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A LABCRATCRY STUDY OF THE EFFECTIVENESS
OF VARTQUS CHEMICALS AS SOIL STABILIZING AGENTS

SUMMARY

Thas report describes the laboratory studies made to develop chemicals which,
when mixed with natural soils, form an integral material suitable for light paving
Since the War Department had expressed interest in the possible military value of such
work, the main effort of this study was directed toward the development of materials
that could be made readily available in the combat areas, either by their geographic
location or by their being effective in such small quantities that the transportation
of the material could be reasonably effected

In the earlier phases of this work, the most promising chemical appeared to be
a 40 percent solution of sodium silicate to which had been added a solution of sodium
aluminate This combination, especially when used with the more sandy soils, gave
very high compressive strengths and readily wmathstood the action of water  However,
although a large part of this study was devoted to this highly effective combination,
no practical means was found whereby the material could be added to the soil 1n a man-
ner suited to normal constructien methods, inasmuch as the two chemicals interacted
and "set" immediately upon contact and consequently made the centrol of mixang and
compaction very difficult.

Cther chemicals, although yielding lower strength values than the above method,
indicated very promising results The best of these were raw tung o1l, linseed o1l,
and a aynthetic resin formed by a maxture of furfuryl alcohol and acid The practical
use of these materials seemed entarely feasible  Other materials, including cottonseed
01l, rubber latex and aluminum stearate, were tried with varying success, but were not
fully evaluated in this study

Although some of the results obtained from this particular work have not been
conclusive, much valuable data have been amassed and are presented here for the purpose
of record and as a guide to possible fulure investigations As several of the matera-
als show definite stabilizing peossibilities, 1t 1s believed that their further develop-
ment might result in useful agents, either when employed alone or in combination wath
other chemcals

For a proper evaluation of thas work, 1t must be understood that this form of
chemical stabilization 1s not meant for use where heavy paving 1s requared, but 1s
merely to be used for laght construction or as a temporary expedient for military use
until such time as more permanent construction can be undertaken

INTRODUCTION

Shortly after the outbreak of the present war, the Technical Development Divi-
sion of the Civil Aeronantics Admnistration i1nmitiated a project entitled "The Develop-
ment of Chemicals to Effect Soi1l Stabilization," for the purpese of investigating the
soll stabilizing effectiveness of various chemical substances and the determination of
their applicability to the construction of secondary or temporary roads and airfields
Because of the possible military value of such rapid mxed-in-place methods of paving,
the interest of the War Department was expressed i1n this project and the work was
recommended for completion by the Secretary of War, in a letter to the Secretary of
Commerce, dated April 21, 1942

Since the texture and chemical composition of soils wary over such a wide
range, and, since even slight changes 1n these properties greatly influence the re-
gsponse of soi1ls to the weatheraing forces of nature and to the various corditions of
traffic, the problem of stabilizing soils by chemical means 1s extremely complex and
one unlikely to be solved by a single simple method The investigation conducted by
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the Technical Development Davision on this subject has been comprehensive and funda-
mental, and to date several promising chemical agents have bsen developed This report
describes but one phase of the over-all development work, other results, in addition to
brief summaries forwarded to the War Department as the work progressed, having been re-
ported in separate publications 1

In the specifications for this investigetion 1t was stipulated that the chemi-
cals developed should be effective when applied by the usual construction methods, with
emphasis on the liquid form, in case 1t were found feasible to apply the materials to
the so1l by pressure injection, and further that they should

1. Be relatively insoluble by the action of water after final placement

2 If a liqmd, possess low viscosity at the time of application within
a temperature range of 40°-140° F

3 Be effective wath soal types ranging from sands to silty clay loams

In order to facilitate transportation of the materials to remote areas - a necessary
consideration for the military - 1t was stated that the materials should be effective
1n small quantities and, 1f possible, should be cbtainable in concentrate form requir-
ing only water for activation prior to use at the construction site  With these points
in mind, the laboratoery work was undertaken by the Arrour Research Foundation, Chicago,
Illanois, under contract to the Civil Aercnautics Admimistration

A thorough search of previous works on the subject of chemical so1l stabiliza—
tion indicated the possible use of several materials as effective stabilizing agents
The most promising of these appeared to be calcium chloride, sodium silicate, silica
gel, and other gelatinous substances such as the hydroxides of alumimim, i1ron, magnes—
1um, and calcium In addation, 2t was decided to investigate the possibilaty of pre-
paring synthetic tricalcium silicate and tricaleium aluminate from aquecus solutions
These compounds are responsible for the strong binding action of portland cement  Thais
procedure was extended to include also the preparation of such substances as plaster of
Paris, magnesium oxychloride cement, and other materials The possibility of stabil-
1zing soills by the chemlcal preparation of resins also appeared promising

A large number of exploratory tests were made on these and other materaals an
order to determine their applicability to the problem. The results of these early
studies i1ndicated that sodium silicate was the outstanding bonding agent of the group,
and 1t was decided to study this material in detail  COther chemicals investigated at
this taime are listed 1n the Appendix

For the purpose of this report, the work has been divided into three general
parts the first deseribing the preliminary testing to produce a satisfactory method
of utilizing the high strength-givang values of scdium silicate by the addition of
other chemcals, the second part describang the evaluation of the most effective com-
bination discovered, sodium silicate with sodium aluminate, and the third part describ-
ing the evaluation of various promising materials of lesser strength characteristies

