about 15 cents per pound and is 
the cheapest of the synthetic bonding resins 
studied. Aniline, being toxic, must be han- 
dled with considerable care. 

Resorcinol-Formaldehyde Resin 
A resorcinol-formaldehyde resin, des- 

ignated Amberlite PR-115. furnished by the 
Resinous Products Division of the Rohm and 
Haas Co. was found to be the best synthetic 
r e s in for hardening soil under moist-cure 
conditions at r o o m temperature. Samples 
t r e ate d with this material and stored in a 
moist cabinet were quite firm within a few 
hours after mixing. Air-dried samples were 
equally as stable as those moist-cured. A 
similar resorcinol resin, Lauxite RF-901, 
furnished by the Monsanto Chemical Co., 
was not as effective as Amberlite PR-115. 

Amberlite is furnished in liquid form 
and requires the addition of 15 per cent, by 
weight of the resin. of an aldehyde hardener 
to accelerate and complete the resinification. 
The Amberlite can be readily applied directly 
tothe soil or in the required mix water. The 
hardener, paraformaldehyde plus filler, can 
not be readilymixedwithwater and was added 
to the dry soil prior to the add it i o n of the 
Amberlite. 

At least five per cent of this treatment 
is required for effective soil stabilization 
but higher percentages of treatment produce 
higher stabilites. Althoughnot an outstanding 
stabilizing agent, Amberlite showed consida- 
able promise even under severe laboratory 
~XpOS”~‘Z. 

Buriedfieldsamples usingsoilc treated 
with five per cent Amberlite were not satis- 
factory but the similarly treated f ie Id test 
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panel was, with the exception of the cement 
treatments, the best of the pane Is tested. 
Results of the Amberlite testing are in- 
cluded in Tables VI and VIII and Figs. 9, 
10. 11, 13 and 14, all of which refer to air- 
dried samples, with the exception of the field 
test panel. 

At the present time Amberlite is far 
too costlyfor consideration as a primary soil 
stabilizing a gent. However, its desirable 
properties appear to be suitable for improving 
other, more economical admixes, particu- 
larly the bituminous materials. Asphalt e- 
mulsion with soilB. was greatly benefited by 
the addition of small quantities of Amberlite. 

Phenol-Formaldehyde Resin 
Several forms of phenol-formaldehyde 

resin were furnished for testing by the Cen- 
tral Research Department of the Monsanto 
Chemical Co. The outstanding material of 
this group was a “two stage” type resin des- 
ignated Resinox L-9673, which required the 
addition of ten per cent of hexamethylenetet- 
ramine for obtaining proper set. This ma- 
terial was furnished in lump form which 
couldbe easilypulverized in aballmill. 
The mixing of these materials with the soil 
was accomplished by applying the water in- 
soluble powdered Resinox to the dry soil and 
adding the “hexa” in solution with the mix 
water. Five per cent treatment was used 
for most of the tests although higher per- 
centage treatments were more e f f e c t ive. 
When higher percentages of Re s inox were 
useditwas necessary to reduce considerably 
the normal molding moisture requirements 
in order to avoid gummy, over-wet mixtures. 

Resinox ~-9673 reacts with the soil in 
a manner similar to Amberlite PR-115 al- 
though it is not quite as effective. It sets 
well at room temperature under moist-curing 
but is equally effective when air- or oven- 
dried. The resultswithResinox were erratic 
indicating that there may have been variations 
inthe different samples received, or that the 
samples may have been affected by storage 
conditions pr io I to use. In the laboratory 
tests Resinox L-9673 was quite promising 
but all samples failed during field exposure. 
Soils A and B were particularly benefited by 
this treatment. Numerous catalysts were 
tried inaneffort to improve the effectiveness 
of the R e s in o Y but none were particularly 
beneficial. Magnesium and zinc s te ar ate, 

potassium permanganate and ammonium 
chloride were of slight benefit. The effec- 
tiveness of Resinox L-9673 is shown in 
Tables VI through VIII and Figs. 9 through ’ 
16. 

Re s inox L-9673 is available only in 
limited quantities at the present time. Al- 
though promising as a soil stabilizing agent 
and as an additive to soil bituminous mix- 
tures. it is not as effective as less costly 
and more available stabilizers. For this 
reason further study of Resinox ~-9673 as a 
primary so i 1 stabilizing material does not 
appear warranted. 

Other Resinoxes, of the single stage 
type requiring no catalyst. were less effec- 
tive than Resinox ~-9673. Beneficial effect 
was obtainedwithResinox L-9671 and ~-9672 
but Resinox L-9819, L-9820 and J-489 were 
detrimental. 

Urea-Formaldehyde Resins 
Several commercialurea-formaldehyde 

resins were tested but only two forms of the 
materialwereeffectivewithsoil. Thesewere 
furnished by the Resinous Products Division 
of the Rohm and Haas Co. and designated 
Uformite CB-552 and CB-553. These resins 
are produced in powder form and are pre- 
catalyzed so that no activator is required to 
insure complete reaction. Thematerials are 
quite similar in their action and both set up 
withequal effectiveness under moist- and air- 
cure conditions. The Uformites were particu- 
larlyeffective withsoils A and D butwere not 
effective with other soils under severe lab- 
oratory and field exposure. Various chemi- 
cals were added to the soil-Uformite mixture 
inan attempt to extend its effectiveness over 
a wider range of soils but none of these were 
particularly beneficial. Slight improvement 
was obtained with zinc stearate, calcium 
stearate and salicylic acid when added in 
quantities of 20 per cent by weight of the 
Uformite. Test results withuformite CB-552 
are shown in Tables VI and VII and Figs. 9 
through 12 

The addition of Uformite tends to dry 
a moist soil and to d is p e r s e or “fluff’ the 
particles. This a c t ion greatly reduces the 
density, and increases the optimum moisture 
obtained by a given compactive effort for 
Uformite-treated soil as compared with un- 
treated soil. See Fig. 2. The optimum 
amount of Uformite treatment for effective 
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stabilization was between five and sixper 
cent. Increasing t h is percentage of treat- 

I mat resulted in weaker samples. A liquid 
form of Uformlte. designated 430, and a 
similar liquid urea-formaldehyde resin, re- 
quiring the addition of a hardener, produced 
by the AmericanCyanamidCo. anddesignated 
Urac 185 were not suitable as soil stabilizing 
agents. Powdered forms of urea-formalde- 

e hyde resinproduced bythe Monsanto Chemical 
Co. (Lauxite UF-77 and 101) reacted in a 
similar manner touformite CB-552. Several 
experimental laboratory mixtures of u r e a 
and formaldehyde were not effective soil 
stabilizers. 

