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A STUDY OF THE SOIL
STABILI7 IRG PRCPERTIES OF TUNG OIL

SUMMARY

Thls report describes the results obteined from & leboratory investi-
gation of the soll setabilirzing properties of tumg o1l, a study undertaken
during the war perlod to determine the sultsbility of locel materiale,
aveileble in the combet areas, for use in the construction of mirfields and
roads.

In order to evaluete the effectiveness of the tung olil throughout a
wide range of soil types, eight so1ls were employed representing textural
differences from samd to s1lty clay. GSemples of each soll, treated with
0.5 to 5.0 percent of edmixture (bmsed on the dry weight of tne so1l) were
subjected to four types of leboratory exposure tests; nemely, cepillery
absorption, immersion, elternate wetting and drying, end elternate freezing
end thawing. The compressive strength and the smount of moisture absorption
at the end of such teasts were used to indicate the reletive effectiveness
of each trestment.

Additional tests were conducted to determine- (a) +the effect of
different curing and molding methods on the stebility of the treated soc1l
samples; (b) the effectiveness of varicus chemicel edmixtures in improving
the stebility of the tung oll-soll systems and; (c) the comparison of the
stebilizing effectiveness of tung oil with that of other admixtures.

The primary conclusiocns from this investigation may be summerized as
follows -

l. The addition of tung oil improved the stebllity of all soils
but the effectivenese veried conslderably with the type of soil
trested. Clay soils were improved but slightly.

2. To cbtein meximum benefits from the tupg oil 1t was necessery te
alr dry the treated samples to e meisture content unlikely to be
ettained i1n everage fleld constructicm.

) 3

3. Up to & treetment of five percent, the maximum emount used for
these studies, the stebiliring effectiveness of tung oll increesed
with the percentege employed.

4., Various chemicels, when adced to the soil-tung oil mixture, im-
proved the stibillty of air arled sarples. The most effective
were poteassium sulfete, zinc etearate, celcium stearante, and stearic
acid.

5. Under eir dried corditions, tung o0ll compered favorably with octher
type edmixtures when used in compareble guentities.



INTRCDUCT ION

The study of tung o1l es a possible s01l stebilizing egent was under-
teken as pert of & wer time project conducted by the Airport Development
Division, lechnicel Development, of the Civil fAeromeutics fdministrstiion
for the purpose of developing materials end methods for improving the engineer-
ing properties of netural soi1ls as used in the ccnstruction of roeds end eir-
fields. Emphesis wes ;leced on the utrlizetion of meteriels eveilsble in
perticuler combat erees snd/or those showing effectiveness when used 1n
relatively smell quentities. Due to the reported eveilebility of tung oll
in the Chine sres ard to the various references in the llitereture to the
possible soil stabilizing properties of this material 1t was decided to
include 1t in our investipstions.

Preliminery testing, described 1n & previous report,1 indiceted thet
both the strengtl and waterproofing characteristics of & fine sandy loam
soil were greatly improved by the mdaition of tung oil, the effectiveness
of treatment being proportional to the quantity of admixture employed, up
to an optimum treetment of between five and ten percent, based on the dry
welght of the soil. The conclusions drawn from these tests, however, were
limited by the fact that only one so1l type was used end thet the trested
semples were subjected to but ome form of laboratory exposure ~ water
ebsorption - prior to testing for strength.

The present study wes underteken to eveluate more fully the soil
stabilizing properties of tung oil by studying its effectiveness throuchout
& wide range of soil types when subjected to severel forms of laeboratcry
exposure tests, including elternate wetting end drying, and alternate freec-
ing end thewing. In addition, it was recognized thet before proper eveluation
tests could be mede 1t would be necessary to study certein cheracteristics
of the soil-tung oil-water mixtures, especislly regerding methods of curling
and molding. In corder to determine the effectivenese of the admixture when
used in emell]l cuantities en srbitrary meximum limit of five percent treat-
ment was selected for study with emphaesis plesced on lower ,ercentages.

All of the testing described in this report was conduected i1n the soils
leboretories of the Airport Development Division of Technical Development.
Veluable suggestions for the conduct of this work were received from pr. H.
F. Winterkorn of Princeton University, W. L. Lawton of the Airport Develop-
ment Division and G. W. McAlpin formerly of the Alrport Development Diviaion.

It was reelized during this investigetion that the use of tumg oil as
8 501l stebilizetion sgent would ve limited, 1in genersl, to urems 1n which
the material might be reedily evaiistle and thamt its pescetime use i1n this
country would be restricted by economic comnsideratiins for some time to come.
The results of the study are published st the present time 1in order to re-
cord the results of the work 1in this field end to present data and test
methods that mey be bemeflcial to other so1l stabilizetion studies.

lualnrort, R. C. "A Laboratory Study of the Effectiveness of Various
Chemicals es Soll Stebiliecing Agents,™ CAA Technicel Development Note No.
40, OQctoher, 1945.



DESCRIPTION CF MATERIALS

Soils

Eight different soil typees were used in this 1nvestigation ranging
in texture from sand to silty ¢lay end representing locetions in fou differ-
ent states. The charscteristics of the soils end their grein site analysls
sre shown in Table I and Pigure 1 respectively. Only the soll fractlons
passing the number 10 sieve were used throughout these teste. The soils
are designated by letter in descending order of their meximum density, the
symbols heving no reference to the soi1ls used in our other reports.

Tung 011

Tung ©il, somet mes referred to as China wood oil, is a drying oil
conaisting essentislly of the glyceride of eleomargeric scid, an unsatureted
fatty acid of the linolic series represented by the general formula C1gH3203.
When exposed to the elr, tung oil sbsorbs oxygen forming a herd resinocus
material with & slight increese 1n weight. The specific gravity of tung
oil iz 0,940 to 0.943.

For this study two different supplies of tung oll were used. One
supply was several yearc old and hed been stored i1n the leboratory during
that time. This semple was clear end quite free from cloudsness unless
disturbed. In eeses wWhere cloudinesa did appear the meterial wes filtered,
by gravity, through & number 4 Whaitmen filter peper and the filtrate used
for the tests. The second supply of tung oil was obtained from e commerclal
source, just prior to using, end was sold as meeting A.S5.T.M. requirements.
Comparetive tests, however, showed thet there was no appreciable diff'erence
in the effectivensss of either type o1l es long ms 1t wes clesr.

Chemical Agents

4ll of the chemicals used rs admixtures with the tung ocil were of C.P.
grade as obtained from commercial supply houses. Distllled water was used
for all tests involving the chemicel admixtures. Comparative tests, however,
showed no significent difference between samples molded with leboretory tap
woter and those molded with distilled watere.

PREPARATION OF SAMPLES AND TESTING PROCEDURES

The basic testing procedures used in the investigation were sinil%r
to those followed in our previous work with resin treeted so1l samples.

1W1ntarkorn, Hans F. and McAlpln, George W. "So0il Stebillizetion By the
Use of Rosin" CAA Technical Development Note No. 34, Februsry, 1946, McAlpin,
George W., Mainfort, Robert C., Winterkorn, Hans F. "A Laboratory Study of
the Soil Stebilizing Effectiveness of a Complex Salt of Abletie Ac1d® CAA
Technical Development Note No. 35, July, 1934; Winterkorm, Hans F-. "A Labora-
tory Study of the Soll Stebilizing Effectiveness of Artificial Resins with
Speciel Emphasis on the Aniline-Furfural Resins" CAA Technical Development
Note No. 43, Januery, 1947.



Since no established testing procedure fulfills the requiremsntes for evaluat-
ing all chemiceal admixtures it was necessary to modify some of these and to
adopt new procedureas as the test work progressed. This was particulerly true
regarding the preparation amnd curing of semples prior to weathering tests.

Preparation of Test Specimens

All quantities of scil used 1n the preparation of test speoimens were
representative of material passing the number 10 sieve. The optimum moisture
and maximum density were determined by the stenderd Prootor method (A.S.T.M.
designation D698-42T) for both the natural soils end those treated with
variocus percenteges of tung cil. For the tung oll treeted samples, the
required emount of admixture was thoroughly mixed with the air drled soll
prior to the incremental additiona of water. The results of the Proctor
determinations are shown in Figure Z. Tsable II shows the comparative
quentitlies required to mold e single sample of each soll type aa computed
from the Proctor curves for untreated soll, end from similar curves for
s0ils treated with two and five percent tung oll. An anelysis of these
date indicates thet the optimum values for the trested solls are practically
equal to those obtained by considering the tung oll as part of the mix water
and molding to untreated soil conditions; thet is, the increase in dry denslty
obtained for the treeted semples 1s equal t¢ the welght of the added tung oll.
Since the bulk of the work performed in thils study was coocerned with treat-
monts of two percent or less, 1t was deoided to mold all samples to untreated
s0ll eonditions and to consider the tung oil es part of the mix water. In
thie way all semples of the seme so1l type were molded to constant weight
but the dry weight varied with the percent admixture contained in eesch
sample.