1 Winterkorn, Hans F , and MeAlpin, George W , "Soil Stabilization by the Use
of Rosan," CAA Technical Development Note No 34, June 1943
McAlpin, George W , Mainfort, Robert C , and Winterkorn, Hans F
A Laboratory Study of the Soil Stabilizing Effectiveness of a Complex
Salt of Abietic Acad," CAA Techmical Develeopment Note No. 35, July 1944



LABCRATORY TESTING PROCEDURES

In this study, the properties of the treated solls were evaluated by determin-
ing the load-sustaining abilaty of both dry and soaked specimens Two types of loading
tests were employed, the unconfined compression, and the load-plunger tests In addi-
tien, tests were also conducted to determine the resistance of the treated scil to the
action of water

To prepare the test cylinders the so1l, chemicals, and necessary water were
thoroughly mixed into a uniform blend and the resultant mass compacted by the standard
Proctor method (A4.A.5 H 0 Designation T99-38) with the exception that the mold used
1n this ecase was larger than that normally employed, having an inside diameter of 4
inches and a height of 6 inches 2 For some of the preliminary tests a smaller meld,

3 3/8 inches in diameter by 2 5/8 inches high, was used for ease 1n working and
handling

After proper compaction the cylinders were either air-dried for a definite
period or oven-dired to constant weight at a temperature of 140° F , after which peri-
od of curing the strength properties of the specimens were determined by either the
compression or the load-plunger tests In the latter procedurse the compression machine
was equipped with a metal plunger, 2 inches long and having a circular end contact area
of 0 75 square inch, for applying the load Thas plunger was placed concentrically on
the test specimens and, after a smug bearing had been cbtained, load was applied at a
constant rate of 400 pounds per minute  The maximum load values at failure, or at a
plunger penetration of O 1 inch, were indicative of the relative value of the atabil-
1zing agents either as added to identical soils in varying amounts, or as added to
daifferent soils in equal amounts

To determine the effect of moisture on the treated soils, the compacted speci-
mens were dried back a definite amount, either in the air or in the oven, and then 1m—
mersed 1n water for varying periocds of time during which the amount and effect of the
water action were observed For this test the water level was maintained about 1/8
inch helow the top of the cylinders and the water changed daily The weights of the
specimens were determined each day and by comparison with the known dry weight the
percent moisture was determined From these data the moisture absorption curves for
the various conditions of treatment were plotted At the end of the soaking pericd
the usuwal load-plunger or compression tests were made

THE EFFECTIVENESS OF SCODIUM SILICATE

Sodium silicate, commonly known as “waterglass," 1s a colorless, highly alka-
line substance, readily soluble in water and available commercially either i1n solution
or 1n concentrated crystal form The material i1s available i1n sizeable quantities and
1s easy to handle Commercial forms of sodium silicate vary to a certain degree in
chemical composition and the viscosity of the sclution increases with the amount of
sodium present i1n the compound  Laboratory tests indicated that a 40 percent solution
{40 grams of sodium silicate per 100 c.c of water) of the formula NapC® 3.2 5102 would
be most switable for the present studies

From the start of this investigation some very firmly bonded masses wWere ob-
tained by treatment with sodium sillcate, especially with soils high in sand content
However, the resulting mxtures were unable to withstand the action of water and, there-
fore, 1t became necessary to develop a waterproofing agent which, when added to the
s01l either with the sodium silicate or by a separate application, would form a water
insoluble bond Before investigating this phase c¢f the work, however, a thorough study
of the bonding action of the sodium silicate was made

2 3tandard Proctor mold 1s 4 inches in diameter and 4.59 inches high.



Bonding Action of Sodium Sllicate

It was clearly indicated by early testing that the sodium silicate method of
treatment was far more effective with sandy soils than with those 1n which silt and
clay predominated, Prelimlnary tests also showed that with an iperease in the amount
of s1lt and clay present in the so0il, the percentage of treatment required for optimm
strength increased and the maximum obtainable strength decreased The sandy soils
seem to be well smited for bonding by the action of sodium silicate and, in addition,
because of their friable character, 1t is possible to obtain thorough dispersion of
the solution during mixing, resulting in umiformly treated specimens. As the clay and
8i1lt content of the sell 1s increased, however, the dispersion of the admixture became
difficult and small pockets of the heavier materials remalned untreated, resulting in
weak, honeycembed specimens  Attempts to overcome this defect by the use of commer-
clal wetting agents were unsuccessful.

Figure 1 shows the comparative effect of the sodium silicate on different soil
types when each had been treated wath a pre-determined optimumm amount of the solution
For this test six different soil types, ranging in texture from fine sand to clay, were
mixed wath encugh sodium silicate solution to give optimm strength value for each type
tested The specimens were compacted in the 3 3/8-ainch by 3 5/8-inch mold, oven-dried
to constant weight at 140°F , and broken 1n direct compression

Under these tests the stabilized sand cylinders withstood loads of well over
20,000 pourds, whereas the treated clay samples were crushed at less than 5,000 pounds
A variation was alse 1lndicated in the optimum amount of sodium silicate required for
maximum strengths, the values ranging from 8 percent for the sand to 14 percent for
the heavier soils (dry sodium silicate expressed as a percentage of dry weight of
so1l). The dafficulty of obtaiming a uniform dispersion of the solution throughout
the finer texture soils was again very apparent during these tests, resulting in very
erratic data for these type soils The addition of higher percentages of solution
failed to improve the results to a significant degres.