Furfuryl Alcohol plus Sulfuric Acid 
The soil stabilizing effectiveness of the 

resin formed by the interaction of furfuryl 
alcohol and sulfuric acid, as indccated by 
preliminary tests using a sandy soil, has 
been described in a previous report. 22 In 
this method of treatment the furfuryl alcohol 
and the required acid were added to the soil 
in separate portions of the mix water. Sul- 
furic acid was used for most of these tests, 
although other strong inorganic acids were 
equally effective in forming the resin. The 
reaction of furfuryl alcohol with strong acid 
solutions is very rapid. requiring consider- 
able care in handling. As mixed in the soil. 
however, the reaction is not violent and the 
rate of resinification can be I e ad ily con- 
trolled by va r yin g the concentration of the 
acid, Acid salts were not effective in 
forming a stable resin with furfuryl alcohol. 

Promising results were obtained in the 
preliminary work with s andy soils by this 
method of treatment, particularly when the 
samples were oven-dried prior to testing. 
However, the treatment was found to be only 
slightly effective with other types of soil under 
air-dry Freeze- 
thaw and field weathering tests were particu- 
larly destructive to furfuryl alcohol-treated 
samples as shown by the test data included 
in Tables VI and VII and Fig. 12. 

The furfuryl alcohol treatment is much 
mqre expensive and far less effective than 
thatusing. aniline-furfural, hence, of the two, 
emphasis in this study has been placed on the 
latter compound, 

22See footnote 3. 

Others 
A considerable number of miscellaneous 

resins were investigated, noneof which were 
particularly effective when used alone with 
soils (See Table IV). Some were beneficial 
for improving the soil stabilizing character- 
istics of other materials. 

Melamine-Formaldehyde Resin 
A liquid form of melamine-formalde- 

hyde resin, Resimene M75, as furnished by 
the Monsanto Chemical Co., was found to be 
unsuitable as a soil stabilizing agent, and in- 
effective as an additive with other stabilizing 
materials. A catalyst is required for activa- 
ting this resin. 

Styrene Resin 
Several forms of styrene resins were 

tested. These were furnished in powder, 
liquid and in special emulsion form but none 
were found to be successful soil stabilizers 
under severe testing. Two of these resins, 
Stymer Solution (Monsanto) and Goodrite Resin 
50 (B. F. Goodrich) were beneficial to both 
cement and aniline-furfural-treated soils. 

Coumarone -Indene and Polyterpene Resins 
Coumarone-Indene and Polyterpene 

resins were quite similar in their action and 
were slightly beneficial to the soils treated, 
althoughthey cannot be considered success- 
ful soil stabilizing agents. Piccolyte S-125, 
Piccoumaron XX-100 and Santa Resin were 
beneficial to soil-cement mixtures. 

DISCUSSION OF 
MISCELLANEOUS MATERIALS 

Under the he ading of Miscellaneous 
Materials are included organic and inorganic 
chemicals and compounds which are not in- 
cluded under specific headings. Except for 
a few of the more promising materials, no 
data other than the qualitative results listed 
in Table IV were obtained. 

Tung Oil 
The results obtained at the TDEC from 

the 1 a b o r at o r y testing of tung oil-treated 
soil samples have been presented in two re- 
ports. 23, 24 Although the d *t .% reported in 
these publications indicated tung oil to be a 
promising stabilizer with certain soil types 

23see footnote 3. 
24see footnote 5. 
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when air-dried, its use is not economically 
feasible for normal construction purposes in 
this country. The test results shown in Figs. 
9, 10 and 11, and Table VI show that tung 
oil-treated s amp 1 e s were not particularly 
effective under severe exposure. The tung 
oil used in these tests, however ~, had been 
s to r e d in the laboratory for several years 
and may have lost some of its effectiveness. 
Tung oil was super ipr to all other drying 
oils studied; which included linseed oil, soya 
oil and three synthetic drying oils produced 
by the Monsanto Chemical Co. The addition 
of Aroclor 1271 and calcium oxide, both im- 
provedthe effectiveness of tung oil to a small 
degree. 

Silicone Oil 
A s ilic one oil, supplied by the Dow 

Chemical Co. was found to be unsuitable as 
a soil stabilizing material. When added in 
small quantities to some of the resin stabi- 
lizers, however, it proved beneficial. The 
use of silicones in combination with bitumi- 
nous materials, resins and other stabilizing 
agents is a promisingfieldyet to be explored. 

Stearates 
Stearates were investigated for the i r 

possible waterproofing effect. Stearic acid, 
aluminum, calcium, magnesium, sodium 
and zinc stearates all improved the mixing 
characteristics of the more p 1 as tic s o il s 
and imparted a certain degree of water- 
repellency but none were e f f e c t iv e when 
subjected to freezing and thawing exposure. 
Calcium and magnesium stearate, particu- 
larly, imparted t e mp o r a r y waterproofing 
characteristics to soil-cement mixtures but 
their effectiveness was destroyed by severe 
exposure. 

Tall Oil 
A whole tall oil. high in rosin acids, 

was tested with several soils and found to be 
unsuitable as a stabilizing agent. No catalysts 
were found that would improve its soil stabi- 
lizing properties Partially neutralized tall 
oil, in powder form, was tested at Princeton 
directlywithsoilandas an additive to bitumi- 
nous materials. Both methods of application 
were only slightly beneficial. 

Amines 
Several commercially available amines 

were investigated as applied directly to the 

soil and as added to other soil stabilizing 
materials. Aggrecote 600, a complex amine 
produced by the Minnesota Mining and Manu- 
facturing Co. for improving the adhesion of 

1 

bituminous materials to mineral aggregate, 
was only slightly effective when added to soil 
as a primarytreatment. Pre-coatingthe soil 
and allowing to dry, prior to the addition of 
bituminous mate r i a 1 s, did not appreciably 
improve the susceptibility of the soils to bi- 
tuminous treatment. 

Armour Amine 1180-B was slightly 
beneficial to soils under mild exposure con- 
ditions. Rosin Amine D (Hercules Powder 
Co.) was not effective either directly or as 
an additive to other treatments. 

CONCLUSIONS 

From the results presented in this re- 
port it is apparent thatnoentirelysatisfactory 
soil stabilizing agent has been found. Although 
severalmaterials areeffective under specific 
conditions or with certain soils, none has 
proved to be universally suitable. Based upon 
the soils and methods employed in this study 
the following conclusions can be stated con- 
cerning the testing procedures and soil 
stabilizing materials investigated. 

Testing Procedures 
1. P r o p o s e d soil stabilizing materials 

should be tested in combination with a large 
number of soils because the effectiveness of 
a particular treatment varies with the soil 
used. The characteristics of the naturalsoils 
are the greatest variables encountered in soil 
stabilization. 

2. The use of small 2- by 2-inchcylindri- 
Cal samples appear 5 satisfactory for pre- 
liminary laboratory and f ie Id evaluation of 
chemically treated soils. No significant dif- 
ferences in test results were observed when 
larger samples were used. Unconfinedcam- 
pression tests were as significant as more 
elaborate test methtis for obtaining relative 
stability of treated samples. 

