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A STUDY OF TAE SOIL 
STJBILIlING PROPERTIES OF TUNG OIL 

SUMMARY 

This report describes the results obtalnsd from a lsboratory mvesti- 
gatlon of the 8011 stabllirlng propertIe of tung 011, B study undertaken 
during the war pericd to determux the suitability of local materials, 
nvuilable in the combst areas, for use in the conntruction of airfields and 
roads. 

In order to evaluate the sffectlveness of the tung oil throughout a 
nlde range of so11 types, eight 6011s were employed representI% textural 
differences from sand to silty clay. Samples of each soil, treated with 
0.5 to 5.0 percent of admixture (based on the dry weight of tne ~011) were 
subjected to four types of laboratory exposure teats; namely, capillary 
absorption, immersion, alternate usttq and drying, and alternate freeziq 
end thawlug. The compress1~e strength and the amount of moisture absorption 
at the end of such tests were used to 1ndlcat.z the relative effsctlveness 
of each trestment. 

Additional tests uere conducted to determine- (a) the effect of 
diPferent curing and molding rethods on the stsbllity of the treated sol1 
samples; (b) the effectiveness of various chemical admixtures in improvi~ 
the 6tabllity of the tung oil-sol1 systems and3 (c) the comparison of the 
stablllrlng effectivenese of turq oil with that of other edmixtures. 

The primary conclusions from this investigatuan may be summarized (~8 
followr~ 

1. 

2. 

3. 

4. 

6. 

The addition of tung oil Mproved the stability of all soils 
but the OffOCtlVeneSE veried considsrebly with the type of soil 
treeted. Clay soils were unproved but slightly. 

To obtain maximum benefits from the tung oil It was necessary to 
air dry the treated samples to a moisture content unlikely to be 
attained in average field conetructlun. 

Up to 8 treatment of flvs percent, tb maximum amount used for 
these studlss, the stabllining effectlvsnesa of tung oil increased 
with the percentage employed. 

vl3rious che4micals, when adced to the soil-tung oil mixture, lm- 
proved ths stttlllty of air arled sarrples. The most effective 
were potassium sulfete, zinc stearste, calcium stearate, and stearic 
acid. 

Under air dried conditions, tung oil compared favorably with other 
type sdmlrturea when used in compareble quantities. 
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INTRODUCTION 

The study of tung 011 es a pos8ible a011 stablllzing sgent was under- 
tcken es prt of B ner time project conducted by the Arrport Developnat 
Division, lechnlcel Development, of the Clvll Aeronsutics !dminietrstion 
for the purpose of developi% metarlols end methods for Lmpraving the engineer- 
wg prope-ties of natural soils as used in the ccnatruction of rosds and sir- 
fields. Emphcsx wee >lsced un the utllizetlon of meterlels evsllsble in 
partlculsr combat trees Fnd/or those shoulng effectiveness when used III 
relatively small qusnt1t1ea. LJue to the reported RvallrbLllty of tung oil 
III the ChIna wee ard to the parlous references XI the literature to the 
possible soil stsbllirlng properties of this materIe It ~88 decided to 
include It ln our ntvestlgstlons. 

Frelimlnary testlng, described in e previous report,' indlcsted that 
both the strangti. and vaterprooflng zhsracterlstlcs of a fine sandy loam 
soil were greatly reproved by the edultlon of tung oil, the effectlvenass 
of treatment being proportional to the quantity of admixture employed, up 
to an optimum treatment of between five and ten percent, based on the dry 
weight of the sorl. 'Ihe conclusions drawn from these tests, however, were 
llmxted by the fact that only one sol1 type we.6 used and that the treated 
semples were subjected to but one form of laboratory exposure - water 
absorption - prior to teatlng for strength. 

The present study was "ndertrken to evaluate more fully the soil 
stablllzing properties of tung 011 bq studying its effectiveness throughout 
e wide renge of sail types when subJected to several forms of leboratcry 
exposure tests, Including elternete wetting and drying. and alternete freec- 
=ng and thawing. In edditlon, it was recognleed that before proper evsluatlon 
tests could be mede It would be necessary to study certain chayacteristlcs 
of the soil-tung oil-water mixtures, especially regarding methods of curing 
and molding. In order to determine the effectiveness of the adnlxturo when 
"aed in smell cuantities an arbitrary mexlmum llmlt of five percent treat- 
ment wes selected for study rrlth emphssls placed on lower ~+rcentages. 

All of the testing described in this report wee conducted XI the soila 
1Eboratories of the AirpOrt Development Division of Technicel Development. 
Valuable suggestlone for the conduct of this work were received from Dr. H. 
F. Winterkorn of Rlnceton University, Mi. L. Lawton of the Airport Develop 
ment Dlvislon and G. W. Mcklpln formerly of the Airport Development Division. 

It was reslired during this lnvestigetlon that the use of tung oil as 
a soil stablllsatlon agent would oe limited, 1" general, to tlreas I?J which 
the materlal might be readily avalratle end that its peacetime "se in this 
country would be restricted by economic consideratxns for some time to come. 