From these and other tests 1t was indicated that for the sandy soi1l a treatment
of 8 percent sodium silicate, based on the dry weight of the so1l, when applied as a
40 percent seclution, gave excellent results  Further study indicated that this per-
centage could also be used with the heavier scils wrth satisfactory results  Therefore,
1n order to keep the percentages of treatment low 1t was decided to use 8 percent
treatment as a maxamum throughout the remainder of this investigation

Figure 2 shows the results of tests conducted on the sandy soil treated wath 8
percent sodium silicate, to determine the relationship between the load sustaining
power and the amount of moisture in the sample after a pericd of curing These results
indicate that the range of moisture content between 35 and 30 percent of that at which
the specimens were compacted 1s critical, with maximum strength being reached when the
samples have dried back tec about 31 percent of their molded moisture content

Although the sodium silicate gave excellent bandaing qualitaies, especially with
the sandy soils, none of the specimens, when treated with this chemical alone, would
retain their original strength for more than 7 hours of immersion in water  After thas
period they weakened rapidly and at the end of 24 hours of scaking had practically dis—
integrated Therefore, in an effort to make use of the high strength giving values of
the sodium silicate, 1t was decided to conduct systematac tests for the purpose of find-
1ng a waterproefing agent which, when added in conjunctaon with the soedaum silicate,
would result 1n both a water resistant and high load sustaining material

The Effect of Waterproofing Agents with Sodium Silicate

Exploratory investigations were made on several materials tc determine their
usefulness as waterproofing agents Among those showlng some success were fatty
acids, such as oleic acid and cottonseed pitch, liquad asphalt and pitches, pickle
liquor, a waste product of the steel industry, consisting of 7 percent ferrous sulfate
and 3 percent sulfuric acid; and lignmin sulfonic acid, a waste product of the paper
industry



The most promising materaals, however, and those offering the least transpor-
tatlon difficulty. were the aqueous sclutions of the following salts- calcium chlorade,
magnesium chloride, barium c¢hloride, aluminum chleride, magnesium sulfate, magnesium
oxychloride, zinc sillcofluoride and magnesium silicofluoride

For the purpose of lnvestigating these materials more fully, a series of teata
were undertaken using three representative soll types; beach sand, fine sandy loam,
and s1lt These soils were mixed with 8 percent sodium silicate, molded, and oven-
dried The resultant cylinders were then ammersed in an aqueons solution of the vari-
cus chemicals for 15 minutes, alr-dried for 5 days, and tested for their load sustain-
ing power

Figure 3 indicates the result of these tests, showang the effect of the added
chemicals on the dry strength of the scdium silicate treated specimens  When the
breken specimens were examined at the end of this testing, 1t was found that the
chemical solution had only partially penetrated the sandy loam and silt during the
15-mrute 1mmersion period Since this introduced a variable 1n the test results it
was decided, for the purpose of comparison, to use only the data obtained from the
uniformly penetrated sand specimens

With the exception of caleium chloride, all of the agents employed in this
test resulted in lower dry strength values than were obtained for the Mcontrol® speci-
mens which were treated with sodium silicate only Therefore, from this group of
chemicals the calcium chloride was selected for more detailed study

Early in the tests with the sodium silicate-calcium chloride specimens 1t was
found that the waterproofing value was improved by further treatment of the specimens
with a 10 percent solution of sulfuric acid A series of tests were conducted where-
1n the sodium silicate treated cylinders were immersed for 15 minutes in calclum
chloride solutions of varyvaing concentrations (10%, 20%, and 30%), air-dried at room
temperature for different periods of time, after which one serles was broken in com-
pression while the other was further immersed for a 15-minute period in a 10 percent
solution of sulfuric acid before breakdng.

From these tests i1t was found that the dry strength of the treated specimens
varied with the concentration of the calcium chloride solution employed. Use of the
30 percent concentration resulted in load sustaining values as high as those obtained
with sodium silicate alone, while the 20 percent solutions were only slaghtly less
effective The addition of the surfuric acid, although increasing the water resistance
of the samples, lowered the dry atrength The addition of a 2 percent sodium chloride
solution to the calcium chloraide improved the strength values somewhat

Although this method of treatment had at first appeared promising 1t was sub-
sequently noted that after air drying for several days the treated specimens exhibaited
a fine network of fractures throughout their structure In this condition the cylinders
offered little resistance to compression and when immersed the small openings allowed
the rapid penetration of water, resulting in the leaching of the sodium silicate and
caleium chloride from the soil  Rapid daisintegration of the test specimens followed

Since this detrimental effect was more pronounced with the specimens that had
been treated with the 10 percent sulfuric acid solution, mumerous tests were made to
improve the treatment by reducing the concentration of the acid Trese tests proved
ineffective even when 1 percent solutions were employed