The treated scll wes prepared for molding by mixing a proportionsd
welight of soll, water, and tung oil. Testes indicated that the order of mix-
ipg tneee materiale hed no appreciable effeet on the resulting stability
of the semples. In order to more neearly slimulate field conditions all batches
were mixed by first adding the requlred water to the soil end then edding
the tung c1l. Where additional chemicels were used the water soluble chemlcals
were added with the mix water, ln solution, while thes water imsoluble chem-
icals were mixed with the dry soil prior to the addition of water. All mix-
Ing was eccomplished by the use of a peddle-type dough mixer, end a thorough
dispersion af the admixtures wae obiained in a two minute mixing period.

At the end of the mixing period the quaentity of materiml reguired to
mold & sample was welghed and pleced in the compeetion mold. All eamples
were molded into eylinders two-inch high by two-inch in diemeter. The com-
pection device employed wes s modification of that used by the Portland
Cement Assoclmtion for compeoting similar size samples of =cll-cement.

1"Soll Cement Mixtures"™ - laboraetory Hendbook, Portlend Cement
Associetion.



This epparatus permlts the dynamic compection of the semple from both top
end bottom by the use of e double piston method. Compeetion In this manner
permitted & very close control of the molded weights of esch sample, and en
eccuracy of withion plus or minus 0.2 grems was usually stteined.

Teste were performed to determine whether the tung oil would tend to
set up immedietely efter mixing. The results showed thet the stability of
semples molded within a period of eight hours after mixing were the seame
as for those molded i1mmedietely efter mixing. The samples were meintained
1n 8 moist condition throughout thie teat.

Curing of Test Specimens

In the study of soils trested with chemicel sdmixtures 1t has bheen
found from our previous studies that the smount and type of curing of the
treated semple, prior to i1ts stubjection to the exposure tests are critical.
Different admixtures react to curing in different manners. Depending upon
the type of materiel belng tested it 18 customary to cure the sample either
by molst curing, sir drying to constant weight, oven drying to constant weight
et temperatures not exceeding 140 degrees F., or by various partial drying
of the sample. In order to determine the characteristios of the tung oil
treated semples 1n this respect tests were conducted to determine the optimum
curing conditions. For this investigation samples treated with two percent
tung 01l were tested at moisture contents renging from molding moisture to
oven dried conditions. All semples were molst cured for twenty-four hours,
dried to the required molsture content i1n air or oven, emd molst cured for
another twenty-four hour peried to belence the moisture throughout the
Epacimens. The semples were then subjected to seven days capillery sbeorption
et the end of which the compressive strength was determlned. Figure §
shows the result of this test for the different sorl types, and clearly
indicetes the beneficiel effect of eir drying the semples. The meximum
stabllity was reached at approximetely the hygroscopic or air dried moigture
for each soil type. Further drying at e temperature of 140 degrees F. was
detrimentel to all soils tested.

The results of similer tests performed to determine the effect of
various periods of moist curing of the sesmples prior to exposure 15 shown
in Figure 4. These tests i1ndicate that the stability of semples is greatly
improved by molst curing.

As & result of these tests 1t wes decided to use both elr dried and
moist cured semples for thls study.

ljeslpin, George W., Mainfort, Robert C., Winterkorn, Hens F., "A
Laboretory Study of the Soll Stabiliring Effectiveness of & Complex Balt
of Abletic Acid" CAA Technical Development Note No. 35, July, 1934; Meinfort,
R. Ce, "& Laboratory Study of the Effectiveness of Various Chemicals as
Seil Stebilizaing Agents™ CAA Technical Development Note No. 40, October,
1945.



Loboratory Exposure Testa

In order to evaluate the relative effectiveness of the various percent-
ages of mdmixture mnd chemicals employed, trested soil samplee were subjected
to four laboretory exposure tests during which the moisture absorption was
periodically determined. At the end of each exposure test the samples were
broken i1n unconfined compression on e Southwark-Emery testing machine et a
constent rate of loading of five hundred pounds per minute. Except when
modified for speciel or exploretory imvestigations the laboretory exposure
tests were conducted at the end of the curing period as follows-

Capillary Absorption. The samples were placed on blotting paper resting

on 8 moist sand ped with = constant water level maintained just touching

the bottom of the semples, the whole being enclosed 1n & moist cebinet. Seven
days of such exposure constituted the test.

Immersion. The semples were subjected to seven days totel immersion in
water.

Alternate Wetting and Drylng. The semples were subjected to elght hours of
total Immersion followed by eighteen hours of oven drying at a temperature
of 140 degrees F. The samples were broken at the end of the seventh wettlng
cycle of the test.

Alternate Freering end Thawing. All eir dried semples were subjected to
Three days capillary sabsorption prior to beginning the freezing end thawing
cycles. The moist cured samples were not subjected to preliminary sosking.
One cycle conaisted of eight hours of freezing et s temperature of -10
degrees F. followed by 18 hours of cepillery sbsorption. The samples were
broken after the seventh capillaery absorption cycle. Tests showed that the
semples were thoroughly frozen in less than four hours at the =10 degrees
F. temperature.

TEST RESULTS

All of the tests were performed amccordlng to the methods discussed,
which may be summarized briefly es follows-

ls All test specimens were molded to densitles obteined for the
untreated so1l but using the required tung o1l es part of the
mixing molsture.

2. Semples were either air dried for seven deys ln laboretory air
or molst cured for seven days prior to beginning the exposure
tests.

3. Four general exposure tests were employed end the moisture content
determined periodically during the test. The unconfined compreselve
strength was obtained after the lest wet cycle of the exposure
teat.

In order to more clearly present the test results, the evaluation data
hev€beer divided into four groups; untrested samples, trested samples not



exposed to leboratory weathering, alr drled semples, and moist cured samples.

Untreated Samples.

In order to properly eveluste the tung oil treetment i1t wes neceseary
to study the charscteristics of the untrested rew sojl samples under the
same exposure test conditlion as applled to the treeted semples. For this
study, however, very littla test date cen be shown slpce none of the untreat-
ed soil semples, regerdlese of the method of curing, were sble to withstand
even the preliminary steges of the exposure tests. All samples felled com=
pletely within a matter of minutes when subjected to immersion thus eliminet-
ing the possibility of further exposure by the immersion or the wetting arnd
drying tests. The capillery abeorption test was lees severe and, with the
exception of eir dried semples of soi1l H, all specimens were still intact after
seven deys caplllary ebsorption. However, the rate of weter intake was very
high end the samples became soft even after s short exposure. The perliodie
absorption rate durlng the first twenty-four hours of the test for both alr
dried end molst cured semples of esch scll type are shown in Figure 5. From
the eapillery test 1t was found that only solls C, D, end E were in & con-
ditlon to werrent further exposure. Specimens of these s0lls, however,
succumbed rapidly to the freezing and thewinp test and were uneble to with-
stand more than two or three cycles of such exposure.

Treated Semples Not Exposed to Laboratory Weathering

This teet wes conducted to determire the offect of various percentagea
of tung 01l on the strength of semplee before they were subjected to exposure,
thet ls, when they were ln their most steble condition. The results are
ehown in Figure € for both molet cured end air dried semplee treated through
e range of from zero to five percent tung oll. These deta show that the com-
pressive strength of all soi1ls increased with the percentege of admixture
employed end all trected ssmples were better thean untreeted soil.

Evaluation Teste for Alr Dried Semples

After s preliminary investigatlon to determine the range of the gquan-
tities of tung oil to be used in the evaluation tests 1t wes decided that
three percentagea of edmixture, 0.5, 1.0, end 2.0 percent besed on the dry
woeight of the soil, would yield significant resulte. Although trestments
o5 low as 0.2 percent showed good results with scils B, C, end F this per-
centage of treatment wes not effective with the other soila.

The results of these eveluetion tests, using the eight different soil
tyres, are ghown ln Figures7 through 14. Esch Figure shows the complete
deta for all four exposure tegts as epplied to one so1l and indicate the
periodic moisture content of the samples from the start to finish of the
exposure tests end the final breeking load 1n pounds psr square lnch. The
velues for the untreested semples are indicated either es "falled" when they
were uneble to complete their exposure cycles or by a very small breaking
load, indiceting thet the semple survived the exposure tests elthough, as
previously discussed, such semples were ln very poor conditicm. The moisture



absorption for the untreated samples can best be studled from Figure €
since 1n meny ceses the values were too high to show on the pgraphs used
to plot data for the trested semples.

From these date 1t cen be seen that tung oll improved the resistence
of ell soils to laeboretory exposure to e degree proportiocnal to the emount
of admixture employed. For all solls the capillary absorption wes the least
severe test, with the destructive forcee of the other tests verying with
the so0il type. The detrimentel influence of the wetting end drylng was
increased by the fect that the required oven drying et 140 degrees F. has
been shown to effect adversly the treated samples &s compared to eir drying.

Eveluation Teste for Moist Cured Semples

From preliminery investigations 1t was scon obvious that the moist
oured samples were fer inferior to the elr dried. All treatmente below two
percent yielded very poor results so the mexlmum percentege used was 1ncress-
ed to five. Four soils, 4, B, D, end F, representative of entire group,
were selected for study at treatments of two and five percent. Soll H wea
not considered since it did not eppear suitsble for treetment either air
dried or moist cured.

The results of the moist cured tests are presented in Figures 15
through 18 in the same menner &s were the eir dried esmples. These date
clearly indlcate the reletively poor stebility cbteined when *‘he samples
ere tested without being allowed to dry prior to exposure, even with treat-
ments as high as five percent. This fact is further brought out by & study
of Figure 19 whilch shows & comparison of the eir drisd snd moist cured
samples for all the soils, treated with two percent tung o1l and subjected
to ¢apillary ebsorption prior to bresking.