The results of the atudy ere published at the present time in order to re- 
cord the results of the work III this field and to present data and test 
methods that may be beneflclal tp other 8011 stabllizetlon studies. 

1 Malnfort, R. C. "A Laboratory Study of the Effectiveness of Various 
Chemicals es Soil Stabllizlng Agents," CM Technical Developent Kate No. 
40, October, 1945. 
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DESCRIPTION OF MATERIMS 

SOilS 

Eight differen+ sol1 types were used in this lnvestlgetion ranging 
in texture fran sand to silty clay and representing locations in fou differ- 
ent states. The characteristics of the scale and their grain sire anmlysia 
are shorn in Table I end Figure 1 respectively. Only the a011 Prections 
pa.sslng the number 10 81eve were used throughout these tests. The soils 
are designated by letter in descending order of their maximum density, the 
symbols hevlng no reference to the soils used in cur other reports. 

Tung Oil 

Tung oil, ecmetlmes referred to 88 China rood oil, is a drying oil 
consisting essentlnlly of the glyceride of eleomargaric acid, an unsaturated 
fetty acid of the linolic seriee represented by the general formula Cl8&,2~. 
When exposed to the air, tuq oil absorbs oxygen forming 8 hard resnwua 
material with a slight increaes 1n wslght. The epectiic gravity of tug 
oil is 0.940 to 0.943. 

For this study two dLfferent supplies of tung oil were used. One 
supply we.& eeveral years old and had been stored ln the leboratory during 
that tune. Thu sample was clear and quite free from cloudzness unlees 
disturbed. In eaees where cloudrnesr did appear the material we6 filtered, 
by gravity, through a number 4 Wbatman filter paper and the filtrate used 
for the teats. The second supply of tung oil was obtained from a commeralal 
Bcurce, just prior to ueng. and ~88 sold as meeting A.S.T.M. requirerasnts. 
Comparative tests, however, shaved that there was no appreciable difference 
III the effectiveness of either type 011 B.T long as it WBQ clear. 

Chemical Agents 

All of the chemicals uled 8s admixtures with the tung oil were of C.P. 
grads a6 obtained from commercial supply houses. Dutllled water we.6 ussd 
for all tests involving the chemical admixtures. Ccmparatrve teats, hcwever, 
shored no significant difference between samples molded rlth laboratory tnp 
water ard those molded with distilled water. 

REPARATION OF SAMPLES Am) TESTIBG PROCEDURES 

The basic testing procedures used XI the investigation were simily 
to those followed in cur previous rcrk with resin treated sol1 samples. 

b lnterkorn, Hans F. and MeAlpin, George W. "Soil Stabilization By the 
Use Of Rosm" CAA Technical Developnt Note No. 34, Februsry, 1946, MeAlpin, 
George w., Mainfort, Robert C., Wmterkcrn, Hana F. "A laboratary Study of 
the Soil Stebllizing Effeativenese of a Complex Salt of Abietic Acid" CM 
Technics1 Developent Note No. 35, July, 1934; Nlnterkorn, Iinns F. "A Ixabors- 
tory Study of the Soil Stabilizing Effectiveness of Artificial Realns rlth 
Speoial J&@asia on the Arullne-Furfwal Resins" CM Technical Developant 
Note No. 43, January, 1941. 
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Since no established testing prooedure Pulfllle the requirements for eveluat- 
=ng all chemical admixtures it was necessary to modify some cf these and to 
edcpt new procedurea aa the teat work progressed. This wea partxularly true 
regerdlng the preparation aid curing of temples prlcr toweathering teata. 

Preparation of Teat Speolnena 

All quantities of #oil used in the Feparaticn of test speeimena were 
representative of material passing the number 10 eieve. The optimum moisture 
end maximum density were determined by the standard Proctor methcd (A.S.T.Y. 
deaignatlon D69S-42T) for both the natural ~011s and those treated witi 
various psrcentsges of tung oil. For the tung oil treated samples, the 
required amount of admixture was thoroughly mixed with the air dried soil 
prior to the incremental additions of water. Ihe results of the Pr0ctor 
deteralnetiona are ahcwn III Figure 2. Table II ahcws the comparative 
quantities required to mold e 6ingle sample of each ~011 type 88 computed 
from the Rector curves for untreated soil, and frcm a~~lar curvea for 
soils treated with two and five percent tung oil. An analysis of theae 
data indicates that the optimum values for the treated aoils are practically 
equsl to those obtained by ccnsiderrng the tung oil aa part of the mix rater 
and molding to untreated soil conditicns; that la, the increase in dry density 
obtained for the treated semples 18 equal to the weight of the added tung oil. 
Since the bulk of the work performed in this study wee concerned lrlth treat- 
rente of two percent or less, It we8 deolded to mold all samples to untreated 
soil conditions and to consider the tang oil as part of ths mix water. In 
this ney all samples of the aam sol1 type were molded to constant weight 
but the dry weight varied with the percent admixture contained III each 
sample. 