Attention was directed at this time to a new, highly promsing material, sodium
aluminate Early tests indicated that this material was far superior to any yet inves-
tigated for combination with the sodium silicate, so all work was concentrated on this
form of treatment



THE SODITM SILICATE-SODIUM ALUMTKATE MSETHOD OF TREATMERMT

Sodium alumnate {NaAlO3z) 15 reacily available commercially either in solution
or in powder form  Preliminary tests using this material wath sandy soi1ls that had
been treated with sodium silicate produced cylinders capacle of withstanding loads of
over 18,000 pounds, even after 7 days immersion in water. A detailed study was there-
fore begun to completely evalunate this combination

Separate Application of the Chemicals

The methoo of applyang the chemicals Zor the first investigatior was the same
as that used in the previous tests The so1l was mixed with the socium silicate, com-
pacted, and allowed to dry  The resulting specimens were then immersed in a solut-on
of sodium aluminate for 15 minutes, dried, anc broken in compression In thas method
of treatment the sedium aluminate tends we orevent the further hardening of the scdium
silacate within the soil, so that 1t 1s advantagecus to dry the treated specimens back
to maximum strength before acaing the wateroroofing chemical  When thas 1s dons there
15 no apparent decrease in the dry cylinder strensth by this treatment

It was founa that a dilute solution of sodium aluminate woulc readily penetrate
the socium silicate treated sandy soils during the 15-minute immersion period, but that
as the concentration of the selution was increased tre penetration inte the so1l was
retarded due to the resulting hirh viscositv of the solution  The heavier soils mere
as usual more difficult to treat even with dilute solutions, so Zeor the tairst tests
only the sancy soil was erployed

Figure 4 shows the relative effectiveness of four different concentrations of
sodium aluminate solution (8%, 16%, 24%, and 32%) on the strength and water resistance
of sand tnat had been treated wath 8 percent sodium si1licate  From these results 1t
can be seen that altbough & considerable degree of preotection 1s obtained with an 8
percent solution, the optimum value 1s about 24 percent, a concentration which 1s
also very satisfactory from the standpoint of penetratien anto the spescimens Tre
specimens treated waith sodium silicate alone, 1t will be recalled, failed 1n less than
1 day of 1mmersion

Thorough testing was made to determine the effect of aring on the specimens
Treated samples were air-driea for a pericc of 126 aays, at the end of which time they
were carefully examined and tested From this study 1t was found that the addation of
sodiun aluminate to tre sodium s1licate treated soil dees not produce deterioration of
the cylinder during the aging process

Figure 5 shows the strength and moisture absorption curves for A-inch by é-inch
specimens treated with 8 percent sodium silicate and waterprcofed with different per—
centages of sodium aluminate

The sodium a2luminate was addea by immersing tre oven-dried scdium silicate
specinens in the 24 percent socium aluminate solution for varyirg pericas of time de-—
pending on tle percent treatment requirea  The specimens were then air-draed for 7
days before testing Even after 5 cays immersior these cylinders sustained an average
load on the plunger of over 7,000 pounds per square inch

Other tests were conductea by mixing the sodium alvminate with calcium chleride,
but only slight improvement was noted  After further experiment and study 1t was de-
cided that the scdium silicate specimens treated with the secdium aluminate alone gave
the ontimum results

Summary data showing the effectiveness of trne separate or "twe step" method of
applicaticon are presented in figure o  These data include average results obtained
from cylincers treated with different percentages of chericals Twelve specimens were
used for each case  Although some inconsistericies exast between the results, a clear
indication can be seen of the relative effectiveness of the treatment on the various
so1l types Very hagh strength values were obtained when using 8 percent sodium



silicate with sand, ana even the 2 and 4 percent treatments with the sand and fine
sandy lecam, respectaively, when waterproofed waith the sodiur alurinate solution, with-
gtood a plunger loac of 400 pounds per square inch after 5 days' immersion  This
method of treatment was not successful watlt the s1ity clay

In order to simplify the application of the materials, an investigation was
undertaken to develop a successful means of applying the chemicals to the soxl in a
single process

Combinea Application of the Chemicals

The principle diafficulty in mixing the sodium silicate and sodium aluminate to—
gether 1n a2 combined method of treatment 1s the extremely rapid chemacal reaction be-
tween trese two materials  When mixed together with the soil a white gelatinous pre-
cipitate 1s formed and the specimens harden sc rapidly that proper molding i1s impossible
Several methods were tried to improve this ccendition cut none were very successful  All
experiments were made with sand and consisted of the follcwing processes

1 Tre two chemica’s were mixed 1n soluticn befeore adeition to the
5011l Tris, however, resulted i1n a gelatinocus precipitate which
could not be mxed uniformly wath the scil

2 The scdium silicate was first accea to the soi1l, then t-e sodium
alumnate, and the cylinder gquickly melded  This resulted in
tne formation of a white precipitate which rapidly hardened making
1t very difficult to compact anc remeve the cylinders from the
mold

3 Tre so1l was halved, the scdium silicate being mixed with one
part ard the sodiwr aluminate with the other Tre two porticns
were then mixed together and molded This also resulted in the
fornaticn ¢f a gel while the cylinder was being molded resulting
1in poor compaction