With moist cured samplee, ae well ss with air dried, the cepillery
absorption wes the least severe of the exposure tests, although, dus to
the drying cycle, good results were obteined for some soils with the wetting
and drying test. In this cese the wmprovement cbtained from the drying more
then compenseted for the detrimental effects of oven drying. The first
molst cycle of the test, however, wes conducted on the undried samples. No
preliminery absorption wes given the molst cured samples prior to the freezing
and thewing test.

ADDITIONAL LABORATORY TESTS

In addition to the eveluetion tests deacribed, supplemental investi-
zgetions were conducted to study more fully the properties of tung oll treat-
ed semples, and to sttempt the improvement of the stabilizing characterlstics
of such combinetions by the sddition of chemical admixtures. These sdditional
tests will be discussed seperetely.

Stebility of Soils ms a Functlon of the Percent Trestment

Soile ¢, D, F, G, and R were treated with incressing emounts of tung



0il up to & quentity of five percent. The semples were eir dried, subjected
to 24 hours immersion, end the compressive strength determined. As shown in
Pigure 20 the stability of all 50ils 1ncreaged with the percentege of ad-
mixture employed. Ths data are presented as & functlon of the compressive
strength cbtained for the one percent treatment, and show that the rate of
strength increase varies for the different soils, being higher for the more
plestic types D end H, soils which wers relatively unimproved by the lower
percentages of treatment.

Sixty Dey Immersion Test

Four of the so0lils - B, C, F and G - trested with two percent tung oil
were subjected to sixty deys total immerslon. Both molst cured and elr dried
samples were used in the test. At the end of this period of sosking the
semples were in good condition and there waes no sign of leaching of the ad-
mixture from the soll. The compressive strengths were only slightly lower
than those obtained for seven day immersion, indlcating thet continuing the
immersion test beyond this period does not further weeken the samplea to
en apprecisble degree.

Ireetment of Cley Soils

In addition to the eight 80il types reported for the evelumtion teats
exploratory studles were conducted on edditional solls clasaified as clays.
They vwere subject®to the capillary ebsorption end the immers.on tests. All
results indicated that the clay type soils could not be effectively treated
with tung oil.

Comparison of Dynemic and Static Methode of Molding

In order to determine the effectiveness of different molding procedures
88 reflected by the resulting stability of the samples comparison was made
betwesen the dynamic method of molding described in this report and m static
load methad.

For the ststic determination the same mold and methode were employed
a8 for the dynemic procedure with the exception that the load wes applied
slowly by the heed of a Southwark-Emery testing machine at & rate of five
hundred pounds per minute, rether than by the falling weight method used
for the dynamic melding.

Seven different solls treated with two percent tung oil, were molded
by each method, alr dried, and subjected to the exposure tesata. Ailthough
uniform aemples were obtained by both methode of compaction slightly higher
gtrengtls were obtelned in mll ceses for soils molded by the dynemic methods
With both methods of compection, however, the semples were not entirely
uniform in density, there being s tendency to lower densitlies at the center
of the specimens. This wes more paerticularly noticesble 1in the silty clay
solls D and E.
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Stebllity of Re-Dried Semples Af'ter Exposure

This test wes performed to determine how mucn of the dry strength
of the treetted soil could be regained by the semples after undergoing the
detrimentel effects of the laboretory exposure tests. Four soils, B, D, F,
end G, trested with one percent tung o1l were oven dried to constant weight
et 8 temperature of 140 degrees F. The samples were then subjected to the
usual four leboretory exposure tests. At the end of the tests two semples
of emch soil for each exposure test were broken in compression. Ywo other
corresponding samples were sgein oven dried to constent weight after which
they too were broken in compression. Figure .1 shows the result of thas
test for the four soils. The compressive streryth at the end of exposure
and efter exposure end re-drying sre shwn expressed as s percentage of the
originel oven dried strength of the semple. It shculd be mentioned in thls
cornection that the oven dried semples broken before exposure were‘considerably
stronger thsn similer eir dried semples. Only when subj]ected to exposure did
the air dried semples prove to be stronger.

Comparison of Tung 01l with Other Stabilizing Agents

Tests were conducted to compare the soil stebilizing effectiveness
of & f1xed percentage of tung o1l with other admixtures previously studied.
All of the testing wss perfcormed as described with the exception that the
cepillery end the i1mmersion tests were combilned i1nto one moisture absorption
test corsisting of three daeys capillary plus four deys .mmersion. Two per-
cent tung o1l treeted semples were compsred to those tresated with equal
or optimum percentages of other admixture all porticned on a dry weight of
so1l besis. For scme of the cement trested samples en srbitrary trestment
of s1x percent was used. The aniline-furfurel ronsisted of a 2 1 ratio of
these chemicels mixed as described 1n & previous report.l

211l semples were alr dried prior to exposure with the rement snd
stabinol (which consists of sbout B0 percent cement) being moist cured for
seven days prior to the dryinpg. Six representetive scil types were used
in this comperison the results of which amre¢ shown in Figure 22.

The Effectiveness of Chemical Admixtures &s Added to tne Tung 01l Trested
Soil

In en effcrt to improve the stebalizing effectiveness of the tung o1l
treatment verious chemicels were added to the soil-tung ocil-weter mixture.
A search of the litermture indiceted several msteriele thet might i1mprove
the hardening rate of tung oll, end further, 1t wes decided to study the
effectivenese of verious metellle salts thaet had jroven effective 1n 1mprov-
ing other resinous meteriasls. In sddition, purely exploratory tests were
conducted.

1W1nterkorn, Hens F., "4 Laboratory Study of the Seil Stabilizing
Effectlveness of Artificiel Resins with Specisl Emphasis on the Aniline-
Furfural Hesins," CaA Technical Development Note No. 43, Jar.ery, }-47.
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Two percent tung o1l treutment was used in the i1nvestigetion plus the
experimental chemical edmixtures which were added to cuantities of 20 per-
cent besed on the weight of the tung ci1l. If the chemicals were water
soluble they were added to the so01l 1n solutlon with the required mix water,
if insoluble, the dry chemical wes thorou;hly mixed with the dry so1l praor
to the esddition of tung o1l and weter.

Slnce meny of the exploretory tests were conducted on samples subjscted
to exposure tests which veried from stenderd, it wes decided to express all
compressive strengths for treeted samples 8s s percentage of that obtaimed
for the control samples comsisting of two percent tung o1l treatment with
no additionel sdmlxture. Control samples were included with each different
test in order to offset the 1ntentional or accldental verilables introduced
by the different curing end testing procedures.

Several chemicals were found to improve the elr dried strengths af
the semples but none were effective to an appreclable extent in beneflting
the molst cured semples.

Table III shows the summary results of the first tests conducted with
verlous chemical admixtures. All semples were sir dried end broken after
different degrees of exposure. The bresking losd 15 expressed ms a percent
of that for the control semple. The most promising of the chemicsls were
selected for more thorough study by use of the absorptlion, wetting end dry=-
ing, and freezing and thawing tests. These results are presented in Table
Iv.

From these tests seversl chemicmls eppear to be definitely beneficial.
The effectivenesas of any one chemical varied with the type soil used but
in general potassium sulfete, celcium steerate, and zinc stearete were out-
standing. Other very effective chemicals were stearlc aecid, potessium
bisulfate, megnesium stearete and aluminum steerate. The stearates were
perticularly beneficial in the wetting ena drying test.

Of these chamicals the sulfates were water soluble while the stearates
were not. Additionml study indicated tnet the 20 percent tremtment was
about optimum in effectiveness for the sulfates but that the effectiveness
of the steerates increased with the percentage used up to 100 percent besed
on the weight of the tung oll.

Additlional studies were made with other mdmirtures including cement,
lime, synthetie resin "321" snd & commercial powdered ures-formeldehyde
resin. The cement end tung oll were mutuerlly incompetetle, & small emount of
cement reducing the effectivenese of tung oll, whlle the addition of tung oil
greatly reduced the strength of & normel soil-cement mix. Lime, when used
In greater percemteges then the tung o1l improved the absorption strength
of air dried end moist cured semples, but such samples feiled repidly when
subjected to the wetting and dryiny end the freezing end thewing tests. The
synthetic resins added in quentitles of 20 percent of the tung oil were
beneficlial to most solle treated esp-cielly to scils B, D, E, and G.
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Severel solvents, including bentene, carbon bisulfide, chloroferm, and
alcohel, were mixed with the tung o1l in en effort to improve 1ts dispersion
throughout the soil mess. None of these sclvents were effective, all samples
60 treated being wesker then those treated with tung o0il selone.

DISCUSSICN

As has been found in other sttempts teo eveluate the propertles of
80il stebilizing materiesls the soil itself 1ls one of the more significent
veriables encountered. No chemicel enalysis, other then pH determanmtion,
wee made of the soile used in thie study end neither these velues nor the
physical characteristics revesled trende from which definite conclusions
could be drswn reletive to the varying susceptibility of the 20ils to trest-
ment.