The trerted soil was prepared for mcldlng by mixing e proportioned 
weight of soil, water, and tung oil. Tests indicated that the order of mix- 
ing these rmteriale had no epprecmble effect on the result@ stability 
CP the samples. In order to more nearly simulate field ccnditlcns all betchee 
were mired by Piret adding the required water to the sol1 and then adding 
the tang 011. Where additional chemioels were used the rater soluble chemicals 
were added with the mix water, in solution, rhlle the weter Insoluble chem- 
icda were mixed with the dry soil prior to the addition of water. All mlx- 
ing was acccmpliahed by the use of a paddle-type dough mixer, and a thorough 
disperricn of the admixtures was obtained in a two minute mixing period. 

At the end of the mixing period the quantity of material required to 
mold P sample maa weighed and placed UY the compeatlcn mold. All samplea 
were molded into cylindere two-inch high by tlo-inch in diameter. The ccm- 
paction derxe anployed was n modification cf that wed by the Portland 
Cement Aesooietion for compacting similar mire samplea of aoil-cenaat.l 

1. Soil Cment Mixturea" - Laboratory Handbook, Portland Cement 
Aaacciatlon. 



This apparatus permits the dynamic ccmpectlcn of the ssmple from both top 
end bottom by the use of 8 double plstcn method. Compaction in this manner 
permitted a very close control of the molded weights of each sempla,and en 
accuracy of xlthin plus or minue 0.2 grams we8 usually Bttalned. 

Teste were performed to determine whether the tung oil would tend to 
set up Immediately after mixing. The results showed that the stability of 
semples molded wlthln a perlcd of eight hours after mixing were the same 
as for those molded immediately after mlxlng. The semplas were maintained 
in B moist conditlcn throughout this test. 

Curing of Teat. Specimena 

In the study of sells treated with chemical admixtures It has been 
found from cur previous studies that the amount and type of curing of the 
treated semple, prlcr to It.8 sbbjecticn to the exposure tests are crlticel.1 
Different admixtures reect to curing in different manners. DopendIng upon 
the type of materlsl being tebted it 18 customary to cure the sample either 
by moist curing, sir drying to constant weight, oven drying to constant weight 
at tsmperstures not exceeding 140 degrees F., or by various partial drying 
of the sample. In order to determine the characteristics of the tung oil 
treated samples in this respect tests were conducted to determIne the optimum 
curing ccnditlcns. For this lnvestigaticn samplea treated with two pacent 
tung cl1 were tested at mclsture contents ranging from mcldlng moisture to 
oven dried conditiona. All samples were moist cured for twenty-four hours, 
dried to the required moisture content in air or oven. and moist cured for 
another twenty-four hour perlcd to belance the moisture throughout the 
specimens. The 6s;nples were then subJected to seven days capillary sbscrptlon 
at the end of which the cornpreserve strength was determined. Figure 3 
shcws the result of this test for the different sol1 types, and clearly 
Indicates the beneflciel effect of 81r drying the samples. The maximum 
stability vras reached at approximately the hygrcsccpic or 81r dried mciqture 
for each sol1 type. Further drying et e temperature of 140 degrees F. YBB 
detrimental to all 8011s tested. 

The result8 of simrler testa performed to determine the effect of 
varloua priods of moist curing of the samples prior to exposure is ahown 
m Frgure 4. These tests lnd1cat.e that the stability of samples is greatly 
unproved by moist curing. 

As II result of these tests it we6 decided to "88 both sir dried end 
mclst cured samples for this study. 

'McAlpin, George W., Mainfort, Robert C., Winterkcrn, Hans F., "A 
Laboratory Study cf the Soil Stabilizing Effectireneae of e Complex Salt 
of AbletIe Acid" CAA Tecbnlcel Development Note No. 35, July, 1934; MaIalnfcrt, 
8. c., "A Laboratory Study of the Effectivenees of Various Chemicals ee 
Soil Stabllizlng Agents" CAA Technical Develc!xnent Note No. 40, October. 
1946. 
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Laboratory Exposure Tests 

In order to evaluate the relstive effectiveness of the various percent- 
a&es of edmixture and chemicals employed, treated soil samples were subjected 
to four laboratory erpoeure tests durlx which the moisture sbsorptlon Yns 
periodically determined. ht the end of each exposure test the samples Were 
broken in unconfined compression on B Southwark-Emery testing machine at a 
constant rate of loadlug of five hundred pounds per minute. Except when 
modified for speaiel or exploratory lnvestlgatlons the laboratory exposure 
tests were conducted at the end of the curing period as follows. 

Caplllsry Absorption. The samples were placed on blottlng paper resting 
on B moist sand pad with 8 constant water level malntalned gust touching 
the bottom of the samples, the whole being enclosed III a moist ceblnet. Seven 
days of such exposure constituted the test. 

I.UdDXSlOIl. The samples were subjected to seven days total immersion 111 
water. 

Alternate Wetting ad Dryin&. The samples were subjected to eight hours of 
tote1 immersion followed by eighteen hours of oven drying at B temperature 
of 140 degrees F. The saqles were broken at the end of the seventh wetting 
cycle of the test. 