4 Acids were used to reduce the high alkalamity of the chemicals,
thereby retarding the rate of reaction However, unless a very
small amount was used, the acid 1tself caused the formation of
a precipitate when mixed with the solutions The small amount
that cculd be used was 1neffective 1in reducing the rate of re-
action between the sodium silicate and the sodzum aluminate

All cylinders molded by the above methods were very low i1in corpressive strength
and all Tarled completely after a short immersion in water

However, when these tests were extended to include fine sandy loam much better
results were obtained, especially when using low concentrations of sclutions, although
the specimens were still very dafficult toc mold TFigure 7 shows the results of treat-
ing fine sandy loam with 4 percent sodium silicate and varied amounts of sodium aiumi-—
nate Trese results are very promising, indicating a load sustaining power on the
plunger of over 1,000 pcounds per square inch for oven—dried specimens after immersion
in water for 5 days The optimum ratio of the chemicals appears to be 4 percent
sodium si1licate to 2 percent sodium aluminate, based on the dry weight of the soil
No data were obtained 1n the meoisture abscrption as tre specimens scaled consiaerably
while soaking, resulting 1n errecnecus weights for the e¢ylinders The load resistance
of the specimens at the end of the soaking period, however, indicates that substantial
waterproofing was obtained However, unless some method of controlling tre rate of
"set" can be developed, this method would be ursuited for practical field application



EFFECTIVENESS OF VARICUS ADMIXTURES

In addition to the study of sodium silacate, the soil stabilizang effective-
ness of other chemrcals was investigated For these series of tests standard proced-
ures were set up using a single soi1l type, & fine sandy loam, so that a better means
of comparison could be made cf the chemicals investigated The soi1l was znalyzed znc
the morsture density relationships determined by the standard Proctor method

The specimens were prepared ana tested, as prevaiously described, using the
4-1nch by 6-inch mold  All specimens were broken with the plunger, and detailed mois-
ture absorption data obtained for each condition of treatment Several promising chem-
1cals were found

Synthetic Resan (Formed by the Interaction of
Furfuryl Alcohol and Sulfuric Acid)

Early experiments 1n this study indicated trat a synthetic resin, formed by
the interaction of furfuryl alcohol ana sulfuric acid, showed definite promise as a
so1l stabilizing agent  These tests were performed with sand and a detailed study was
now begun toc evaluate thils material using the fine sandy loam

Preliminary studies showed that the rate of resin formaticn was proportional
to the concentraticn of the acid employed Since 1t was des:ired trat tnis formation
should not be too rapid, a series of tests were made to determine the optimum concen-
trations of acid to be used with various percentages of furfuryl alcochol  Numerous
specimens were melded using different mixang formulas throughout the range of proposed
treatments  Tests on these specimens indiczted that optamum results were obtained by
using 1.25 percent cf concentrated sulfuric acad, based on the dry weight of the scal,
diluted with the water required for optimum moisture of the soil  When this dilute
solution of acid was added to the furfuryl alcohol treated soil there resultea a slow
forming resin which was quite firm in about an hour By tkis method the amount of
sulfuric acid remained constant for all percentages of furfuryl alecchol but the concen-
tration of the solution increased slightly as more furfuryl alcchol was used  Through-
out the range of treatment investigated (1-10 percent furfuryl alcohcl) the variation
1n the ratio of sulfuric acid to furfuryl alcohol produced nco apparent effect on the
test results, and sinece the rate of reaction between the chemicals was considered sat-
1sfactory the method was employed tiroughout this study

In preparing the specimens for testing, part of the mixing water was added to
the furfuryl alcchol and the solution mixed with the scil  The sulfuric acid was added
to the remaining water and the solution worked into the soi1l mix  The plastic mass was
then molded into cylinders and tested Different amounts of furfuryl alcohol were used
ranging from 1 to 10 percent, based on the dry weight of the soil The load-penetration
strengths and moisture absorption data are shown in figure B  These curves indicate
that both the strength and water resistance are proportional to the azmount of treatment
used In the i1mmersion tests bits of so1l flaked from the 1, 2 and 3 percent treated
specimens after the first day in water, thereby giving errcnecus values to tre wet
weights after this time  However, from other tests on these and similar waterproofing
age~ts, 1t was possible to estamate the probable trend cf the curves and trese are
shown by the dotted lines

The strength of the specimens that had been cven-dried priocr to immersion was
much greater than those that were only air-dried  Between 3 and 5 percent treatment
there was a great increase in the oven-dried strengths This also appeared to be the
optimum percentage of treatment for the air-dried specimens, although the increase was
more gradual in this case  The greatest strengths were obtained with 10 percent
treatment but since this study was concerned only with materials effective i1n small
gquantities thas value was believed to be too high. Five percent was therefore taken
as the optimum amount of admixture to be used, and this form of treatment gave very
good results



Tung 011

The value of raw tung o1l as a stabilizing agent was investigated because of
the reported availability of this meterial in the China theatre of war Preliaminary
results indicated that the material was sufficiently promising to justify further
investigation,

The mixing process for this method of treatment 1s very simple The required
percentage of tung o1l was added to the required amcunt of water and the solution
mxed directly with the soil.