The evaluation test dete and thet summarized 1n Figure 21 show the
absolute velues obtained when the different soils were trested with the
aedmixture. However, since the untrested soil itself verled in stability
these dete do not give a complete plcture of the reletive susceptibility
of the soils to treatment, so that other methods of comparison were selected.

Figure 23 shows the compressive strength of the wemthered saemples of
treated s0il expressed ae s percentege of the compressive strength of the
correspond ing untreated, urweesthered so01l samples. In this menner a comperi-
son 15 obtsined between the trested soll semples 1p 1ts most unsteble com-
dition - after exposure - to the raw soil in ite best neturel condition - air
dried. The dete presents sn index of the percent effectiveness of the tung
oll with each s01l efter each exposure test. As 1ndlcsted by the everage
velue of mrll four exposure tests the relmtive susce,.tibility of the solls to
trestment by this method cen be expressed ag follows ¢, B, r, D, G, A, E, H.
Two percent tremtment and air dried semples were used in this test.

Another method for eveluating the effectiveness of tung oil with the
different soi1ls 1s shown in Figure 24. In this presentetion the stability
of the treetea semples after exposure 1s expressed &s a percentege of the
corresponding treated soil 1in &an air dried condition prior to exposure.
™0 percent treatment end sir dried semples were used for this test also.
These data particulerly indicete the reletive emount of stebility retained
by the treeted soils efter exposure es compared to their meximum stabllity
when dry. The average of the four tests give e comparative rating to the
solls of B, ¢, F, G, D, A, E, H.

From the above retings 1t can be seen that the well graded sendy loam
end loem soils, C end B, were the most emgilly stablilized, with the =1lty
cley types leest improved. Tnis 1s consistent with findinge 1n other sta-
bilizetion studies. Soils F end G, predominantly silts, geve surprisingly
good results especielly in the teste involving capillary absorptliom. Soil
A, consisting of 83 percent sand, ylelaed low strength wvelues in unconfined
compression as would be expected from the uncohesive nature of such a soll.
flso, this type of eoil 1s extremely susceptible to molsture sbsorption.
The fact thet so1l A resisted the exposure tests at all indicetes the
effectiveness of the tung oll admaxture.
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For sll of the tests described in this report, other than those of
a purely exploratory neture, three different test runs were made for each
condition of test mnd the results avereged. In generel, good duplicet.ion
of results wes obtained for the different tests but exceptions were noted
in the cese of so1ls D, E, end G perticulerly in the wettlng and drying
tests. Samples of these solls tended to split through the center during
the immersion cycles of this test mnd conseguently allowed greester moisture
absorption. The split secticns, however, remained individuelly firm and
steble. It i1s helieved thet this was due toc the presence of entrapped air
in the center of the silt and si1lty clay semples, e condition thet might
be improved by the use of m split mold rether than the solid one employed.,
Soils D, E end F, conteining the hlgheat percentage of clay for the group,
were particularly noticeeble for their variaetlon of demsity throughout the
samples, tne top and bottom belng more dense than the center. Thls con-
dition could not be corrected with the verious types of compaction employed.
However, the addition of the more successful chemicels potassium 5ulfate end
the stearntes es described, appeared to correct this condition and ell tests
conducted with these trestments geve uniformly high results. Since these
chemlcels improved the wetting snd drying characteristics of the silty clay
801ls to e much greeter smount then the other soils end the other type
exposure tests 1t 1is reasonable to suppose that most of the benefit obtmined
with some of the chemicels resulted from 1mproved compection cheracteristics
of the tung 01l treeted semples rether than from chemlcel reection alone,
even when e reduction 1n swelling cherecteristics may have regulted.

Although the capillery ebsorption test was the least severe of the
exposure tests, end gave good indicetion of the relative effectiveness aof
the treetments, it 1s believed thet the more severe test such es the immersion
gives a better indicetion of the velue of the trestment. The tung oll im-
parted excellent reslstance to cepillary moasture in the soil samples but
the 1mmersion test indicated thst this might be & retarding ection rather
t.ien ectual waterproofing. The wide difference between finel moisture con-
tent in the cepillary end immersion tests wes particulerly evident for the
air dried semples.

The wetting end drying test, employingz the detrimental oven drying,
affected the so1ls to e similar degree except for occasional splitting
of the semples es discussed. The molsture absorptlon, which reflects the
compressive strength, followed the same psttern for eech so1l. The eight
hour immersion cycle, although not severe 1n 1tself, when combined with the
drying cycle broke down the i1nitiel resistance of the sample to absorption
end after two or three cycles the soils reached varyiny degrees of saturaetion
and meinteined s constent moisture content efter each subsequent cycle.
There wes very little loss of so01l due to surface secmling during this test,
and 1ndicaticns were that further cycles, within a ressonable number, would
not materially reduce the stebility of the semples.

Jn the other hand, there wes & progressive ilncrease in moisture ebsorption
after each cycle of the freezing and thawing test indicating thaet edditional
cycles would cause continuing deterintion of the semples. Send A was an
excepticn, this soil raplaly absorbing moisture to smturation after which
there wes no increase during the test. Although the eir dried samples were
subjected to three deys capillary ebsorption prior to test they were still
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relatively dry due to the resistance of the treated semples to caspillery
absorption. fn :mmersion exposure prior to testing would undoubtedly provide
6 more severe test but even es conducted the destructlve nature of the freez-
ing end thawing cycles 1s cleerly indiceted.

Reperding exposure teats 1n generel, Winterkorn! hes found 1in testing
501l-cement samples that the destructive forces of laboratory westhering
were approximetely f ur times as severe or the two inch by two inch samples
as on thowe molded to the stenderd froctur size as commonly employed.

A stuay uof tne eveluatior test dets 1ndicetes thet, within the renge
of tre:tments studied, there wes no intermediete optlmum emount of treatment.
All strengths end moisture acsorption curves for mll scils and all tests
show thet the beneficiel effects of the tung 01l were 1r proportion to the
quantity employed. This 1s further indicmted in & study of the treated
dry samples where =11 compressive strengths, compared to those for untreated
soil, showed an increase with the quantity cf tung oil edded.

One of' the more sy nificent fects shown by this study 1s that, unless
allowed to dry & ccnsidereble emount before exposure, the tuns o1l irested
samples yleld reletively poor results, s condition holdiny true for the
majority of resinous materiels. LAlthough mo:st cured semples treated with
five percent mdmixture show resistance to laboratory weathering they do
not in generel compare fsvorebly with much smeller percentesres of treatment
when the samples are eir dried. The sctuml conditions obisined 1n the
fi1eld would be d:fficult to predict depending es they do upcn such verisbles
#s climete, so1l type, dreinege ccnditions, and otner fectors. An cverage
condition would protebly lie between the two extremes employed in this re-
port. Therefcore, clthough for comparetive studies emphasis hes been placed
on the eir dried samples thelr poorer perf{ormence when In & moist condition
prior to exposure, should be bern in mind.

In comperison with some other sdmixtures the tuns o0il showed well
altnough 1t did not compare fevorably to the higher percentages of cement,
nor, 1in genernl, wes 1t o5 effective s en equal percentege of anilire-
furfural resin.

CONCIUS IONS

From the test res.lts ottained in this study the followiry conclusions
car te strted regerding the so1l stabalizing effectiveness of *ung o1l

1. Tung o1l wes beneficlal to all soils treated ms compared to

natural soile The well greded so'ls, - sandy losm, end certein
s1lts - responded well to trestment. Poor results were obtasined
with clays.

lWinterkorn, Hans F., end McAlpin, George W., "Soil Stebilizetion by
the Use of Rosin" CAA Technical Development Note No. 34, Fetruary, 1946.



c.

Te

15

Tung cil acted as .both a binder end a weterproofing agemt, itme
effectiveness in both esees belng proportionel to the percentage
employed. The dry strength of all the socilswes increased by the
addltion of tumg oil.

The effectiveness of treatment wes proportional to the smount aof
alr drylng allowed to the semples prior to expoaure. MNolat cured
semples ylelded low compressive stremgths es compared to sir dried
samples. Oven drying at 140 degrees F. was detrimental ss compared
to elr drying.

The diverse charecterlstics of the naturel soll itself was one of
the grectest variables encountered.

Tung o1l compered favorably with other s0il stabllizers when used
in spproximately equal smounts, slthough, in general, it was not
as effective as aniline-furfural resin.

The addition of vsriocus chemicale grestly improved the stabllity
of the treanted soil, especlally in resistance to the alternate
wotting end drying tests. The most beneficiel chemicels were
potessium sulfste, celcium stesrete, zinc stearate, and stearie
acid. No sdmixture was found that would eppreciebly improve

the stebility of the moist cured samples.

A comparison of the standard Proctor compaction datm obtalned

for treated end untreated soll indicated that there wes no incresse
in density obteined from the eddition of tung oil other them that
equal to the dry weight of the tung o1l 1tself.