Alternate Freezing and ThewIng. All air dried samples were subjected to 
Three days cap1 'llary absorption prior to beglnnlng the freezing end thawing 
cycles. The moist cured samples were not subjected to preliminary soaking. 
One cycle conslated of eight hours of freerIng at II temperature of -10 
degrees F. followed by 18 hours of capillary sbsorption. The samples were 
broken after the seventh capillary absorptxon cycle. Tests showed thet the 
semplea were thoroughly frozen III less than four hours at the -10 degrees 
F. temperature. 

TEST RESULTS 

All of the tests were performed according to the nathods discussed, 
which may be sunmrariead briefly as follows- 

1. All test specimens were molded to densities obtained for the 
untreated sol1 but using the required tung 011 BB part of the 
mixing moisture. 

2. Samples were either air dried for seven days in leboratory air 
or moist cured for seven days prior to beginning the exposure 
teats. 

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

IO order to more clearly present the teat results, the evaluation dstm 
haJebeen divided into four groups; untreated samples, treated sample8 not 
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exposed to laboratory weathering, air dried samples, end moist cured samples. 

Untreated Samples. 

In order to properly evaluate the tung oil treatmsnt It was neceseary 
to study the charscterlstxs of the untreated raw soil samples under the 
ssme exposure test condition ae applied to the treated ssmples. For this 
study. however. very little test date can be shown since none of the untreat- 
ed soil samples. regardlsss of the method of curing, were sble to withstand 
even the preliminary stages of the exposure tests. All samples failed corn- 
pletely within a matter of minutes when subjeoted to immersion thus eliminat- 
lug the possibility of further exposure by the immersion or the wetting and 
drying tests. The capillary abeorptlon test was less severe and, with the 
exception of air dried snmples of solI H, all specimens were still intact af?sr 
seven deys capillary absorption. However, the rate OF water intake wc.s very 
high and the samples became soit even after B short exposure. The periodia 
absorption rate during the firat twenty-four hours of the test for both air 
drlsd and moist cured samples of esch soil typs are shown in Figure 5. From 
the capillary test It was found that only soils C, D. and E were in a con- 
dition to warrant further exposure. Specimens of these soils, however, 
succumbed rapldly to the freezing and thewing test end were unable to uith- 
stand 160re than two or three cycles of such exposure. 

Treated Samples Not Exposed to Laboratory Neather+ 

This test ws conducted to determire the affect of various percentages 
of tung 011 on the strength of ssmples before they were subjected to exposure, 
that is. when they were In their most stable condition. The results are 
shown in Figure 6 for both moist cured and air dried aamples treated through 
B range of from zero to fire percent tung oil. These data shor that the cow 
preeslve strength of ell soils increased rlth the percentage of admixture 
employed and all treated samples were better than untrseted soil. 

EZvaluatlon Tests for Air Dried Samples 

After a preliminary lnvestlgatlon to determlae the range of the quan- 
titles of tung oil to be used III the svaluatlon tests It was decided that 
three percentages of edmFxture, 0.5, 1.0. end 2.0 percent based on the dry 
neqht of the aoil, would yield significant results. Although trsetmnts 

as low as 0.2 percent ehowed good results with soils R, C, and F this per- 
centage of treatment wes not effective with the other soils. 

The results of these eveluatlon tests, using the eight diPPerant soil 
types, m-e shown In Figure+7 through 14. Each Figure shows the ccsnplste 
data for all four exposure tests 88 epplied to one sol1 and indicate the 
perlcdic moisture content of the samples from the start to finish of the 
exposure tests end the final bresklng load 1n pounds per square inch. The 
values for the untreated samples are Indicated either es 'Palled' when they 
were unable to complete their exposure cycles or by 8 verq small breaking 
load, indlcstlng that the sample swvlved ths exposure tests although, 66 
prevjously discussed, such samples were in very poor COnditlOn. Ibe moisture 
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absorption for the untreated samples can best be studied frcan Figure 6 
su~ce In many csses the values were too high to show on the graphs used 
to plot date for the treated samples. 

From these data It can be seen thet tung oil improved the resistance 
of 611 soils to laboratory expasure to 6 degree proportional to the amount 
of admixture employed. For all 6011s the capillary absorption ~66 the least 
severe test, with the destructive forces of the other tests varying with 
the soil type. lhe detriment61 ~-Jluence of the wetting and drying ras 
Increased by the fact that the required oven drying et 140 degrees F. has 
been shown to effect adversly the trested samples 6s compared to air drying. 

Evaluatron Tests for Moist Cured Samples 

From preliminsry investzgstlons it ~6s soon obvious that the moist 
ourad samples were far inferior to the air dried. All treatments below two 
percent ylelded very poor reeults so the maximum percentage used ~66 mcre~s- 

ed to Pipe. Four soils, A, El, D, and F, representative of entire group, 
were selected for study at treatments of two and flvs percent. Soil H WI6 
not considered since it did not appear suitable for treatment either air 
dried or moist cured. 

The results of the moist cured test6 6r6 presented in Figures 15 
through 18 in the 66me manner 66 were the err dried sbmples. These date 
clearly indicate the reletively poor stablllty obtained when ?he samples 
6re tested wlthout belnc allowed to dry prior to exposure, even with treat- 
ments 8s high as five percent. This fact is further brought out by 6 study 
of Figure 19 which shows 6 comper~on of the 61~ dried 6nd moist cured 
samples for all the soils, treated with two percent tung 011 and subjected 

to capillary ebsorptlon prior to breaking. 