The cylinders were molded 1n the usual manner, allowed to dry in the air or
oven, and lmmersed Various percentages of tung 01l were used, end, 1n addition, tests
were made to study the effeet of treating the tung oil in various ways These con-
sisted of

1 Emulsaifying the tung orl and water by mecharacal agitation, and
by mechanical agitation plus the addition of a small amount of
triethyanolamine, an emulsifying agent

2 The addition of a drier to the tung o1l

3 Thickening the tung o1l by heating to 300°F for 4 houwrs, fol-
lowed by the addition of a drier (thermolyzed tung oil)

With the exception of the mechanical emulslfying, which increased the air-dried
strength of the 3 percent treatment, these special treatments did nol appear to
effect the normal test results to an appreciable degree

Figure 9 presents the results of the varicus treatments and shows that the
stabilizing effectiveness of the tung o1l 1s proportional to the percentage employed
During the scaking period, no scaling of tre specimens was noted, all remainming in
excellent condaition at the end of the 5-day immersicn pericd  However, 1t was found
that all specimens falled during the soaking test unless allowed to air-dry for at
least 4 days prier to 1mmersicn

The plotted data indicates that 5 percent raw tung o1l 15 a very satisfactory
treatment for thas secal type

Linseed (01

Since linseed o1l 1s available in many parts of the world, including the com-
bat areas, i1t was decided to investigate this o1l as a possible stabilizang agent

In preparing the samples, the linseed o1l was mixed wath the required amount
of water for compaction and the solution added to the soil The molding and testing
were conducted as 1in the previous tests  Four amounts of raw 1linseed oil were used,
1, 3, 5, and 10 percent In addition, boiled linseed oll and raw linseed oil plus a
drier were used, but these treatments did not substantially effect the test results
The aaairtion of the drier did, however, increase the oven-dried strength The test
results, shown in figure 10, indicate substantially the same trend as does the data
for tung oxl, although 1n a lesser degree of effectiveness.

Other Admixtures

The chemicals listed 1in this section were not as promising as those described
above, but with further study might prove effective All gave some degree of stabili-
zation The materials cansisted of non-drying and semi-drying oils, rubber latex, and
petroleum o1l thickened by the addition of an alkaline earth soap, alummm stearate
The summary data for these materials 1s shown in figure 11
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Cottonseed Onl This material, a seml-drying oil, was mixed with the s01l in
the usual manner. Three amcunts of treatment, 3, 5, and 10 percent were used All of
the load sustainming values were low, and an increase i1n the amount of treatment seemed
to offer little improvement

Rubber Latex For these tests a 30 percent solution of rubber latex with a
1 percent sclution of ammonium hydroxide was mixed with the soal Tests were made on
fine sandy loam, sand, and si1lty clay scils, but the best results were obtained wath
the fine sandy loam and these values were used as a basis for comparison with the other
materials The best results were obtained by using a 7 percent treatment of the 30
percent emulsion It was believed by the investigators that the use of a cold vulcan-
1zing agent with the rubber latex would greatly improve the stabilization properties

Aluminum Stearate Added to Petrolewm Cil When petroleum o1l, SAE 30, was
mxed with the soil in amounts of 3 percent the cylinders withstood a plunger load
of 300 pounds per square inch when dry, but completely fell apart after 5 hours in
water Waith the addition of & percent aluminum stearate, a water-insoluble soap, the
o1l was thickened and when mixed with the soil increased the dry strength to 500 pounds
per square inch and imparted a certain degree of load sustaining power even after im-
mersion of the cylinder for five days

Castor 0il This non-drying oil proved unsuccessful as a stabilizer when used
alone 1n quantities of 4 percent  All cylinders failed in less than 24 hours socaking

DISCUSSION OF RESULTS

For the purpose of comparing the differenl admxtures, as applied to the fine
sandy loam, figure 12 shows the summary data of the optimum percentages of the more
promising methods of treatment In all of these tests the specimens were 4 inches in
diameter by 6 inches high and the admixtures were applied in solution form

The use of specimens larger than those normally specified for the standard
Proctor method of compaction resulted in lower densities than would have been obtainea
by using the usual meld size. Laboratory tests have shown that both the strength and
water resistance of soi1l speclmens are greatly Increased by an increase in the density
of the specimen This indicates that the test results obtained in this study are lower
than would have been obtained had the standard Proctor densities been used

It was clearly shown by the detailed data that the effectiveness of the admix-
tures increased wath the percentage employed, so that 1t was necessary to select an
optimum treatment to be considered in the scope of this work  Therefore, the exception-
ally good results cbtained with the higher percentages of treatment were disregarded and
only the lower percentages are included 1in this summary

From these data 1t can be seen that all the methods of treatment gave a certain
degree of waterproofness te the specimens, thereby increasing the load resistance of
the soaked samples. BRaw tung o1l seems to offer the greatest load resistance after a
5—day immersion period both with the air-dried and over-dried specimens, whereas the
sodium silicate specamens, that were waterproofed by the application of sodium alumi-
nate, and the synthetic resin appear to coffer the best resistance to water absorption
These results can best be appreciated when 1t 1s realized that zll untreated specimens
of the same type soil failed i1n less than one day of immersion  Even the least effec-
tive of these agents withstood not only the 5-day soaking but zlse a definite amount
of load application at the end of this time  However, 1t was necessary to air-dry, or
cure-back, all specimens at least one day before immersion, otherwise they failed
during the first day of soaking For the lower percentages of treatment, (under 5 per-—
cent), a 3-day or 4—day drying period was necessary