3. The moisture-density relationship of 
most soils is considerably modified by the 
addition of c e r t a i n chemicals and this im- 
portantsoil characteristic should be investi- 
gated for each treatment studied. 

4. Oven-drying of chemicallytreated soil 
samples prior to testing is not recommended. 
Resinous bonding materials, in particular, 
are greatly benefited by higher temperatures 
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and should not be tested under conditions not 
attainable in normal construction procedure. 
Certain other chemical treatments are ad- 
versely affected by oven-drying. Air-drying 
and moist-curing were found to be satis- 
factory. 

5. Simple absorption tests were not suf- 
ficiently severe for properly evaluating the 
effectiveness of chemical admixtures. Al- 
ternate freezing and thawing or alternate 
uarming and cooling cycles (with minimum 
temperature of t35”F) should be included in 
all testing, the samples in each case having 
ample opportunity to absorb moisture prior 
to beginning the test and during the thawing 
or warming portion of the cycle. 

6. The progressive laboratory exposure 
testdeveloped during this study for evaluating 
the effectiveness of chemical soil treatments 
produced a weathering effect similar to that 
attained by l-year field exposure. 

Materials 
1. Portland cement, when applied in 

quantities of ten per cent or more, was the 
most gene rally acceptable soil stabilizing 
material studied. Considerable e f f o r t was 
expended to improve the resistance of soil- 
cement tomoisture attack and to improve its 
effectiveness over awide rangeof soils. 
The most generally effective additives found 
were Montar No. 3, Aroclor 4065, Picco- 
lyte S-125, Piccoumaron Xx-100, Santa 
Resin, Resin 321, CRD 108 and CRD 155. 

A problem soil (soil D) which could 
not be stabilized by a treatment of 20 per 
cent cement alone, reacted normally and was 
stabilized with ten per cent cement when an 
add it ion a 1 treatment of five per cent (by 
weight of cement) of a polyoxyethelene ester. 
Sterox LF-87, was applied. Resinox 9672 
and Resin 321 alsowere beneficial to the soil 
D-cement mixture. 

2. The resin formed by the interaction of 
two parts aniline and one part furfural was a 
very good bonding agent for soil and the most 
effectivewaterproofing material investigated 
in this study. This resin was quite ettective 
whenused in quantities as low as two per cent 
although higherpercentages weremore bene- 
ficial. Under certain test conditions a 4 to 
6 per cent treatment of aniline-furfural proved 
superior to treatments of 10 to 12 per cent 
cement. Maximum effectiveness, however, 
could be attained only by drying the aniline- 

furfural samples prior to testing. Several 
additives were found for improving the air- 
dried treatment, the most generally benefi- 
cial of which were Resin Emulsion CRD 155, 
ammonium chloride. Santa Resin, potassium 
dichromate, Valite and copper sulfate. 
Chlorosulfonic acidwas very effective in im- 
provingthesusceptibilityof soil C to aniline- 
furfural treatment. This s o i 1, otherwise, 
was one of the most difficult to treat success - 
fully with aniline-furfural. No admixtures 
were fowd which would appreciably improve 
the moist-cured samples of aniline-furfural. 

3. Amberlite PR-115 (plus paraformalde- 
hyde hardener) and Resinox 9673 (plus 
hexamethylenetetramine catalyst) we r e the 
most promising commercial resins studied 
when used in quantities of five per cent or 
higher. Bothof these materi+ls have the de- 
sirable characteristic of being able to harden 
the soil at room temperature, under moist- 
cure conditions. The highcostof these resins 
does not permit their use in normal civil 
construction at the present time. However, 
bothAmberlite PR-115andResinox9673 were 
effective in improving bituminous soil treat- 
ments when used in small quantities and with 
further development their use for this purpose 
may be economically feasible. 

4. None of the bituminous materials were 
effective as s Q il stabilizing agents. MC-2 
and very high percentages of asphalt emulsion 
were the best. The effectiveness of MC-2, 
RC-2 and asphalt emulsion were improved 
by the addition of 20 per cent, by weight of 
the basic admixture, of aniline-furfural, 
Amberlite PR-115. Lauxite RF-901, Resinox 
9673 and hydrated lime. 

5. None of the powdered resinous water- 
repellents were successful under severe ex- 
posure. Resin 321 was the most effective of 
the s t r i c t 1 y waterproofing agents and also 
was beneficial whenaddedtocementand 
aniline-furfural. 

6. Hydrated lime, sodium silicate, 
powdered slag and calcium chloride were 
among the most commonly available mater- 
ials found to be unsuitable soil stabilizing 
materials. However, smallquantities of 
lime, sodium silicate and powdered slag were 
effective in reducing the plasticity of fine- 
grained soils. 

It is emphasized that these conclusions 
are based entirely upon methods of tests 
described in this report. Under actual serv- 



20 

ice conditions the performance of any of these 
materials coulddiffer fromtheirperformance 
as reflected bv their resistance to disinte- 
gration when subjected to the laboratory and 
small-scale fieldexposure tests. In order to 
more fully evaluate the effectiveness of soil 
stabilizing agents, w it ho u t the immediate 
construction of expensive field installations, 
a special circular track has been fabricated 
at the TDEC laboratories which will permit 
the comparative testing of different stabilized 
pavements under controlled traffic applica- 
tion and controlled moisture conditions. 

In addition to the conclusions reached 
concerning testing procedures and the eval- 
uation of specific admixtures, results of this 
study also indicate that a more basic under- 
standing of the nature and co mp o s it i o n of 
natural soils is necessary before a complete 
solution of the soil stabilization problem can 
be attained. This finding has been corrobor- 
ated by a study of the work of others. The 
physical and chemical characteristics of soils 
are extremely complex.and variable, and con- 
sequently their r e a c t i on s to a particular 
c h e m i c a 1 treatment cannot be accurately 
predicted or fully e xp 1 a i ne d by any of the 
known soil testing procedures. The soil 

classification tests normally used - grain 
size distribution, plasticity index, maximum 
dens i ty, pH determination, etc. - are not 
sufficient for evaluating the susceptibility of 
a given soil to chemical treatment. In fact, 
some soils react with chemical admixtures 
in a manner quite opposite to that expected 
from a study of these classification tests. 

It is apparent that certain soils possess 
peculiar p r o p e r t i e s, as yet unevaluated. 
which determine whether the soil system as 
a whole will react in a favorable or unfavor- 
able manner to a particular chemical treat- 
ment. For the full utilization of present data 
and as a guide to future developments it is 
essential that these properties be isolated 
and understood. In this way beneficial char- 
acteristics can be utilized to the maximum 
and detrimental characteristics eliminated or 
neutralized. A fulland proper understanding 
of these factors willrequire a comprehensive 
study of basic soil composition and of the 
reactions involved in the combination of the 
various soil components with chemical ad- 
mixtures. Such a difficult and detailed study 
should properly require the combined Imow- 
ledge and techniques of the chemical and 
engineering professions. 