With moist cured samples, 6s well as with 6~ dried, the csp~llary 
absorption we.6 the least 6evere of the exposure tests, elthough. due to 
the drying cycle, good results were obtained for 6ome soils with the wetting 
and drying test. In this csse the improvement obtalned from the dryiq more 
than compenssted for the detrrmental effects of oFen drying. The flrst 
moist cycle of the test, honever, ~66 conducted on the undried samples. No 
preliminary ebsorptlon was given the moist cured samples prior to the freezing 
and thawing test. 

ADDITIONAL LABORATORY TESTS 

In addition to the evsluation tests described, supplemental xwestl- 
#ions were conducted to study more fully the properties of tung oil treat- 
ed samples, and to attempt the Mprovement of the stab~li6ing characteristics 
of such comblnetlons bq the addition of chemical admixtures. These edditional 
teets ~111 be discussed sepsrstely. 

Stablllty of Soils 6s 6 Function of the Percent Treatment 

Soils C, D. F, G. and H were trested with lncreasiw amount6 of tw3.g 



oil up to B quantity of five percent. The semples were eir dried, subjected 
to 24 hours immersion. end the compressive strength determined. As shorn in 
Pigure 20 the stability of all soils increased with the percentage of ad- 
mixture employed. The deta are preeentsd a~ a function of the conpre~e~ve 
strength obtained for the one percent treatment, and ehw that the rate of 
strength increase varies for the dlfferent acils, being higher for the more 
plastic types II end H, aoils which were relatively unimproved by the leer 
percentages of treetment. 

Sixty Day Immerelon Test 

Four of the soilm - B, C, P and G - traatad with two percent tung oil 
were subjected to sixty days total iummrrion. Both moist cured and air dried 
sampler rere used in the test. At the end of this period of soaking the 
samples were in good condition end there YB~ no sign of leaching of the ad- 
mixture from the soil. The compressive etrengtha were only elightly lower 
than those obtained for 6even day u,nnersion, Indicating thet continuing the 
lmmersron test beyond this period does not further weaken the samples to 
BD appreciable degree. 

Reatment of ClS> Soils - 

In sddltion to the eight aoil types reported for the evsluatlon tests 
exploratory studies were conducted on eddrtionel aoils classified 8s clays. 
They were subject&o the capillary ebscrptlon end the umnera~oa tests. All 
resulta indicated that the clay type aoils could not be effectively treated 
with tug oil. 

Comparison of Dynamic and Static Methods of ldol6ix 

In order to determine the effectiveness of different aoldlng procedures 
BB reflected by the resulting stability of the anmples comparucn wae made 
between the dynamrc method of molding described m this report and e static 
load method. 

For the static determination the came mold end methcda were employed 
8a for the dynamic procedure =lth the exception that the load '~e.8 applied 
slowly by the heed of e. Southwark-Eaery testing machine et e rate of five 
hundred pounds per minute, rather than by the felling weight uthcd used 
for the dynamic molding. 

Seven different coils treated with two percent tug oil. were molded 
by each method, air dried, and subjected to the exposure tenta. Although 
uniform enmplea were obtained by both methoda of compaction slightly higher 

f 
6trengthuere obtained in all ceee8 for soils molded by the dynamic method. 
With bath methods of ccmpactlon, however, the samples ".re not entirely 
uniform m densi++, there being e tendency to lower densities at the center 

1 of the specunens. This wan more particularly noticeable in the silty clay 
soils D and E. 
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Stebility of Re-Cried Samples After Exposure 

This test wes performed to determine how muon of the dry strength 
of the treEted sol1 could be re,gnlned by the samples efter undergoIng the 
detrimental effects of the laboratcrg exposure tests. Four e011e. 8. D, F, 
end G, treated with one percent tung 011 were oven dried to constent weight 
at e temperature of 14; degrees F. The samples Here then subjected to the 
usuel four laborstory exposure tests. ht the end of the tests two samples 
of each soil for each exposure test were broken in ccmprehslon. Two other 
corresponding samples Here again oven drlPd to constent weight after which 
they too mere broken in compresslcn. FlgUrR :1 shons the result of this 
test for the four soils. The compressive strrrctt. at the end of exposure 
and sfter exposure and re-dryIn& ore Shwn expressed as e percentsee of the 
original oven dried strength of the semple. It should he mentloned in this 
cornection thet the oven dried samples broken before exposure werezconsldersbly 
stronger then slml1e.r ax dried samples. Only when subjected to exposure did 
the au dried samples prove to be stronger. 