The moisture absorption curves all follow a definite pattern in thas work
simlar to that observed in other soill waterproofing studies  The curves rice abruptly
during the farst day of ymmersion to near maximum after which they level off, gradually
approaching a horaizontzl line as the soaking contimues  Since the destructave forces
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of absorbed water on the soi1l specimens 15 dependent upon the rate of absorption, 1t
would appear that the greatest disintegrating effect occcurs during the first day of
spaking when the rate of absorption 15 high  This seems to be true 1n this study, as
all specimens that failed i1n i1mmersion usually did so during the farst day The =slow
rate of absorption after this time, although reducing the load resastance, left the
specimens intact

Of the dafferent treatments investigated, however, the sodium silicate-sodimm
alumnate method, using two separate applications to the soil, gave by far the highest
strength values, when applied to sandy type soi1l Best results were obtained by using
8 percent sodium silicate with 2 to 3 percent sodium aluminate  Lower, but very satis-
factory results were shown by using as little as 4 percent sodium silicate wath sand
and 6 percent wath fine sandy loam 511ty clays were not successfully treated by this
method When mixang the sodium silicate and sodium aluminate together before molding
with the so1l, very poor results were obtained with sandy soil  However, wath fime
sandy loam a 4 percent treatment of sodium silicate with 2 percent sedium aluminate
gave very good values which compare favorably with the other admixtures tested with
this type so1l The prainciple difficulty with this method of treatment was the rapad
formatien of a precipitate upon contact of the sodium silicate and sedium alumnate
solutions which prevented the thorough mixing and compacticn of the so1l. Iakewise,
difficulty was experienced when mixing the sodium silicate solution with the heavier
so1ls because of the poor dispersion obtained  Both of these conditions could prob-
ably be improved by using the dry, or powder form, of the chemicals and maxang them
with the dry soil before the adeaticn of water

In this study all of the materaals investigated were tested in the soluticn
form since 1t was aesirea that they could be applied to the soal by spraying or injec-
tion Tests on other stabializing materials have shown that the dry forms of the ad-
mixtures are often more effective than the solutions in treating soils. In additionm,
the ease of mixang, the control of moisture, and the dispersal of the chemaical through-
out the scil, can generally be facilitated by use of the powder or crystal form of ad-
mixture It 1s, therefore, believed that an investigation of the effectiveness cof many
of these chemicals in dry form would be of value, especially the sodium silicate-sodium
aluminate combination and the synthetic resin. Some of the chemicals, however, such as
the tung oil, linseed oi1l, and cottonseed o1l, are 1deally suited for direct applica-
tion to the so1l as liquads

It 18 believed that the more promising of these materials should be 1nvesti-
gated, using other and more varied soi1l types 51nce the effectiveness of the variecus
stabilizing agents 1s dependent on both the chemrcal and physical composition of the
soll to be treated, such a study woula give a clearer picture of the overall value of
each admixture Due to the inherent ccomplexities of each soi1l, however, 1t 15 doubt-
ful 1f one method of treatment cculd be developed suitable to all types.

CONCLUSIONS

From the results of the laboratory tests described in this report i1t can be
concluded that the following materials show definite promise as soil stabilizing
agents

1 Sodium si1licate-scdium aluminate  The most successful form of this treat-
ment requires the addition of the sodium silicate tec the seo1l, time for drying, and
then the addition of the sedium aluminate  Sandy scils can best be treated in this
manner It 15 believed that by using the powdered form of these chemicals instead of
the solutions better results and simplified methods of application could be obtained.

2 Raw Tung 011 This method of treatment can be easily applied to the soil
1n solution form and shows very good stabilizing properties when mixed with fine sandy
loams  This material should be of particular interest in the China area of operations
where the material i1s reported to be readily available



12

3. Synthetac Resin This material, formed by the interaction of furfuryl
aleohol and sulfuric acad, gave very promising results In addition, the method of
application seemed to be well sulted to fleld construction

4 Raw Linseed O1l. While not as effective as the above methods, this
treatment dees offer some stabilization and should prove of value for certain purposes

Other chemicals, less effective, but offering definmite improvement over un-
treated so1l are cottonseed o1l, petreleum thackened with aluminum stearate, and rubber
latex

As the laboratory tests during this werk were limited in scope, being confined
principally to moisture absorptiocn, 1t 1s believed that further, more systematic stud-
1es of the meore promising of these materials might be advisable, especially by the use
of the alternate wetting and drying and alternate freezing and thawing tests By con-
centrating on the powder or crystal forms, other of the tested chemicals might well be
reviewed.