TABLE I 

Soil Texture 

A Sandy Loam 17.7 14.8 
B Sandy Clay Loam 21.2 NP 
C Clay Loam 26.0 14.7 
D Sandy Loam 26. 8 NP 
E Loa*, 28. 0 20.0 
F Clay Loam 30.2 14.5 
G Silt 30.7 25.5 
H Silty Clay Loam 32.0 16.2 
1 Clay Loam 33.4 20.0 
J Clay 49.5 28.0 

Texture 

Gravelly Sandy 
Loam 

Sandy Loam 
Silty Loam 

Silty Clay 

Clay Loam 
Clay 

L.L. 

Characteristics Of TDEC Test Soils 

Compaction Data 
Atterberg Limits Standard AASHO Modified AASHO 

P.L. P.1. S.L. M.D. O.M. M.D. O.M. 

2.9 
__ 

11.3 

14.5 
-- 

12.6 
-_ __ 

8.0 15.1 
15.7 13.0 

5.2 22.1 
15.8 14.3 
13.4 15.9 
21.5 21.6 

119.0 11.0 

121.0 10. 8 
121.8 11.4 
110.2 16.0 
115.1 13.8 
116.8 13.4 
106.6 16.9 
111.8 15.8 
114.6 14.0 

95.1 23.5 

__ 
130.5 
133.2 
117.2 
122.0 
128.6 

_- 

122.2 
-- 
_- 

-- 

9.1 
8.4 

14.6 
11.6 
10.4 

-- 

12.5 
-- 
-- 

SP. 
Gr. 

PH 

2.67 7.4 
2.72 7.9 
2.73 8.4 
2.73 7.8 
2.64 6.4 
2.74 8.0 
2.70 7.6 

2.68 7.7 
2.69 5.0 
2.70 5.1 

N 

r 

TABLE 11 

Characteristics Of Purdue Test Soils 

Gradation-Percent Atterberg Limits 
Sand Silt Clay L.L. P. I. 

50 34 16 20.5 6.0 122.0 12.0 2.71 
58 29 13 NP -- 107.0 16.5 2.63 
12 64 24 41.9 16.9 103.3 18. 3 2.70 

2 58 40 47.4 18.3 99.8 22.0 2.72 
26 52 22 42.7 23.2 107.5 17.5 2.70 
11 52 37 49.3 27.9 99.8 22.0 2.67 

Standard AASHO 
Compaction Data 

M.D. O.M. 
SP. 
Gl-. 



inorganic Cementing *gents 
Portland cement 
Natural Cement 
Powdered Slag 
Hydrated Lime 
Sodium Silicate 
Oxychloride Cement 

Tar TM-I. TM-Z, RT-3. RT-6, RT-8 
MC-2. RC-2. MC-1 
Emulsified Tar 
Road Oil SC-3 
Powdered Asphalt 

Resinous Waterprooiing *gents 
“insol (Poadered Resin) 
NYX (Neutralized Yinsol) 
Stabino, (75% Cement + 25-f Resin) 
Resin 321 (Salt of Abietic Acid) 
Rosin Powder 
Soilpak (Resin + Lime) 
Valiie-7796 (Thermoplastic Resin) 
Natural Resins 

Synthetic Resin Bonding *gents 
Resinox 9673 + hexa (Phenol-Formaldehyde Resin) 
Resinox 9671, 9672 (Phenol-Formaldehyde Resin) 
Resinox 9BLO. 9819, 482 (Phenol-Formaldehyde Resin) 
“formite CB 552, 553 (Urea-Formaldehyde Resin) 
“formite 430 (Urea-Formaldehyde Resin) 
Urac 185 + hardener (Urea-Formaldehyde Resin) 
Lauxite “F 77 (Urea-Formaldehyde Resin) 
Lauxite “F 10, + Hardener (Urea-Formaldehyde Resin) 
Amberlite PR-115 + Hardener (Resorcinol Resin) 
Lauxite RF 901 + Hardener (Resorcinol Resin) 
Resimene M75 + Hardener (Melamine-Formaldehyde Resin) 
Resloom MT5 + Hardener (Melamine-Formaldehyde Resin) 
Plast-O-Trek (Styrene Resin) 
stymer Solution (Styrem Resin) 
CRD 108 (Styrene Resin) 
CRD 119 (Styrene Resin) 
CRD 155 (Resin Emulsion) 
Modified Styrene 480 (Styrene Resin) 
Piccoumaron xx-100 (Coumarone-lndene Resin) 
Piccolyte s-,*5 (Polyterpene Resin) 
Santo-Resin (Polykrpene Resin) 
Aniline-Furfural 

Hercules Powder Co. 
Hercule. Powder Co. 
Hercules Powder Co. 
Hercules Powder Co. 
Commercial 
SeLvice Engineering co. 
va1ite Corp. 
Commercial 
H. F. Winterkorn 
H. F. winter!arn 
H. P. Winterkorn 

Monsanto Chemical co. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Rohm & Haas co. 
Rohm 8s Haae co. 
American Cyanamid Co. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Rohm & Haas co. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Monsanro Chemical co. 
West *thlric Corp. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Penn. Ind. Chemical co. 
Penn. Ind. Chemical Co. 
Penn. hd. Chemical Co. 
Monsanto Chemical co. 
Commercial 
Commercial 
Laboratoty 
Laboratory 
Monsanio Chemical co. 
Monsanto Chemical co. 
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Material 
5 

synthetic Resin Bonding Agents (Continued) 
Resproof. WR (Thermosetting Resin) 
sterox LFA 87 (Palyoxyethylene Ester) 
CRD L36 (Hydrocarbons + Metallic Salk) 
T ransphalt 100 
Geon Latex 31 (Vinyl Resin Latex) 

G Coodrite Resin 50 (Styrene-Butadiene) 
Goodrite Latex 50 
Methylmethacrylate (Poly) 
calcium ~ethacr~late + Beneoyl Peroxide 