The ceplllary ebsorption wes the leeat severe of the evmluation
tests used. The severlty of the other tests verled with the moll

type.

i



TABLE I
Cheracteristics of the Solls Employed

PlasticT Plesticity

Specific Liquid Shrinksge | Proctor Compection 1
Soll | Texture Grevity Limit Limit Index Limit 0.M. M.D. PH
A SEnd 2-71 N-Pl N.P. NuPl - 10.0 12308 8-1
g | Sendy 2,67 17.1 14.8 2.5 14.5 11.0 119.0 7.4
Loam
C Losm 2.64 28,0 20.0 8.0 15,1 13.8 115.1 6.4
D Cley 2.69 3.4 £0.0 13.4 15.9 14,0 114.6 5.0
Loam
g | Siity 2,83 27.0 18.5 8.5 1647 15.0 112.8 7.2
Loam
po| Silty 2.71 27.0 18.5 8.5 17.2 16.7 108.1 7.3
Loem
G S1lt 2.70 30.7 25.5 4.2 22.1 16.9 10646 7.6
g | Silty 2.66 29.4 20.7 8.7 17.6 20.0 102 .0 6.7
Cley Loam
1

Determined by LaMotte-Morgan Soil Testing Method

9T



TABLE II

Comparative Quentities Required to Mold Two-inch by Two-ineh Soil

Specimens - Based on Proctor Curves for Treated and Untrested Soll

Untreated Soil Two Percent Tung 0il Treeted Soil Five Percent Tung 011 Treated Soil
From Stenderd From Untreated From Trested From Untreated From Trested
So1l Proctor Curves Soil Curvesl Scll Curves So01l Curvesl 501l Curves

Weight [Welght (Molded [Neight [Weight |[Molded |Welght |[Welght |Molded Weight |Weight [Molded |Weight [Weight |Molded
Soll [Water |Welght | Soil |Weter |Welght| Soill |Weter |Welght | Scoil |Weter |Weight| Soll [Weter [Weight
A 204.1 | 20.4 224,56 | 20B.2 | 16.3 224.5 214.2 | 10.2 224.4 | 214.3| 10.2 224.5| 213.5] 1l1l.9 225.4
B 196.4 | 21,€ 218.0 | 20043 | 1747 218.0| 206.0 S.7 217.7| 206.2| 1l1.8 218.0| 202.2 | 14.2 216.4
C 190.0| 26.2 216.2 | 193.8| 22.4 21642 | 199.,6| 1647 21643 | 199.5| 16.7 216.2{ 197.8]| 13.7 211.5
D 185.1| 26.4 215.5| 192.9| 22.6 215.5| 198.5] 16.9 215.,4| 188,6( 16.9 215.5| 19641| 15.7 211.8
E 186.0| 2748 213.8) 189.7! 24.1 213.8B{ 195.3| 1B.6 213.9] 1956.3| 18.5 213.8) 132.0{ 15.0 211.0
F 178.4| 29.8 208,2| 182.0| 26.2 208.2| 187.4| 20.8 208.2| 187.3| 20.9 208.,2] 189.5| 18.6 208,1
G 176.8] 29.6 | 205.4| 179.3| 26.1 205.4| 184.6| 20.8 205.4| l1B84.6| 20.8 205.4( 1681.5] 21.4 202.9
H 168.21 33.6 201.8] 171.6| 30.2 201.8| 176.7| 25.4 202,11 | 176.58} 25.2 201.8( 179.0) 23.3 202.3

1Computed from untreanted

weight of tung oll from

soll data by adding weight of tung oll to welght
required molsture.

of untreated socil, and deducting

LT



TABLE III

Effectiveness of Chemical Admixtures es Added to Soils Trested With Two
Percent Tung 011 - Expressed as e Percentege of the Compressive Strength
Obtained, After Exposurs, For Corresponding Samples Treeted With Tung Oil Aloms

Chemical Admaxture Soil Type Chemical Admixture so1l Type

A B D E F G A B D B F G
Aluminum Acetate * 150] 144 | =aa]| 139| === 102 Megneslum Sulfate -— 55| 116| === | === 90
Aluminum Chlorade - B3| === === === 80 Magnesium Trisilicate| =-- 78| 122 | === a=we| 128
Aluminum Hydroxide w 2501 115 145} 145) =--=-| 896 Mengenese Dioxide -—=| 42| 137] === --=| 1¥
Aluminum Steerete » 921 170} 130| 104| 154 | 145 Nickel(ous) Sulfaete =| 75| 165| 114 112 | 137| 150
Aluminum Sulfete = 250 213 120 159 -=--| 136 Potessium Acetate e[ === | 10Q| === | ==a| =
Ammonium Chloride =] =--- 66| === ===] 139 Potessium Binoxsalate 97| 1688| === 37| ===] ==
Ammonium Sulfate * 124| 105| 141§ =--=) 177 146 Potassium Bisulfate =| 114| 183 148 127 2081 151
Barium Chloride -—— £6 9| ~==| === 90 Potessium Chloride -— €3 90| === | === 110
Calcaium Carbonate w-a| ==e] 103 | @==]| ===| 105 Potessium Sulfete » 130 125 160| 115| 200| 1l&
Celcium Chloride ——=| *==} 100| ===| =-= 78 Si1lice Gel -—- 55| 124| ===| =-=-=| 10
Celecium Hydroxlde # me=| =aer]| 100| are| ===] 100 Silicic Acid - 66| 128 ===| ===| ==
Celcium Stearate * 322 150| 151 ===| ===} 131 Sodium Aluminate —ea| mem| ——e| moe| === BS
Calcium Sulfate 91] 103 | 112 | === 101| 120 Sodium Fluorosilicaete| =--| ==-- Q| === | ===} ==
Copper fmmonium Sulfate| =—=-= 50 3l | ===} === == Sodium Oxylete cvem| asa Q| mew) === 0
Ferric Chloride === we=| 142 | w=w=| =a= 75 Sodium Silicate mo=| - 50| ==w| === 40
Ferric Sulfate = 95| 210 =~=| 236| ===} 138 Sodium Stearate ———| -—- 90| ===| === 85
Ferrous oulfate wee| =me| saa] eaa-| «=a| 107 Sodium Sulfete ——— 66| wom | === | @m=| @=
Lend Acetate % 87| 112 | 139 87| 208} 120 Stearic Acid = 342 | === | 145] 585| ===| 16
Lead Oxide (Red) o] me=| === | === ===} 108 Sulfur (Powder) amm| e=e| ===| ===| 57| @
Lead Oxide (Yellow) wem| mee| aer} @-e| =--] 118 Sulfurie Acad e-=| 110| 83| 51| =-=| 7
Megnesium Chloride ===| ===} 100| ===]| ===] &0 Zinc Oxide —e=| ===| 56| ===]| =-=| 125
Magnesium Oxide -] w=- 50| w=-=| === 1l&Z Zinc Steerate =» 95| 157 123! === 167| 134
Magnesium Stearate 77| 1001| 154 | === | 150§ 136 Zinc Sulfate * 100( 183 | 112 120 | === 152

* These chemlcels are more fully evaluated

as shown in Taeble 1IYV.
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TABLE IV

Effectiveness of Chemical Admixtures on the Reslstance of Tung 04l Treated Semples
to Three Types of Exposure Tests - Expressed ne a Percentage of the Compressive
Strength Obtained for Corresponding Samples Without the Chemical Admixtures

Soil B Soll D Soll E S0il G

Chemical Admixture Imm [ W-D [ P-T | Dom | W-D [ P-T | Imm | W-D | P~ | imm | W-D | p-t
Aluminum Acetate 164 | 119 | 159 | 138 9¢ | 201 | 118 36 | 120 | 180 { 120 | 118
Lead Aoetate 110 | 106 | 183 | 166 | 136 | 313 9% | 110 96 | 108 | 262 63
Alvminum Hydroxide 102 el 108 | 103 96 | 105 96 4 40 | 181 | 100 | 106
Celciim Hydroxide 90 Tl 45 80 59 37 67 40 41 | 170 | 1Bl 25
Aluminum Sulfate 208 | 165 | 182 95 80 | 163 | 102 | 124 | 100 | 124 | 100 | 104
Ammonium Sulfate 127 | 129 80 | 184 | 240 | 160 | 160 | 182 | 280 | 260 | 200 [ 200
Ferrle Sulfate 161 | 146 | 172 100 | 112 66 96 | 195 | 145 | 200 | 100 | 128
Nickel(ous) Sulfate 126 | 123 | 130 | 106 83 72 89 | 107 70 | 158 | 130 | 122
Potassium Bisulfate 242 129 | 165 | 141 | 195 | 140 | 133 | 212 | 371 | 262 | 183 ! 210
Potaseium Sulfate 152 123 116 200 248 240 223 238 540 280 192 230
Stearic Acid 126 | 142 | 121 | 138 | 805 | 245 | 140 | 840 | 482 | 231 | 176 | 172
Aluminum Stearate 142 106 158 120 | 240 180 102 32 114 230 840 196
Caleium Stearate 120 | 106 | 128 | 143 | 995 | 264 | 138 | 998 | 388 | 172 | 226 | 160
Magnesium Stearate 106 | 129 | 124 | 10é 83 72 | 160 {1010 | 210 | 150 | 262 40
Zinc Stearate 131 103 136 120 940 202 103 580 172 172 570 132