Comprlscn of Tung Oil xlth Other Stabillzlng Agents 

Tests were conducted to compare the sol1 stablllsing effectiveness 
of e fixed percentage of tung 011 nlth other edmlxtures prevlcusly studied. 
All of the testing -8s performed es described with the exceptlo" that the 
caplllarq end the unmerslon tests were combined Into one moisture abscrptlcn 
test conslstlng of three days capillary plus four daqs Lmmerslon. Two per- 
cent tung 011 treeted samples were cornpored to those treated with equal 
or optunum percentages of other admuture all pcrtloned on e drg weight of 
sol1 bssls. For some of the cement treated samples en erbltrarq treatment 
of SLX percent wee used. The anlllne-furfursl ronslsted of e 2 1 ratlo of 
these chemlcsls mlxed es described in e previous report.l 

All samples mere FLU dried prior to exposure with the rement and 
stablncl (which ccnslsts of about 80 percent cement) being moist cured for 
seven days prlcr to the drylnc. SIX representative soil types were used 
?n this camperleon the results of which erc shown 1n Figure 22. 

a 

The Ufectlvenesa of Chemlcel Mmlxtures &s Added to tne Tunp 011 Treeted 
Soil 

In en effcrt to iqxove the stabllielng effectiveness of the tunF; all 
treatment ver~cus chemlcsls were edded to the soil-tung all-wster mixture. 
A se.wch of the literature lndlcated severe1 msterlels thet might Improve 
the hardenlne rste of tung oil, end further, It ~8s decided to study the 
effectlvecesa of vrlr~ous metallic salts that had )-raven effective in unprcv- 
~ng other resinous meterlels. In eddltion, purely explcrstorb tests were 
conducted. 

1 Wlnterkorn, Hans F., "A Laboratory Study of the Sol1 Stablllzqg 
Effectiveness of Artificial Resins with Speclsl Ezphes~s on the Anlllne- 
Furfural heslns," CAA Technical Cevelcpment Note No. 43, Jeruhry. l-47. 
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Two percent tug 011 treutment was used in the urvestigetion plus the 
erperunentel chemical admixtures which were added to auantlties of 20 par- 
cent based on the weight of the tung 011. If the chemicsls were weter 
soluble they were added to the sol1 III solution with the required mix veter, 
if uxoluble, the dry chemical wee thorouhhly mixed with the dry 6011 prior 
to the eddltion of tung 011 and water. 

Since many of the exploratory tests were conducted on samples subjected 
to exposure tests which varied from stsnderd, it WRS decided to express sll 
compreseive strengths for treeted samples 8.s e percentege of that obtained 
for the control samples consiatlng of two percent tug 011 treatment with 
no addItIona admixture. Control samples were included w1t.h each dtiferent 
test in order to offset the lntentlonal or accidental vsriebles Introduced 
by the different curing end testing procedures. 

Several chemicels were found to improve the air dried strengths ~8 
the aemples but none were effective to en appreciable extent in beneflting 
the moist cured samples. 

Table III ahowe the summery results of the first test8 conducted with 
verlous chemical admixtures. All samples were sir dried end broken after 
different degrees of exposure. The bresklng load 18 expressed 8s e percent 
of that for the control sample. The most promising of the chemicals xere 
selected for more thorough study by use of the absorption, wetting end dry- 

%. and freerlng and thawing tests. These rtsulte ere presented III Table 
Iv. 

From the&e tests severs1 chemicala eppear to be definitely beneficial. 
The effectiveness of any one chemical varied ~11th the type aoil used but 
In general potassium su1rste, calcium steerate, and zinc stearete were out- 
stsndmng. Other very effective chemxsls were stesric acid, potasslwn 
bisulfate. magnea~um stearate end elumxuam steerate. The stearstes were 
psrticularlj beneficul UJ the wettlng ena drying test. 

Of these chmnleals the sulfates were water soluble while the stearstes 
were not. kddltlonal study Indicated tnat the 20 percent treatment wes 
ebout optimum in effectiveness for the sulfates but that the effectiveness 
of t;he stesrates Increased with the percentage used up to 100 percent based 
on the weight of the tung oil. 

Addltlonal studlea were mede with other edmirtures Including cement, 
lime, synthetic re81n "321" erd a conmerclal pobdered urea-formaldehyde 
resin. The cement end tung oil were mutually xxompntstle. 8 small amount of 
cement reducing the effectiveness of tung oil. while the eddltion of tung oil 
greatly reduced the strength of e normal soil-cement mix. Lxne, when used 
in greater percentages than the tune 011 improved the absorption strength 
of air dried and moist cured samples, but such samples failed rspidly when 
subjected to the wetting end drylng end the freezing end thawing tests. The 
synthetic reelns added in quantities of 20 percent of the tung oil were 
beneficiel to most soils treated esr~clslly to soils B, D, E, end C. 
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Several solvents, including benzene, carbon blsulflde, chloroform, and 
elcohol, were mixed wvlth the tung 011 In en effort to improve its dispersion 
throughout the soil mess. None of these solvents were effective, all samples 
so treated being weaker then those treated with tung oil slone. 

DISCUSSION 

As has been found in other attempts to eveluete the properties of 
soil atabllizing materiels the ~011 Itself is one of the more slgnlficent 
vsrlables encountered. No chenucal analysis, other than pH determxz.tion, 
wab made of the sol18 used In this study sod neither these values nor the 
physical cheracteristlcs revealed trends from which definite conclusions 
could be drsnn relative to the verylog susceptibility of the soils to treat- 
lnent. 