Miscellaneous Materials 
nmg Oil 
Linseed Oil 
Soya Oil 
Drying Oils - 201423-M-35 
Motor Oil SAE 30. 50 
Silicone Oil 
Rosin Oil 
Tall Oil 
Castor Oil 
Crude Oil 
Rosin Amine D 
Kelkote (Soya Prokin) 
~~~recote 600 (Complex Amine) 
~roclor 1168. 1170, 1171. 4065. 5060, 1260, 

btontar No. 3 (Chlorinated Diphenyl) 
Hevea Latex 
Compound SS-I, S-2 
Dicdihe SA-1 (Diatomaceou.9 Earth) 
“oklay (Bentmite) 
Armour *mine ,,SO-B 
Calcium Chloride 
Sodium Chloride 
Sodium *,ginate 
Al., Ca., Mg., Na., z.n., stearates 
Stearic Acid 
Oleic Acid 
Ethyl Silicate 
Re.5orcinal 
Sodium Okate 
Tmnic Acid + Calcium Chloride 
Aniline 
Furfural 
Sulfur (Powdered) 
Silicic Acid 
Barium Chloride 
Zinc Oxide 
Tetrahydrofurfuryl Alcohol 
Barium Hydroxide 
Calcium Hydroxide 
Ferric Chloride + Ammonia 
Aluminum Sulfate 
Magnesium Sulfate 
Magnesium Sulfate + Na. Siliconuoride 
Barium Chloride + Na. Silicofluoride 
Calcium Chloride + Na. Silicofluoride 
Abietic Acid 
Ethyl Silicate + FurfInal 

Source 

Monsanto Chemical co. 
Monsanto Chemical co. 
Monsanto Chemical co. 
Penn. Ind. Chemical co. 
B.F. Goodrich Chemical Co. 
B.F. Goodrich Chemical co. 
B.F. Goodrich Chemical Co. 
Commercial 
U.S. Plastic Products Carp. 



Material 

Inorganic Cementing Materials 
Portland cement 
Natural cement 
Powdered Slag 
Hydrated Lime 
Sodium Silicate 
0xycbloride cement 

Bituminous Materials 
Asphalt Emulsion 
Tar (TM-l, TM-Z, RT-3, RT-6. RT-8) 

MC-,, MC-Z, RC-Z 

Emulsified Tar 
Road Oil SC-3 
Powdered Asphalt + Kerosene 

Resinous v7aterprooiing Materials 
Vinsol 
NVX 
Stabin 
Resin 321 
Rosin Powder 
SOilPd 
Valite 7796-D 
Natural Resins 
Belro (Partially Neutralized) 
Vinsol (Partially Neutralized) 
Lignin Sulfate 

Synthetic Resin Bonding Materials 
Resinox 9673 + “he&’ 
Resinox 9671. 9612 
Rehinox 9819, 9820. 482 
Uformite CB552. C8553 
“formite 430 
“rat 185 + Hardener 

Qualitative Results Of Laboratory And Field Testing 
Of Proposed Soil Stabilizkg Agents 

Effectiveness of Admixture as Indicated bv Different Exbosure 1 
Laboratory Exposure 

Preliminary 

Field Exposure 

Fair 
Fair 

Fair 

Unsuitable 
Fair 
Slight 

Slight 
Slight 
Good 
Good 
Slight 
Unsuitable 
Unsuitable 
slight 
Slight 
Unsuitable 
UIlsLLitablf? 

Good 
Slight 
Unsuitable 
Fair 
Unsuitable 
Unsuitable 

Very Gmd 
-- 

Unsuitable 
Unsuitable 
Unsuitable 

-- 

Unsuitable 
Slight 

Slight 

-_ 

Slight 
Slight 

Unsuitable 
Unsuitable 
Fair 
Fair 
Unsuitable 

__ 
-- 
-_ 
__ 
-- 
-_ 

Fair 
Unsuitable 

__ 

Slight 
__ 
-- 

Very Good 

_- 
Unsuitable 
Unsuitable 

-- 

Unsuitable 
Slight 

(TM-Z) 
Unsuitable 

(MC-Z) 

Slight 
Slight 

Unsuitable 
-- 

Slight 
Unsuitable 

_- 

__ 
_- 

Unsuitable Slight 
-- -_ 
-_ __ 

Unsuitable -- 
-- -_ 
__ -_ 

Test Panel. 

GOCd 
-- 
-- 
-- 
__ 
-_ 

Unsuitable 
_A 

Unsuitable 
(MC-Z) 

-- 

Unsuitable 
-- 

-- 
-- 

Unsuitable 
-- 
__ 
-- 
-_ 
-_ 
-- 
-- 
-- 



Material 

Lauxite UF-77 
Lauxite “F-101 + Hardener 
Lauxite RF-901 + Hardener 
Amberlite PR115 + Hardener 
Resimene M75 + Hardener 
Resloom M75 + Hardener 
Plast-O-Trek 
stymer SOlution 
CRD 108 
CRD 119 
CRD 155 (Resin Emulsion) 
Mo&ified Styrene 480 
Piccoumaron xx-100 
Picco1yte S-125 
santo Resin 
Aniline-Furfura, (21) 
Furfuryl Alcohol + HZS0.l 
Phenol-Furfural 
Urea-Furfural 
Merske 
CRD 134 
Resproof WR 
sterov LFA 87 
CRD 136 
Transphalt 100 
Geon Latex 3 IX 
Goodrite Resin 50 
Goodrite Latex 50 
Methyl Methacrylate (poly) 
Calcium Methacrylate + Benzoyl Peroxide 

Miscellaneous Materials 
Tung Oil 
Linseed Oil 
Soya Oil 
Drying Oils 201423-24-35 
Motor Oil SAE 30. 50 
Silicone Oil 
Rosin Oil 
Tall oil 
castor Oil 

TABLE IY (CONTINUED) 

Effectiveness af Admixture as Indicated by Different Exposure 1 
Field Ex~osurc Laboratory Exposure 

Preliminary Severe Buried Samples Test Panels 

-- 
-- 
-- 

Slight 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

Good 
-- 
-- 
-- 
-- 
__ 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-_ 
-- 

U”SUit.4ble 
Fair 
Gacd 
Good 
Slight 
Slight 
Slight 
Slight 
Slight 
Unsuitable 
Slight 
Fair 
Fair 
Slight 
Unsuitable 
Very Good 
Fair 
Slight 
Slight 
UIXuit.3bk 
Unsuitable 
Slight 
Slight 
Unsuitable 
Fair 
Unsuitable 
Slight 
Slight 
Unsuitable 
Unsuitable 

Good 
Fair 
Unsuitable 
Unsuitable 
Unsuitable 
Slight 
Unsuitable 
Unsuitable 

-- 

-- 

Unsuitable 
Good 
Slight 
Unsuitable 

-- 

Unsuitable 
Unsuitable 
Unsuitable 

__ 

Unsuitable 
Slight 
Slight 
Slight 

-- 

Good 
Unsuitable 
Unsuitable 
Unsuitable 

-- 
-- 
__ 
-- 
-_ 

Slight 
-- 

Unsuitable 
Unsuitable 

-- 
-- 

-- 
__ 
__ 

Slight 
-- 
-- 
__ 
__ 
-- 
__ 
-- 
-_ 
-- 
-- 
__ 

Very Gaod 
Unsuitable 

__ 
__ 
-- 
_- 
-- 
-- 
__ 
-_ 
-- 
_- 
-- 
__ 
-- 

Fair Slight 
-- -- 
-- -- 
-- -- 
-- -- 
__ -- 
__ -- 
-_ -- 
-- __ 

-- 

-- 

-- 

_- 



Crude Oil 

Aggrecote 600 
~~~~~~~ 1168. 1170, 1171. 1260 
Aroclor 4065, 5060, Montar No. 3 
Hevea Latex 
Compound SS-1, SS-2 
Dicalite 5X-l 
Volclay 
Armour Amine 1180-B 
Calcium Chloride 
Sodium Chloride 
Sadium Alginate 
Stearates (Al., Ca., Mg.. Na.. Zn.) 
Stearic Acid 