.14



PERCENT FINER THAN SIZE SHOWN

20

CLAY SILT [ FinE sano | COARSE SAND
00 US STANDARD SIEVE NUMBER 200 100 40 20
, .
| ! "] 1
9 I’.—‘/_r/‘/ | ") |
0 -
GRADATION IN PERCENT [ = d !
SOIL|| SAND | SILT GLAY Vol /l
0 |—— - - - | ot +—
___A i a3 13 4___‘| / |‘
ol o lae [ a7 [ l oV / I )
| F 28 62 10 ] O e~ ‘I/ i
H 12 67 2! ’ | A !
. o ol _ 1 -
60 T T 'IL » | ] ll :‘
I T,/ | A__:* | i |
/]
so b - 4—1 N | 4 . : -
! . | / |
| | !
40 -4 T ’ T - .| '
// /// ‘ ! } ‘
30 f TN ‘ - - -+ —
4% oA | I
20 AL it - e : -
/ d - il ‘ b ]
d //r // [ \L | |
1O Ry - e P o t , —T ~ 1 +
ﬁ’/ﬁmﬁr/ | | | | |
o : 1 : Ll ] I L i
ool 005 ol 05 10 50 10 15
CLAY | SILT [ FINE SaND | GOARSE SAND
100 US STANDARD SIEVE NUMBER 200 100 40 20
[ //I
! .
90
GRADATION IN PERCENT
so1L [ SAND [ SILT | GLAY
80 . Eaa N B e
B | 60 ' 30 10 |
D 43 s u ‘
To - — __2__ ZE —| H 1 —_
E 28 53 | 19 | ‘
60 ] B | B4 'Bl L I
|
| .
so |- e ; '
1 | 1
40 L ! 4.4
o | |
| d : !
3o ! t + 1 -
//Pj/ﬁﬁ :
| !
of A w sl
1A !
1o e .% /// r _ [N U N A L. 1 ,"__ S O B
L]
| * : | | |
o] — " P I . " . a ! o I |
ool 005 ol 05 0 50 10 1S

FIGURE

PARTICLE SIZE IN MM

GRAIN SIZE - DISTRIBUTION CURVES FOR
THE DIFFERENT SOILS



DRY DENSITY IN POUNDS PER CUBIC FOOT

I3O1—

s (SOL A sow "8"' | | | | | [sow "¢’ | /soiL "p"]
| j ! ;
|26 /ly \t-\ 2°/° - i
AR\ w
} L i | | L. |
122/ f\<0°o 5% ~ | (
; _—// ! \ baj:/o ! Ay’so/c :
8 — v \ 2% A | - e S%
! | AR o 2% /1N 2%
| | 7T TN T 0% 7 -
14 — — + A XN / AN 0%
- 4 . : N\ L AINAN
| “1 i A
o L—- - I J‘_ i L J I ] \ i / Ji
2 6 0 14 g 2 6 10 14 8 2 6 10 14 18 2 6 10 14 18
MOISTURE GONTENT IN PERCENT
“B T T T [T} X 1] 1} ‘r m n m,o.n
50, soiL "e"| | | 'soiL "F SoIL "6 SOIL "H
I i £ 0 [ T T 7 |
“4 /P(lf\‘-zo/ﬂ 1 /-‘\‘-‘l) /0 : i
AW \
N0 % i |
7 / | I
1o \ - = A5 Yo +—— L
\ | A il \ 2% )
106 _I / &0% J )( PN 0% / \ | 1
4 { \\ I 29/
A 1T/AN J~g2%
102:"_ : / / \\ / 00/0
‘R | \ /]
98 | i \ o { Lt 1 / | J\
8 12 16 20 24 8 t2 16 20 24 8 12 16 20 24 8 12 16 20 24
MOISTURE CONTENT IN PERCENT
FIGURE 2 MOISTURE-DENSITY RELATIONSHIP FOR THE TREATED AND

UNTREATED SQILS



22

400

aoo

200

100

COMPRESSIVE STRENGTH IN PSI
AFTER 7-DAY CAPILLARY ABSORPTION

0
100 90 80 70 60 50 40 30 20 10 0

MOISTURE CONTENT IN PERCENT OF THAT AT MOLDING

FIGURE 3 EFFECT OF MOISTURE CONTENT PRIOR TO EXPOSURE
ON THE SUBSEQUENT COMPRESSIVE STRENGTH OF SOIL
SAMPLES TREATED WITH TWO PERCENT TUNG OIL

400

IN PSI

AFTER 7-DAY CAPILLARY ABSORPTION

300

-

200

100

COMPRESSIVE STRENGTH

MOIST CURING TIME IN DAYS

FIGURE 4 EFFECT OF MOIST CURING PRIOR TO EXPOSURE ON THE
SUBSEQUENT COMPRESSIVE STRENGTH OF SOIL
SAMPLES TREATED WITH TWO PERCENT TUNG OIL



MOISTURE CONTENT IN PERCENT

MOISTURE CONTENT IN PERGCENT

23

35 T

30

25

: AIR DRIED
D SAMPLES

0 4 8 12 16 20

CAPILLARY ABSORPTION TIME IN HOURS

— ]

MOIST CURED
SAMPLES

0 4 8 12 16 20

CAPILLARY ABSORPTION TIME IN HOURS

FIGURE 5 RATE OF CAPILLARY MOISTURE ABSORPTION OF
THE UNTREATED SOIL SAMPLES

24



IN PS|

COMPRESSIVE STRENGTH

COMPRESSIVE STRENGTH IN PSI

24

1800
AIR DRIED
SAMPLES - PERCENT ADMIXTURE
1600 |- -—————-=N-- - == [ NONE :
- (277 05
- I C——3 10 B
1400 K 20
- ¢ [ 50
1200 - — e N O N ] -
K Q ';\2 B R
looo—— -|1— “_;f a\ N __
Iy 71
A P HgY 4
> b ™ x| [ P
800t -—N——-f - 1] b ; AP 4 ¢Sk
<[ 2% 5 8 . ¢
B N ® MR ><\
600__ _ o K’< — /:>"‘ _ >§ X o Fx o —_ x‘\_
i b Nl ; gf
8 & T \
r_y ] - . SR ><\ P
400 |—11 MY N PN 11— Y- - WA M- \E =
< ] <] s 9 . s
1] :} ~ ] 1] XK
N gy > 3 < s - N .
200 J— -1 — N Sl — b 5
% 1] A x| N |
<] b o - < ] K\
)g [ >< _a/ \)‘/‘ A >*/
o} ' LA 4 1 1 A4 K
A B c D E F G H
SOIL DESIGNATION
500
MQIST CURED -
SAMPLES
{
400 I 1
TF \
J
300 ' L N -
. ] ]
200t——-] — | -
b4 , P . L
] P ]
' N N [_ - ]
00— — | MN—H{1 m 41 K g -— b - -
SN ] 1
- ~ ™
0 I,VR< gl <IJ>& “ 5 {%
A B c D E F G H

SOIL DESIGNATION

FIGURE 6 EFFECTIVENESS OF VARIOUS PERCENTAGES OF TUNG OIL
ON THE COMPRESSIVE STRENGTH OF SOIL SAMPLES
PRIOR TO EXPOSURE TESTS



25

CYGCLES OF EXPOSURE

IN DAYS

" T
_/»4/_|/|I.lo |l|__l
NN .Y |
| | -
x| ! e |
AM ! -~ - ﬂ\
H.h i mﬁ - a_f +
- | o _
ZW 4 —
wl ga3nvi|e M A,|
“ | p AN
o
i w 1
=
-
] L :E [
, o M ] _
7 - A Y H
| ﬁ _ w | . [
I o o
- S R
|
| _ . .
> | ﬁ ERIEZ ] B ,f $
nL _ (=] !
& | N
= _ Cganva |o I -
> _
- - r [
| ,J_ % [+ ” m_ﬂ _ m_WuH. w
" . T - B ! ] 1 0
ﬁ - " o~ | [ / o) MNHIJ
I e * e b
LNl ] {2 N
- | \\A_‘ 4o /\ Eiuolz <
M, ; _ ] ,. N - | __ ]
= N o v } — 1 - . !
M — _/,I o - . | _,_ T o
=z 1 T
ad
M, a3adivd (© M
Zi | =
[11]
[1
[
T ! -
ol =
_ N e
| ] o
NN =
|
> E—
u RN Pt
- |
b
2 e
L& ]

200

150
100

o
Lo}

§1831 3HNS0dX3 H3LdY

1Sd NI HL9N3IH1S 3JAISSIHdWOD

1§31 HOVY3 40 S3TOAD NOILdAHOSEY IHL
H314¥ LN3I2Y3d NI INILNOD 3HNLSION

EXPOSURE TIME

RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SOIL "a"

FIGURE 7



!