It 18 realized that the test values obtzined from this study are not comparable
to those required for heavy type pavang, nor were they meant to be  Furthermore, 1t 1s
pogsible that some of these methods may not be econemically suited to ordinary peace
time construction However, the fact that some of these methods, using very low per-
centages of admxture, resulted i1n specimens capable of withstanding lecads of 500 to
1500 pounds per square inch, as applied by the ¢ 75 square inch area plunger, would i1n-
dicate that these methods should be of value 1nm light paving construction, especially
in the combat areas where temporary or emergency runways and roads are often necessary

Apart from the pessible utilization of the more promising of the materials
resulting from this investigation, 1t 1s believed that the study has produced much
valuable data concerning the over-all subject of chemical soi1l stabilization
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APPENDIX

In this appendix are listed the various chemlcals investigated that were not
included i1n the body of the report  The list 1s divided intoc two parts  the first
consisting of the materials used i1n seeking an effective bonding agent, and the secend,
indicating the various chemicals added to the most promising bonding agent i1n order to
secure water resistance

Tt will be noted that 1n a number of cases no percentages of the chemicals used
are given These refer to preliminary work in which a large number of materials were
subjected to rapid tests in order to determine, with & minimum expenditure of time,
theair applicability to the problem  Therefore, due to the purely gualitative nature
of this werk, no particular emphasis was placed upon the percentages of materials used
In most cases, however, this amount was approximately 8 percent

DONDING AGENTS (without treatment for waterproofing)

Bonding Agent Soal Type Binding Properties
aqueous sodium sulfide 511t loam poor
saturated potassium alum sand poor
calcium chleoride and magnesium

hydroxide suspension sand poor
magnesium chloride and

ammonia Suspension sand poor
copper sulfate, ammonmia, and

sodium silicate solution sand poor
sodium silicate and calcium

hydroxade sand pocr
sodium Si1licate and caleium

chloride sand good
sodium si1licate sclution with

lime 1n suspension sand poor
sodium silicate with portland

cement 1n suspension sand poor
sedium si1licate sclution con-

taining sodium acid sulfate sand poor
varicus mxtures of ethyl sili-

cate, water and ethyl alcchol sand poor
pickle liquor sand poor
lignman sulfenic acid sand poor
sodium alumnate sclution sand poor
20% solution zinc silico-

fluoride with magnesium oxade sand poor

WATERFROOFING AGENTS FOR SODIUM SILICATE TREATED SPECIMENS

Waterproofing Agent 5011 Type Effectiveness
saturated sodium acetate sand poor
5% boric acid wash sand good
sodium siliceflucride wash sand good
equal volumes of calcium chlo-

ride and zinc silicofluoride sand fair
wash of an agueous solution of

portland cement sand poor

magnesium oxychloride cement
treatment sand poor
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Waterproofing Agent Soil Type
calcium carbonate solution sand
magnesium oxide in suspension sand
sodium acid sulphate sand
coating of melted sulfur sand
coating of cottonseed pitch sand
coating of coal tar pitch sand

suspension of magnesium oxade
1in sodium silicate solution

followed by a wash of 20% sand
zine silaceofluorade
zinc silicofluorade solution 511ty clay
copper chloride solution sand
fine sandy loam
s1lty clay
potassium alum soluticn sand
fine sandy loam
s1lty clay
ammonium alum solution sand
fine sandy loam
s1lty clay

equal volumes of calclum chlo-

ride and magnesium silico-

fluoride solution sand
calcium chloride solution con-

taining caleium oxide in

suspension sand
zinc sulfate solution sand
sodium bisulfate soluticn sand
acid cupric chlorade sclution sand
acid zinc sulfate solution sand
dilute sulfuric acad sand
fine sandy loam
s1lty clay

dilute sulfuriec acid followed

by a wash with lead acetate

solution sand
calsium chlorade solution con-

taining magnesium oxide in

suspension followed by a wash

with acid magnesium sulfate sand
sodium acid sulfate followed by

a wash with dilute sulfuriec sand

acid fine sandy loam
acid cupraic chlorade followed

by a wash with dilute sul- sand

furic acad fine sandy loam
acid zinc sulfate solution

followed by a wash with sand

dilute sulfuric acid fine sandy loam
lead acetate solution follaw-

ed by a wash with dilute sand

sulfuric acid T1ne sandy loam

aqueous ferric chloride
solution followed by a

wash with dilute sand

sulfuric acid fine sandy loam
50% magnesium chloride solu- sand

tion followed by a wash fine sandy loam

with 10% sulfuric acad sa1lty clay

Effectiveness

poor
poor
poor
fair
fair
fair

poor

good
good =
good
good
falr
fair
fair
good
poor
poor

fair

poor
good
poor
poor
poor
poor
poor
poor

fair

very good

good
good

good
good

good
good

good
good

good
good

fair
very good
falr



Waterproofing Agent

29% barium chloride sclutiom
Tollowed by a wash with
10%¢ sulfuric acid

50% magnesium sulfate solu-
tion followed by a wash
with 10% sulfuric acid

50% aluminum chleride solu-—
tion followed by a wash
with 10% sulfuric acid

20% zince silicofluoride
solution followed by a
wash with 10% sulfuric
acid

20% silicofluorade solu-
tion followed by a wash
with 10% sulfuric acad

20% magnesium silicofluoride
selution followed by a
wash with 104 sulfurac acad

15

Sc1l Type

sand
fine sandy loam
511ty clay
sand
fine sandy loam
si1lty clay
sand
fine sandy loam
s1lty clay

sand
fine sandy loam
si1lty clay
sand

fine sandy loam
s1lty clay

Effectiveness

good
very good
fair
fair
good
faar
fair
very good
fair

faar
very good

fair

fair

very good
fair
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