Oleic Acid 
Ethyl Silicate 
Resorcinol 
Sodium Oleate 
Tmnic Acid + Calcium Chloride 
Aniline 
Furfural 

Sulfur (powdered) 
Silicic Acid 
Barium Chloride 
Zinc Oxide 
Tetrahydrofurfuryl Alc~ho, 
Barium Hydroxide 
Calcium Hydroxide 
Ferric Chloride + Ammonia 
Aluminum Sulfate 
Magnesium Sulfate 
Magnesium Sulfate + Na. Silicofluoride 
Barium Chloride + Na. Silicofluoride 
Calcium Chloride + Na. Silicofluoride 
Abietic Acid 
Ethyl Silicate + Furfural 

‘Based on average results with several soil types. 

TABLE IV (CONTINUED) 

Effectiveness of Admixture as Indicated by Different Exposure ’ 
Laboratory Exposure Field Exposure 

Preliminary Buried Samples Test Panels 

-- 

Unsuitable 
Unsuitable 
Slight 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Slight 
Unsuitable 
Unsuitable 
Unsuitable 
Slight 
Slight 

Slight 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 
Unsuitable 

-- 
-- 

Unsuitable 
-- 
__ 
-- 
_- 
-- 
-- 
-- 
_- 
_- 
_- 

Unsuitable 
Unsuitable 

__ 
_- 
_- 
-- 
__ 
_- 
-_ 
-_ 
-- 
_- 
-- 
-- 
-- 
__ 
-- 
-- 
-- 
-- 
__ 
-- 
-- 
-- 

-- 
-- 
-- 
__ 
-- 
-_ 
-- 
_- 
-- 
-- 
__ 
-- 
__ 
_- 
__ 
-- 
-- 
-- 
-- 
__ 
__ 
-- 
__ 
_- 
-- 
-- 
__ 
_- 
_- 
-- 
-- 
__ 
__ 
-- 
_- 
-- 
-- 
-- 

-- 
-- 
-- 
-- 
-- 
-- 
_- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
_- 
-- 
__ 
-- 
-- 
_- 
__ 
_- 



Additive 

Aroclor 1271 
Aroclor 4065 
Aroclor 1171. 5060 
Aroclor 1168, ,170 
ldontar No. 3 
Piccolyte (25 
Piccoumaron XX-100 
Transphalt 100 
Modified Styrene 480 
Coodrite Resin 50 
Plast-O-Trek 
Stymer Solution 
CRD LOB 
CRD 133 
CRD 119 
CRD 134 
CRD 155 
Resin 32, 
Vinsol 
NVX 
St~bi~d 

Uformite 552 
Resinox 9672 
Resinox 9673 + hexa 
Resinox9671. 9819, 482 
Amherlite + hardener 
Resimene M75 
Aniline-Furfural 
Santo Resin 
Valite 
Sterox LF87 
Aggrecote 600 
Hevea Latex 
Stearic Acid 
Calcium stearate 
zinc stearate 
Magnesium stearate 
Sodium Oleate 
Calcium Chloride 
Potassium Permanganate 
Sodium Silicate 
Copper Sulfate 
Chlarosulfonic Acid 
Potassium Dichromate 
Sodium Silicofluoride 
Triethanolamine 

+ = Beneficial 
0 = No important effect 
- = Detrimental 

-__ = Not tested 
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TABLE V 

Qualitative Effectiveness Of Additives As Applied 
To Soils Treated With Different Basic Admixtures 

Primary Treatment 

cement 

+ 
+ 
0 

+ 
+ 
+ 
0 
0 
+ 
0 
+ 
+ 
+ 

+ 

+ 
_-- 

0 
+ 

+ 

0 
+ 
0 
+ 
0 

___ 

Lime 

+ 
0 

___ 
___ 

0 
+ 

0 
+ 
0 

___ 

0 
+ 

--- 
--- 

+ 

0 

___ 

___ 
___ 

+ 
___ 

0 

___ 
-__ 
--- 

0 
--- 
--- 

+ 
___ 

0 
___ 
--- 

-__ 

Asphalt Aniline- Sad ium 

Emulsion Furfural Silicate 

0 
___ 
--- 
--_ 

0 
+ 

--- 

0 
0 
0 
0 
+ 
0 
+ 

--- 
--_ 

0 
0 
0 
0 

-__ 

0 
0 
+ 

+ 
0 
+ 

--_ 

0 
0 
+ 
+ 

--- 

0 
+ 

___ 
___ 
--- 
--- 

0 
___ 
--- 
--- 

0 

+ 
0 

--- 
___ 

0 
0 
0 
0 

--- 

+ 
___ 

+ 
+ 
+ 

___ 

+ 
+ 
0 
+ 

___ 

0 
0 

--_ 
-__ 
--_ 

0 
--- 

+ 
+ 

0 
___ 

+ 
+ 
0 
+ 

+ 

+ 
+ 
+ 
+ 
0 

0 
___ 

0 
0 

___ 

0 
0 

___ 

0 

--- 

0 
0 

--- 
--- 
-__ 

0 
0 
0 

--- 

___ 
--_ 

0 
___ 

0 
0 

___ 
--_ 

+ 
+ 
+ 
+ 

--_ 

0 
--_ 
___ 

0 
0 

0 
0 



Treatment 

12% cement 
do + 0.6% Aroclor 4065 
do + 0.6s Montar 
do + 0.65 Piccoumaron 
59 cement 
5% Lime 
14% Sodium Silicate Sol. 
12% Powdered Slag 
8$&K-2 
5% MC-2 
5% RC-2 
20$ Asphalt Emulsion 

5% AE + Amberlite 
do + Aniline-Furfural 
5% Aniline-Furfural 
5% Amberlite 
5s Res inox 
5% Uformite 
5s Furfuryl Alcohol2 
5% Stabinol 
28 Resin 321 
2% NVX 
2% Vim501 
2% Tung Oil 

TABLE VI 

Effectiveness Of Different Admixtures With Six Soils As Indicated 
By Progressive Laboratory Exposure - 2- By 2-Inch Air-Dried Samples 