The evaluation test date end that summerized in Figure 21 shou the 
absolute values obtained when the different soils were treated with the 
admlxture. However, su,ce the untreated sol1 itself varied in stability 
these date do not give e complete picture of the reletlve susceptibility 
of the soils to treatment, so thst other methods of comperrson v.ere selected. 

Figure 23 shows the canpressive strength of the weethered samples of 
treated soil expressed as e prcentage of the compressive strength of the 
corresponding untreated, uzwesthered sol1 samples. IO this menner e compare- 
eon 1s obtained between the treeted soil samples 1n its most unstable con- 
ditlon - after exposure - to the rew soil m its best natural condition - air 
dried. The dets presents en Index of the percent effectiveness of the tung 
011 with eech sol1 efter eech exposure test. As rndicsted by the average 
velue of all four exposure tests the relative susce,tibillty of the soils to 
tresiment by this method ten be expressed es follows C. B, F. D, C, A, E. H. 
Two percent treatment and au dried semples Ihere used in this test. 

Another method for eveluatlng the effectiveness of tung 011 with the 
different 6011s IS shown In Figure 24. In this presentetlon the steblllty 
of the treetea semples after exposure 1s expressed es B percantege of the 
corresponding treeted soil MI an air dried condition prior to exposure. 
30 percent treetrrent and BU- dried samples were used for this test also. 
These date partxularly lndlcate the reletlve amount of stability retalned 
by the treated soils after exposure 88 compnred to theu" mfxlmum stebillt) 
when dry. The average of the four tests give e comparstlve rating to the 
soils of 8, C, F, G, D, A, E, H. 

From the above rB:tlngs It can be seen that the well graded sendy loam 

.snd loan so11s, C end 6, here the most esslly steblll?ed, with the silty 
clay types leest unproved. Tnls is consistent with findings 1n other sta- 
blllzatlon studies. Sol16 F end G, predominantly slits, geve surprrsin&ly 
good results espscielly In the tests rnvolvlng caplllsry absorption. Soil 
A, consisting of 83 percent send, yielaed low strength values in unconfined 
compressIon es would be expected from the uncohesive nature of such e soil. 
~160, this type of sol1 IS extremely 6usceptlble to moisture absorption. 
The fact that sol1 A resisted the exposure tests et all lndlcates the 
effectiveness of the tung oil adnuxture. 
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For all of the tests described in this report, other than those of 
B purelj exploratory nature, three different test rum were made for each 
condition of test nnd the results averaged. In general. good duplicetlon 
of results wee obtalned for the dflferent tests but exceptions were noted 
III the case of 60116 D. E, end G pertxulsrly in the wetting and drying 
teste. Semples of these soils tended to split through the center during 
the unmers~on cycles of this test end consequently allowed greeter moisture 
ebsorption. The split aectlona, hmever, remained individually frm and 
stable. It 1s belleved that this we8 due to the presence of entrapped .sr 
in the center of the slit and silty clay eemples, e condltlon that might 
be unproved by the use of e split mold rather than the solld one employed. 
Soils D, E end F, contaunng the highest psrcentaes of clay for the group, 
were particularly noticeable for thslr variation of dsnslty throughout the 
samples. tne top and bottom being more dense than the center. This con- 
dition could not be corrected with the verloue types of compaction employed. 
However, the eddltion of the more successful chemicals potassium gulfate and 
the ateerstes es described, appeared to correct this condltlon and all tests 
conducted with these treatments gave uniformly high results. smoe these 
chenlcals improved the wettrnt and dryug charecterlstxs of the silty clay 
soils to e much greeter amount than the other ~011s and the othe- type 
exposure tests It 1s reasonable to suppose that most of the benefit obtained 
vlth some of the chevacsls resulted from unproved compactlou characterletlcs 
of the tung 011 treated samples rather than from chemical reaction clone, 
even when a rsductlon in swelln,g characterlstlcs may have resulted. 

Although the cepillsry sbsorptlon teat wee the least eevere of the 
exposure teats, end gave good mdxatlon of the relative effectiveness of 
the treatments, it is believed that the more eevere test such es the immersion 
gives e better lndicntlon of the value of the treetment. The tung oil in- 
perted excellent resistance to capillary moisture in the soil samples but 
t\e lmmerslon test lndlcated that thla might be B reterdlng action rethsr 
t.mn actual waterproofing. The wide dlfference between final moisture con- 
tent in the ceplllary and utunera~on tests WBB particularly evident for the 
am dried samples. 

The wetting and drg'nc test, employing the detrurientel oven drylog, 
affected the ~011s to a slmllar degree except for occasional splitting 
of the samples es discussed. The moisture absorption, which reflects the 
compressive strength, followed the seme pattern for each 6011. The eight 
hour uruners~on cycle, although not eevere in Itself, when combined with the 
drying cycle broke down the lnltlal resxtance of the sample to absorption 
snd after two or three cycles the ~011s reached varylo: degrees of saturstlon 
and malntalned 8 constant moisture content after each subse-quent cycle. 
There wee very little loss of sol1 due to surface acnllw during this test, 
and lndlcatlcns were that further cycles, wlthln R reasonable number, would 
not materially reduce the stablllty of the samples. 