L

FREEZE-THAW

NN 7

WET-DRY

a3llvd

IMMERSION

aalivd

|

L T

4
¥

BN

CAPILLARY

AN
|
NN

N]

o

(=
L

400
200

|

|
o o
o

1531 3HUNSODX3I ¥3ILldAv
1Sd NI HLO9NJIHLS 3AISSIHdWOD

10 20

o5

20
PERCENT TREATMENT

20 a8 0

05

10

oS

26

PERCENT TREATMENT

1S31 H3v3 40 $372A0 NOILdHOSEAY 3IHL
H4314v IN3IDE3d N) IN3ILNOD 3JHNLISION

CYGLES OF EXPOSURE

EXPOSURE TIME IN DAYS

RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SoliL "B"

FIGURE 8




T T T
S
z - ﬁ/_ 2
: ESSSS
m nuﬂ_qu
T T T T ]
SN
| _Vm ,,_//_//_
. RN _J//
“,__ ¥ | _
T T
_
BN
w_, a3ijnivd
2 |
“ T ]
7/_ _/
|
= | WMM

S1S31 34NS0dX3 H3ILIY
1ISd NI HLON3IHYIS 3JAISSIHAdNOD

20

o5

O

20
PERCENT TREATMENT

o]

20

o5

20
PERCENT TREATMENT

v

o3

27

> ~
5z
i — i — 4 - 20 w
a -
! Wi_ rlo o0
— o - - o o
ol EetaRst
o zPo 0
1 1+ M |wlpo—w |«
hY - Il _
A SR — 7 I "
|
/ I
[E— (4]
[ | o

1531 HOV3 40 $372A02 NOILAHOSAY 3HL
H31l4v LN3DJH3d NI LNILNOD AHNLSIONW

CYCLES OF EXPOSURE

EXPOSURE TIME (N DAYS

RESULTS OF THE LABQRATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF soiL'c”

FIGURE 9



COMPRESSIVE STRENGTH IN PSt
AFTER EXPOSURE TESTS

MOISTURE CONTENT IN PERCENT AFTER
THE ADSORPTION CYCLES OF EACH TEST

400
CAPILLARY IMMERSION WET-DRY FREEZE-THAW
300 % ]
200 /— —
100 | V] — A — —
/ ol o 7 /_‘ =]
/ w w / / w
— —/—- &;'———'2— ~— — 2| _/_/— —:‘—‘a— —
bl - o
o LI A L RI - A 1A e P
© 08 10 20 0O 08 10 pO 0o o3 10 20 © ©5 10 20
PERCENT TREATMENT PERCENT TREATMENT
20 [
4 ||
L | r
_F/ P |
1
12 I /‘_.——-“ L
. _,I” AT 1
o / ] I
- s —— =
8 _/I_,/T // J
] | f | I -‘L.fL__ 1
T J LEGEND P
4 ] UNTREATED A
05
———10%|To°
—— 20%
o
o 1 2 3 S 6 7 O I 2 3 4 %S 6 7T © | 2 3 4 5 €6 7 O | 2 3 4 8 &

EXPOSURE TIME IN DAYS

CYCLES OF EXPOSURE

FIGURE |10 RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SOIL "D"

4

82

¥



COMPRESSIVE STRENGTH IN PSI
AFTER EXPOSURE TESTS

MOISTURE COMNTENT IN PERCENT AFTER
THE ABSORPTION CYCLES OF EAGH TEST

400
CAPILLARY IMMERSION WET-DRY FREEZE-THAW
300
200 1]
/—(
100 — —-/—
% /] | ol @ o
H Hop B H——0
- I o Lo
o Ll 1 g u|m o & P “ 2 4
@ 05 :0 20 0 05 10 20 0 05 10 20 6 05 10 20
PERCENT TREATMENT PERCENT TREATMENT
= ]/,,d,»_e-—r
s |—
——‘——"”:—':
e
s
-‘//
-_—/—//
7
L/
/ LEGEND
/ LEGEND
—— UNTREATED
___?3.5" TUNG
__l_oi [«]]
0
6 | 2 3 4 5 8 7 ©0 | 2 3 4 8 & 7T O | 2 3 4 5 6 T O 1 2 3 &4 5 & 7
EXPOSURE TIME IN DAYS CYCLES OF EXPOSURE

FIGURE Il RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SoOIL "E"

62



T ]
L \\_\ _ %\
z NNNN_NM
m _
m a3
e _
T
_\\\A\_\
|
. 222
Ui ERTLY
* |
L1
L \\H\ﬂ\\
_
o 222
z a3livi|
* |
T T
T\\\l\\_\ _\ 4
_\\\\\\\ \
x i\]\ \\
: g
© |

$S1S31 34YNSOdX3 HILl4dyY
ISd NI HLOKIHLS IFAISS3IHdNOD

2.0

1.0

0.5

2.0
PERCENT TREATMENT

1.0

0.9

2.0

0

0.8

2.0
PERGCENT TREATMENT

1.0

0.5

30

L

-

TUNG

5%
—— 20%) oIt

20

1531 HO¥3 40 S3T0AD NOWLQHOSAY JHL
4314V LN3DH3d NI LN3LNOD 3¥NLSION

T
_
t

CYCLES OF EXPOSURE

EXPOSURE TIME IN DAYS

RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SOIL "f"

FIGURE I2.




COMPRESSIVE S5TRENGTH [N PSI
AFTER EXPOSURE TESTS

MOISTURE CONTENT IN PERCENT AFTER
THE ABSORPTION CYCLES OF EACH TEST

400

CAPILLARY IMMERSION WET-DRY FREEZE-THaAwW

300
—
-
200 A ?_
ool A1 L V] _ AV
[; ? o a o a L/ ﬂ
w w w ad /
— LV — 2 Y A 2 2T AT 2V — 1 A A
AV : @ 1 &} < @ ¢
o 72 /]
0 ©053 10 20 0 0% 10 20 0O 05 10 20 ) 0% 10 20
PERCENT TREATMENT PERCENT TREATMENT
| L I
/
16 | e / I
e / [
12 L <] ~/
8
4 UNTREATED
053%
— Vo T;Jte
———20%
o
¢ I 2 3 4 8 6 7 O 1V 2 3 4 8% 6 7 0O | 2 3 4 5 & 17 0O L 2 3 4 8 6 7
EXPOSURE TIME (N DAYS CYCLES OF EXPOSURE

FIGURE '3 RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SOIL "G"

1€



i =
w :
- N
m 0311v4
w ( 1 @’

- o
> ’ :
: u_
x 11 14
T
NN
x
= ]
w CERILF
- 1 % .
T
o
: SO
x| N
|||.____ ! IAA
S ERILZ,
sl | ? |
O [] [o] o Q
I S

S1531 34NS0dx3 H3ALJAV
1Sd NI H19N3H1S 3IAISSIHANOD

32

20

¢S5

10 20

a5

20
PERCENT TREATMENT

10

0s

PERGENT TREATMENT

| I mwu ©
. =]
oE F°
e
L VlznO0
- {52325 |«
- _
[

A=
=
1

1531 H3V3 40 §37043 NOIL4HOSEY 3JHI
313V LN3JH3d NI INJLINOD 3HNLSION

CYGLES OF EXPOSURE

EXPOSURE TIME IN DAYS

14 RESULTS OF THE LABORATORY EXPOSURE TESTS-AIR DRIED SAMPLES OF SoiL "H"

FIGURE




COMPRESSIVE STRENGTH IN PSIL

MOQISTURE CONTENT IN PERGCENT AFTER
THE ABSORPTION CYCLES OF EACH TEST

AFTER EXPOSURE TESTS

400

300

200

100

20

EXPOSURE TIME

IN DAYS

GAPILLARY IMMERSION WET DRY FREEZE-THAW
7]
—] —
o [ / (=] —
w w ("]
—] L — L — - —
L g = *

— A “ 4 _ b 2 /] u | A /
o 2 s 0 2 5 ) 2 5 0 2 5
PERCENT TREATMENT PERCENT TREATMENT

. /’_’_,-'— -
— e
L=z ! L __’__/__'* Pl
SURPE s I GO i R N S |
L ] M |/ _ 2] J o
- _ / LEGEND / ;._-‘-—-‘“"
.—-J—_-—__“-‘_— -
UNTREATED
———20% TUNG
——5,09, Ot
0O | 2 3 4 % & T O | 2 3 & s & 71 © t 2 3 4 5 6 T O I 2 3 4 % & 7

CYGLES OF EXPOSURE

FIGURE |15 RESULTS OF THE LABORATORY EXPOSURE TESTS-MOIST GURED SAMPLES OF SOIL"A"

£€



COMPRESSIVE STRENGTH IN PS!
AFTER EXPOSURE TESTS

MOISTURE GCONTENT IN PERCENT AFTER
THE ABSORPTION CYCLES OF EACH TEST

400

CAPILLARY IMMERSION WET-DRY FREEZE -THAW
300 7] —
200 jé
100 — a /_‘
[=] o
(1]
4 S V] _
= o
ol_f= /J “ ’7/1 u J’? N FA
) 2 5 o 2 s 0 2 5 0 2 5
PERGCENT TREATMENT PERCENT TREATMENT
AT | T I
IS '—/—‘ /.——_‘ ’-'".—-—.- -
—_—T -
z ——— c
- + - P - !
L2~ / | 7 !
4 —_— — /- — 1 I
/ / - / i -~
7 h s R L~
a8 e ] —/ —/ //
// / | ’/
1 é LEGEND / "
4 UNTREATED
———20% |TUNG
| | s o0%) 0L |
o .
c | 2 3 4 5 & 7 ¢ 1 2 3 4 s € 7 0O 1 2 3 4 5 & 7 0o I 2 3 4 5 6 71
EXPOSURE TIME IN DAYS GYGLES OF EXPOSURE

FIGURE 16 RESULTS OF THE LABORATORY EXPOSURE TESTS-MOIST CURED SAMPLES OF SOiL "B"

Pe



400

PERGENT TREATMENT

CAPILLARY IMMERSION WET - DRY FREEZE -THAW
rs
[ 8
z
-w 300
I w
-~
o —
z W ;?
w e
o
x> 200 /“
0O r/
o
w || -
> ?
wn
100 N — — | A
e % 5 ol __[ -
2< %E — S ST AT A — 3
I <
© o LI s 1 £ i r2
0 s 0 2 5 o 5 0 2 5

EXPOSURE TIME IN DAYS

CYCLES OF EXPOSURE

FIGURE I7. RESULTS OF THE LABORATORY EXPOSURE TESTS-MOIST CURED SAMPLES OF SOIL"Q"

& o
W w 20 [
F
[T
L- g
L&
- a
p 16
qu e
O w = =
£o T
awm 12 —~ ! /,,.--‘-"__-‘—-
z —
Q l___/
z5 L/
UD a r
x5
O; -
ok LEGEND A\
:g 4 UNTREATED
S ——~—20%]| TuNO
p L
Olil 0
2 O + 2 % &4 & 6 T O I 2 3 &4 % @& 7 0O 1 2 3 4 8 & 7 0O I 2 3 &4 3 @
[

?