Soil Bl Soil C Soil D Soil Fl Soil Hl Soil I 

4215 8.3 
5070 7.6 
4960 7.7 
-_ -- 

540 12.3 
2 F-T 18.1 

115 11.2 
2 Imm 16.2 

-- -- 

80 16.2 
110 12.5 
620 6.4 

1110 4.6 
-- -- 

1700 4.3 
1330 10.3 
1050 11.0 

310 15.8 
1 F-T 17.5 

1210 5.9 
3 Imm 13.9 
3 Imm 18.8 
1 lmm 14.6 

80 16.5 

6700 
__ 

6800 
7400 

30 
6 F-T 
2 F-T 

-- 

2 F-T 
1 F-T 

Inun 
6 F-T 
6 F-T 

12 F-T 
12 F-T 

330 
230 

6 F-T 
1 W-D 
6 F-T 
1 F-T 
1 F-T 
1 F-T 

12 F-T 

10.4 9 F-T 26.0 
-_ 5 F-T 14.9 

10.1 12 F-T 25. 5 
10.1 12 F-T 24. 5 
12.9 SF-T 27.1 
14.7 9 F-T 30.3 
33.2 2F-T 31.6 

-- 2 F-T 18.5 
28. 8 475 7.4 
26.4 -- -- 
19.1 -- -- 
23.8 300 8.5 
18.4 30 7.6 
18.1 760 7.6 
11.8 2200 5.0 
16.3 1450 17.1 
13.6 530 19.5 
18.9 680 19.5 
15.6 -- -- 
11.5 30 11.2 
21.8 610 4.6 

-- 30. 9.4 
27.9 2 F-T 23.2 
19.8 30 17.2 

4790 
4943 
5475 
-- 

4 W-D 
2 F-T 
1 Imm 
3 Imm 

-- 

3 W-D 
3 W-D 
1 W-D 

110 
-- 

1650 
330 
250 

20 
Imm 

6 F-T 
1 F-T 

3 Imm 
1 Imm 
6 F-T 

10.8 4472 9.3 1900 
10.1 4265 10.4 -- 

9.5 3890 10.5 2130 
__ -- -- 2130 

14.0 4 W-D 17.0 12 F-T 
23. 1 2 Imm 12.8 4F-T 
27.7 I Imm 34.4 2 W-D 
24. 1 3 F-T 20.1 -- 

-- -- -- 240 
20. 1 3 W-D 26.4 -- 
16.2 5W-D 25.4 -- 
24.1 -- -- 12 F-T 
13.6 6 F-T 14.8 12 F-T 

-- -- -- 12 F-T 
5.9 2950 2.5 750 

15.7 285 18.2 12W-D 
15.1 350 16.6 610 
24.6 1 W-D 24.8 12 F-T 
29. 2 1 Imm 23.9 -- 
14.1 6 F-T 12.0 9F-T 
17.2 3 Imm 12.1 30 
20.1 2 Imm 13.0 4 F-T 
22.0 1 Imm 13.0 2 F-T 
19. 8 6 F-T 24.5 12 F-T 

14.9 
-- 

14.9 
14.8 
19.7 
22.5 ; 
26.4 

-- 

9.4 
-- 
-- 

25.8 
22.0 
17.9 

9.9 
16.6 
15.7 
22.6 

-- 

lb.9 
8.4 

30.8 
23.2 
23.4 

10nly six cycles of F-T and W-D were used instead of the usual 12 cycles. 
2Plus 0.46 H2S04. 



Treatment 

IZ$ Cement 16,500 7,000 13.0 6,550 13.6 4.850 13.7 1,550 17.5 3.5004 10.7 
do + 0.6s Aroclor 4065 19,170 8, 840 12.6 7,650 13.5 4,950 14.7 3,200 17.2 8,400 10.0 
do + 0. b$ Montar 18, 850 7, 820 12.6 8,600 13.0 5,800 14.7 2,010 19.1 7,200 11.0 
4% Aniline-Furfural 9,500 5,550 2.0 4.180 3.0 4,550 3.0 2,400 4.1 8.100 3.1 
4s Resinox 16,420 2,800 9.5 2.620 10.4 2,900 10.4 1,150 16.0 115 13.2 
4s Uformite2 4,650 1,300 4.8 1,300 5.7 0 20.0 0 20,6 0 -- 

45 Furfuryl Alcohol3 11,450 900 13.0 700 15.1 250 19.9 200 21.6 0 -- 

4$ Lime2 7.650 2,250 6.5 1,950 10.0 900 15.3 150 20.2 60 15.0 !z 

12% Cement 18.600 5.690 13. 8 6,260 13.8 2.213 13.0 0 18.3 4.1004 10.1 
do t 0.6s Aroclor 4065 18,910 5,460 14.9 6,500 14.5 3,200 13.6 0 16.2 4,2504 10.1 
do + 0.6% Montar 18,190 5. 230 14.7 6.010 14.7 3,130 14.3 0 17.7 4.4004 10.3 
4% Aniline Furfural 9,780 4,170 2.7 3,480 4.5 3,350 2.9 2,835 5.2 3,050 3.1 
4s Resinox 15,950 -- -_ 1,100 14.6 -- -- 0 20.0 0 -- 

4% Uformite2 2,300 -- -- 500 19.1 -- -- 0 27.8 0 -- 

48 Furfuryl Alcohol3 12,900 -- -- 690 15.4 -- -- 0 24.5 0 -- 

4% Lime2 5, 880 -- -- 1,080 14.6 -- -- 0 21.6 45 18. 1 

TABLE VII 

Effectiveness Of Different Admixtures With Two Soils As Lndicated 
By Laboratory And Field Exposure - 2 l/2- By 4-Inch Oven-Dried Samples 

Unweathered 
Oven-Dried1 

Load 

1 O-Day 
Capillary 

Load M.C. 

30-Day 
Capillary 

Load M.C. 

Soil B 

Soil F 

10 Cycle 30 Cycle 
Freeze-Thaw Freeze-Thaw 
Load M.C. Load M.C. 

l-Year Field 
Load M.C. 