3n the otherland, there wes e progressive increase ua moisture absorption 
after each cycle of the freezing and thawmg test mdicating that edditlonal 
cqcles would cauee contnung deterlstlon of the semples. Send A wee en 
exception, this sol1 raplaly ebsorblng molsturs to saturation after rhxh 
there wes no u~creese during the test. Although the aLr dried samplea were 
subjected to three deys capillary absorption prior to test they were still 
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relative11 dry due to the reelstance of the treated samples to csp~llery 
sbsorptlon. Pn L.nmersloo exposure prior to testing would undoubtedly provide 
8 more .severe test but even e& conducted the destructive nature of the freez- 
'ng and thawing cycles 1s clear11 indicated. 

RegardIn< exposure tests III genersl, Hlnterkornl has found in testlog 
soil-cement staples that the destructive forces tif laboratory weatherlug 
xere epproximetely f ui- tunes as severe or the two inch by two inch samples 
86 on tnobe molzled to the stenderd lroctur 6128 as cormoo?ly employed. 

A stuoy of tne evsluatrop test dsts lndlcstes +htt, wlthln the range 
of trettmsnts studlea, there was no lntermedlnte optimum amount of treatment. 
All strengths and moisture scsorptlon curves for 811 sol16 and all tests 
show that the beneficial effects of the tung 011 ~rere li- proportlon to the 
qusntlty employed. Thx IS further Indicated in B study of the treated 
dry sam$es where -11 compressive strengths, compared to those for untreated 
soil, showed an increase with the quantity of turq: oil added. 

One of the more s'tn'flcent fects shol\n by this study is that, unless 
allowed to drq R ccnsldersble emoat before exposure, the tun: 011 trented 
samples yield relatively poor results, 6 condltlon holdln(: true for the 
me.JO'lty of reslno"s matcr1a1s. Plthough moist cured semples treated w1t.h 
five percent adnuture show reslstsnce to lnboratory weethering they do 
not in generel compare fsvorbbly with much smaller percentnres of treatment 
when the samples ere 8~ dried. The ectual conditions otto~neii in the 
field would be dlfflcult to predict dependlog 8.~ they do upon such verlebles 
es climate, sol1 type. drelnege ccndltlons. and otner frc+ors. An overage 
condltlon sould probebly lie between the two extremes employed III this re- 
port. Therefore, clthough for comperstlve studies emphasis has been placed 
on the sir dried samples their poorer performance when In e moist condition 
prior to exposure, should be bcrn in mind. 

In co,npprison r*lth some other admixtures the tunt oil snowed well 
eltnough It did not compsre favornbly to the higher perce?toces of cement, 
nor, In generr41, xts It (46 effective es E* equal percentege of enllir.e- 
furfwsl resin. 

CONCIUSION5 

From the test results obtaIned in thu stud) the followlrf conrluslons 
CIL~ te stated regerdln& the sol1 stablllzlne effectiveness of +us cl1 

1. Tung 011 wes beneflclsl to all ~011s treated es compared to 
nature1 5011. The sell graded souls. - sandy loan, end certsln 
slits - responded dell to treatment. Poor results were obtslned 
With clays. 

'Winterkorn , Hens F.. end McAlpln, Geor&e W., "Sol1 Stsblliea:lon by 
the Use of Rosin" CAA Technxal Development Note No. 34, February, 1946. 
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2. Tung oI1 ected as,both B blndsr rnnd B raterproofing agent, Itr 
effsctlveness in both ob8e8 being proportional to the psrcsntags 
employed. The dry strength of all the soilswas increased by the 
addition of tung oil. 

3. The ef'fectirsneas of treatment was proportional to the emoUt ai 
air drying allowed to the samples prior to exposure. Moist cur.d 
nanplar yielded low compresaivs strengths 8~ cornprod to nir dried 
Implss. Oven drying at 140 degrees F. was detrimental na caapve.d 
to sir drying. 

4. The dlrene chsracteristics of the natural soil Itself 1418 one of 
the grectest variables encountered. 

5. Tung 011 compared favorably with other soil strbIlIs.rs when ured 
in approximately equal amounts, elthough, in general, lt w.8 not 
as effective as anIlIns-furfural resin. 

6. The addition of vbrioua chemical6 greatly unproved the atibllity 
of the treeted soil, especially In resistance to the alternate 
wetting and drying tests. The most bensficlal chemicals were 
potessium sulfate, cslcium steerete, zinc stearete, and stsaric 
acid. Ao sdmixturs YLL~ found that would eppreciably improve 
the stability of the moist cured aamplss. 

7. A comparison of the etandard Proctor compaction data obta1n.d 
for treated end untreated soil indicated that there VBB no increase 
in densrty obtsined from the addltlon of tung 011 other than that 
equal to the dry weight of the tung or1 itself. 

6. The capillary absorption was the leant nevere of the evaluetlon 
tests used. The severity of the other teats varied with the soil 
type- 
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