S¢



COMPRESSIVE STRENGTH IN PSI
AFTER EXPOSURE TESTS

MOISTURE CONTENT IN PERCENT AFTER
THE ABSORPTION CYCLES OF EACH TEST

400
CAPILLARY IMMERSION WET-DRY FREEZE -THAW
300 —
200 —
100 — —
[=] [=] o
w w L
— b—— l——— - {——— —_— — r._:-J
a « o«
o L—c= (Zl - = w w V]
0 2 8 0 2 5 o 2 5 0 2 5
PERCENT TREATMENT FERCENT TREATMENT
20 | T
- o —_
- r S
. rd
18 e - ,.i/
.—’J Vs /
//l I--“________—---‘- L A
e —— 4_,.—'”] —_—— e — o ——— — — ] /
12 H _—— | —// — / A
! / /
_// |, ;l/
I / P /
a _— Y . / /
\ /
LEGEND
a UNTREATED -
———20%]| TuNG \
——. 98 pg° oiL _\ ,_.../"
1 | !
0
© | 2 3 4 &5 & 7 O 1 2 3 4 8% & 7T O | 2 3 4 5 & 7T O©0 { 2 3 5 &
EXPOSURE TIME N DAYS CYCLES OF EXPOSURE

FIGURE 18. RESULTS OF THE LABORATORY EXPOSURE TESTS-MOIST CURED SAMPLES OF SOIL"F"

L

T

9t



37

|
7////JMMLH
|

wa////ﬂwvﬂvme

BSOSO SN TN w

AN /@//MWWJE
CESSSSSSS A | a
| _

NSNS NNSNNSNANNY //VI o

SOIL DESIGNATION
SOIL DESIGNATION

S S S S S S S OSS o

200

0 i

o o o =]
o 'y} o -

350
300
250
200

150

NOI1ldd0SE8Y AMVITIdYD AVGO-L NOILdHOSEBY AMYITIAVYD AvVQ -4
4313V 1Sd NI HLION3H1S 3JAISSIHIWOD ONIYNA SKWVHD NI 3SVIUONI 3HNLISIOW

F /] AIR DRIED

MR MOIST GURED

SAMPLES WHEN TREATED WITH TWO PERGENT TUNG OIL

FIGURE 19 COMPARATIVE STABILITY OF AIR DRIED AND MOIST CURED



1400

1200

1000

TREATMENT

800

| %

~ WEATHERED SAMPLES

600

OF THAT FOR

200

COMPRESSIVE STRENGTH AS A PERCENT

400 }

ag

PERCENT TUNG OIL

FIGURE 20 STABILITY OF THE SOIL SAMPLES AFTER CAPILLARY ABSORP-
TION AS A FUNGTION OF THE PERCENT TUNG OIL EMPLOYED

140

120

100

BO

60

40

20

COMPRESSIVE STRENGTH AFTER WEATHERING TESTS
EXPRESSED AS A PERCENT OF THAT FOR
CORRESPONDING UNWEATHERED SAMPLES

FIGURE 2l

LEGEND
}——~———~ ——— | CAPILLARY )
2 IMMERSION EER MOIST-AFTER EXPOSURE
3 WET-DRY . R
, 2 FREEZE -THAW [7=] RE-DRIED-AFTER EXFOSURE
| 3
(O e 3
] — . [] L2 3 | o3
-l 2 = - N
- q — | [ ‘THT__T‘: [
: m l 4 NBIEK
}_ : 'I 4 ] ! r —,1 s ) ':.
SENineantt
8 3] F G
SOIL DESIGNATION
REGOVERY IN STABILITY OF ONE PERGCENT TUNG OIL

TREATED SAMPLES RE-DRIED AFTER EXPOSURE TESTS



39

IVHNAHNA-3NITINY %2 _
_ o~
IN3IW3D %2l —{

i
|
_
|

VNSNS INIINY smiﬁ s TS

IvHNAENA- INITINY %2 —{ ﬂUthUJmJJ ol

J_qz:h_ma ANITINY %2 — { ﬂﬂ»ﬁ]LhL“H o

©
a N e ce:
IYHN4¥Nd-INITINY Nlm Lt s %

“ 110 uz:p % 2 !m
2€, NISIY % | # WMGWUHWH-
ﬂ TONIBYLS % 2 A

f .
THNAYNA - INITINY % 2 -

|
'IN3INID % mim

| |
| .__oiwz:k vz

|
Jze, NIs3¥ %1 —( coemss S

i ._oz_mﬁm %2+

| r
INIW3D NN_[ﬁ (B e

_ | hzus_mo .N,N|_m \

| |

70 9NNL % N_ —.
|

,
.._Nm.. NIS3 N #_\[ﬂ SR NN I»\Jr,)y)‘// ~ o

J2€, NIS3Y .x. I vm T T S e

110

,
A A | ~oniavLs sm,!m V

R L W T A NI T T -
_ i
s s ==

N

[

—

)

)

|

hzmg_zuo %2 — o
o

=

&)

Pi

1
|

| |

o mz:h_NmL/ as (rvﬁl%

ﬁ

| |
| ‘ _ oNiaLs % 2 - [

7||.,|4I
hzus_uo sm_lh [l E

‘ J Fzﬂ_:uo % 2 —

oNNL % 2— o rk_ R

J2€, z_mum R_A rﬂifl,%u

| ._oz_mﬂ_m ﬂm|ﬂm N

7

solL "¢"—

f LNIW3D %9 A —_— o
| R IT) ONNL %2 { T
_Nn z_wuz % | E_M T

Joz_mﬁm smlw -

i
|
|

Lson_ "g"— /

16 00

INIW3D %2l {e e e
m _ ; J,zus_uo %2 { —
, _
(@] o o o Q O @] (@)
o (o] @] @) (@) o Q
<r o (@] @ w < od

51531 3dNS0dX3 H3IL4VY 1Sd NI HLIONIHLIS 3IAISSIYHAWOD

[a)

w
-

FREEZE-THAW TEST

— ]

WET -DRY TEST

BN ~SSORPTION TEST

COMPARISON OF TUNG OIL WITH OTHER SOIL STABILIZING AGENTS - AIR DRIED SAMPLES

FIGURE 22



COMPRESSIVE STRENGTH AFTER EXPOSURE - EXPRESSED
A5 A PERCENT OF THE AIR DRIED STRENGTH OF THE
CORRESPONDING UNWEATHERED RAW SOILS

100
LEGEND !

— IR CAPILLARY TEST

72 IMMERSION TEST ;
"] WET-DRY TEST -
XXX FREEZE-THAW TEST

80
-
60
»
- N
: 3
% s
] ) py
@ ] o
40 - L
] <

XD

(X
XX

XX

KX2

XX

X2

7

2
@

20

XXX

XX

PCX XXX

XX

NN N SNNNNNNNY

[ X0

D E

SOIL DESIGNATION

FIGURE 23 RELATIVE SUSCEPTIBILITY OF THE AIR DRIED SOQILS TQ TREATMENT- EXPRESSED
AS A RATIO OF THE GOMPRESSIVE STRENGTHS OF TREATED WEATHERED
SOILS TO CORRESPONDING UNWEATHERED RAW SOILS "



4

41
—
(7))
w
ol
SSTT b
_.._.__Esw
Ll TV et
o YNT_M
Z|xEOo i
w|< sow
O|ldyranN
Wi e w ] -
~ PMUE _ @
< x
CmWF _ _
—m:m R KX K XK RAK KK XXX R
- - - i ™

XK XX KHIXKKKK K]
| | NSNS @

SRS

koo

50

o
)]

20
¢
o)

o
-

S3TdWVYS (d31v3HLl (A3HIHLVIMNN
ONIANOdSIHH0D 40 LIN3IOHAd Vv SV J35S3ddX3
-S1531 ONIYIHLIVIM HIL4VY HLION3IHIS 3JAISSIHAWOD

SOIL DESIGNATION

EXPRESSED AS A RATIO OF THE COMPRESSIVE STRENGTHS OF

FIGURE 24 RELATIVE SUSCEPTIBILITY OF THE AIR DRIED SOILS TQO TREATMENT -
TREATED S0OILS BEFORE AND AFTER EXPOSURE