ILess than l$ moisture content 
2Plus 0.2% zinc stem-ate 
3Plus 0.4s H2S04 
4Sample split in firm sections 



TABLE VIII 

Effectiveness Of Different Admixtures Nith Soil C As 
Indicated By Laboratory And Field Exposure - 

2 l/Z- By 4-Inch And 2- By 2-Inch Air-Dried Samples 

Treatment 

14% cement 17,527 3.4 11,750 
l2$ Cementl 16,850 3.2 10,150 
do + 0.6$ Montar1 15,450 2.9 10.000 
do + 0.6$ Aroclor 4065 15,750 2.9 10,500 
do + 0.6$ Piccolyte 14,875 3.5 10,850 
do + 0.6 Piccoumaronl 14,250 3.4 11.700 
2% Aniline-Furfural 7,550 1.4 30 
5% Aniline-Furfura12 10,250 1.2 485 
5% Amberlite2 11,250 2.6 50 
5% Res inox 11.600 2.3 0 
5% Asphalt Emulsion 5,495 1.4 0 
do t 0.3 Aggrecote4 4.705 1.2 0 
5% MC-2 1,600 2. I 0 
do t 0.2% Aggrecote4 1,425 2.1 0 

2 l/2” x 4” Samples 2” x 2” Samples 
Unexposed Laboratory Field5 Unexposed Laboratory Field5 

Load M.C. Load M.C. Load M.C. Load M.C. Load M.C. Load M.C. 

lField Test Panel - Good 
2Field Test Panel - Fair 
3Field Test Panel - Top 2” poor - rest firm 
4Field Test Panel - Poor 
50ne winter of exposure 

10.1 
10.8 
11.2 
11.1 
10.5 
10.3 

bB:; 

19.8 
15.7 
24.0 
18.7 
16. I 
13.8 

9,350 11.6 11.900 2.0 8, 200 9.8 
7.150 11.7 11,400 1.9 6,450 10.4 
7,875 11.8 10.900 1.8 7.150 10.2 
7,800 11.2 11,000 1.8 6,700 10.0 
9,300 11.1 9.300 2.1 6,100 10.5 
8,250 11.5 IO, 250 2.0 7,700 10.3 

610 4.5 5, 180 1.1 280 7.5 
4,095 2.5 7,375 1.0 875 6.9 

100 12. 8 6,025 2.1 20 18. 8 
90 11.4 6.460 1.8 20 13.4 

0 8.1 3.170 1.2 0 22.1 
0 10.6 3,300 1.2 0 22.0 
0 15.6 1,615 1.6 0 20.6 
0 11.6 1,565 1.5 0 20.5 

6.500 9.5 
5.495 11.0 
5.040 10.4 
5,360 10.0 

-- -- 
-- -- 

420 4.3 
3.545 2.5 

30 12.0 
20 9.4 

0 10.9 
0 10.6 
0 11.6 
0 11.6 



10% Cement 
lc$ Cement + 2% 

Resin 321 
1Og Cement + 5$ Vinsol 
6% Aniline-Furfural 
5% Resin 321 
3% Powd. Asphalt 

+ 3 $Kerosene 
6% TM-2 
6% x-3 
6% MC-I 
b$ Asphalt Emulsion 

10% cement 1443 
6% Aniline-Furfural 1146 
b$SC-3 262 

10% Cement 1640 
b $ Aniline-Furfural 852 
6$SC-3 413 

TABLE IX 

Effectiveness of Different Admixtures With Six Soils 
As Indicated By Laboratory And Field Exposure - 

6- By 4-Inch Oven-Dried Samples (Purdue) 

Unweathered lo-Day 12 Cycles 

W-Y) Capillary Freeze-Thaw 
Load M.C.$ 

3248 2.5 
2780 2.2 

2310 5. b 
1630 0.8 

453 3.1 
453 1.7 

507 1.2 
452 0.5 
455 2.3 
960 0.2 

0.9 
0.7 
0.5 

1.3 
1.2 
1.2 

Load M.C.% Load 

Gravelly Sandy Loam 

M.C.% 
Well Drained Poorly Drained 

Load M.C.8 

1793 11.6 1900 
2653 1.8 2870 

2220 6.5 1538 
1316 1.4 1015 

300 4.7 10 
323 0.9 245 

397 2.6 270 
328 1.6 185 
308 3.5 112 

52 13.8 33 

Sandy Loam 

12.1 5185 6.7 4420 8.3 
3.6 0 14.1 0 17.3 

7.9 0 16.0 0 25.2 
1.5 995 0.6 337 7.4 

15.4 0 9.2 0 13.1 
4.3 255 2.1 103 8.4 

4.2 377 1.1 572 8.6 
2.1 127 2.6 0 9.1 
3.9 0 5.9 0 14.2 

12.0 0 8.8 0 12.7 

552 16.8 122 

625 1.9 595 
158 3.1 238 

Silty Loam 

27. 1 0 18.9 
1.6 482 1.8 
5.5 137 6.9 

758 18.3 228 23.0 0 23.7 
587 1.6 475 0.9 385 1.7 
277 3.1 0 -- 0 13.8 

3-Year Field Exposure 

Load M.C.$ 

18.5 
12.2 
16.5 

24. I 
8.5 

19.9 



Treatment 

10% cement 
10% Cement + 2% 

Resin 321 
10% Cement + 5% Vinsol 
b $A”ili”e-Furfural 
5gResin 321 
3 $Powd. Asphalt + 

3$Kerose”e 
~$TM-2 
6%SC-3 
6$h4c-1 
12% Asphalt Emulsion 

lo$ Cement 2052 3.4 760 
6s Aniline-Furfural 745 0.4 1065 
b$SC-3 362 0.6 235 

10% Cement 2065 3.6 610 20.3 332 24. b 0 29.1 0 28.9 
6% Aniline-Furfural 840 2.0 477 3.8 280 4.9 245 4.3 0 21.1 
6$SC-3 143 1.6 83 3.0 45 9.0 0 9.3 0 31.8 

Unweathered 

(Dry) 
Load I : M.C.% Load 

1942 2.7 488 
1260 6.4 663 

2045 6.0 1292 
625 0.7 327 
964 5.7 590 
465 0.7 272 

560 1.3 113 
415 1.0 236 
293 1.6 90 
770 2.5 307 

TABLE Ix (CONTINUED) 

1 O-Day 12 Cycles 3-Year Field Exposure 
Capillary Freeze-Thaw Well Drained Poorly Drained 

KC.% Load 

Silty Clay 

20.8 202 
3.5 90 

13.3 105 
2.4 0 
2.3 0 
6.0 0 

10.9 -- 
5.8 0 
7.0 0 

11.8 15 

Clay Loam 

20.1 168 
2.1 0 
2.2 -- 

Clay 

M.C.% Load M.C.% Load M.C.% 

20.8 
13.4 

21.7 
-- 
-- 
-- 

0 
0 

27.6 
43.3 

38. I 
18.7 
33.4 
29.4 

mm 0 
-- 0 
-- 0 

23.3 0 

27.6 0 
30.6 0 

25.9 0 
7.7 0 

23.8 0 

19.9 0 

8.9 0 
14.1 0 
24.8 0 
21.7 0 

22.6 
kz 

26.2 
31.1 
27.4 

23.3 0 26.4 0 28. I 
-- 470 2.2 0 9.9 
-- 0 9. I 0 16.3 
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Fig. 1 Grain Size - Distribution Curves for the TDEC Test Soils 
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Fig. 2 Effect of Admixtures on the Moisture-Density Relationships for Five Soils 
















































