
/ tW //// 

A L A B O R A T O R Y S T U D Y O F T H E 

E F F E C T I V E N E S S O F V A R I O U S C H E M I C A L S 

A S SOIL STABILIZING A G E N T S 

Bv 

R C Mamfort 
Technical Development Division 

Jechrucal Development Note No 40 

October 1945 

1 . \ 

U S D E P A R T M E N T O F C O M M E R C E 

CIVIL A E R O N A U T I C S A D M I N I S T R A T I O N 

W A S H I N G T O N , D C 



U N I T E D S T A T E S D E P A R T M E N T O F C O M M E R C E 

HENRY A W A L L A C E , Secretary 

CIVIL AERONAUTICS ADMINISTRATION 

T HEODORE P WRIGHT, Administrator 

T A B L E O F C O N T E N T S 

Page 
S U M M A R Y 1 
I N T R O D U C T I O N 1 
L A B O R A T O R Y T E S T I N G P R O C E D U R E 3 

T H E E F F E C T I V E N E S S O F S O D I U M S I L I C A T E 3 

B o n d i n g A c t i o n o f S o d i u m S i l i c a t e A 
T h e E f f e c t o f W a t e r p r o o f i n g A g e n t s w i t h S o d i u m S i l i c a t e U 

T H E S O D I U M S I L I C A T E - S O D I U M A L U M I N A T E M E T H O D O F T R E A T M E N T 6 
S e p a r a t e A p p l i c a t i o n o f t h e C h e m i c a l s 6 
C o m b i n e d A p p l i c a t i o n o f t h e C h e m i c a l s 7 

E F F E C T I V E N E S S O F V A R I O U S A D M I X T U R E S 8 
S y n t h e t i c R e a i n ( F o r m e d b y t h e I n t e r a c t i o n o f F u r f u r y l 
A l c o h o l a n d S u l f u r i c A c i d ) 8 
T u n g O i l 9 
L i n s e e d O i l 9 
O t h e r A d m i x t u r e s 9 

D I S C U S S I O N O F R E S U L T S 1 0 
C O N C L U S I O N S 1 1 
A P P E N D I X 13 

F I G U R E I N D E X 

F i g u r e 

1 E f f e c t o f S o d i u m S i l i c a t e o n t h e C o m p r e s s i v e S t r e n g t h 
o f O v e n - D r i e d S a m p l e s o f D i f f e r e n t S o i l T y p e s 1 6 

2 L o a d - M o i s t u r e R e l a t i o n s h i p f o r S a n d S p e c i m e n s T r e a t e d 
w i t h 8j£ S o d i u m S i l i c a t e 1 6 

3 E f f e c t o f V a r i o u s W a t e r p r o o f i n g A g e n t s o n t h e 
C o m p r e s s i v e S t r e n g t h s o f D r y S o d i u m S i l i c a t e T r e a t e d 
S p e c i m e n s U s i n g T h r e e S o i l T y p e s 1 6 

U E f f e c t o f V a r y i n g t h e C o n c e n t r a t i o n o f S o d i u m A l u m i n a t e 
S o l u t i o n s o n t h e S t r e n g t h a n d W a t e r R e s i s t a n c e o f S o d i u m 
S i l i c a t e T r e a t e d S a n d S p e c i m e n s 1 6 

5 T e s t D a t a o n t h e S o d i u m S i l i c a t e - S o d i u m A l u m i n a t e " T w o 
S t e p " M e t h o d o f T r e a t m e n t U s i n g S a n d 1 7 

6 S u m m a r y D a t a o f t h e S o d i u m S i l i c a t e - S o d i u m A l u m i n a t e " T w o 
S t e p " M e t h o d , o f T r e a t m e n t U s i n g D i f i e r e n t S o i l T y p e s 1 7 

7 T e s t D a t a o n t h e S o d i u m S i l i c a t e - S o d i u m A l u m i n a t e " O n e 
S t e p " M e t h o d o f T r e a t m e n t U s i n g F i n e S a n d y L o a m 1 8 

8 T e s t D a t a o n a S y n t h e t i c R e s i n ( f o r m e d b y t h e I n t e r ­
a c t i o n o f F u r f u r y l A l c o h o l a n d S u l f u r i c A c i d ) a s 
A p p l i e d t o a F i n e S a n d y L o a m 1 8 

9 T e s t D a t a o n T u n g O i l a s A p p l i e d t o a F i n e S a n d y L o a m 1 9 
1 0 T e s t D a t a o n L i n s e e d O i l a s A p p l i e d t o a F i n e S a n d y L o a m 1 9 
11 T e s t D a t a o n O t h e r A d m i x t u r e s a s A p p l i e d t o a F i n e 

S a n d y L o a m 2 0 
1 2 C o m p a r a t i v e D a t a o f t h e V a r i o u s A d m i x t u r e s a s A p p l i e d 

t o a F i n e S a n d y L o a m 2 0 

I N F O R M A T I O N 
A N D S T A T I S T I C S 



A LABORATORY STUDY OF THE EFFECTIVENESS 
OF VARIOUS CHEMICALS AS SOIL STABILIZING AGENTS 

SUMMARY 

This repo r t descr ibes the labora to ry studies made to develop chemicals wh ich , 
when mixed w i th na tu ra l s o i l s , form an i n t e g r a l mater ia l su i tab le f o r l i g h t paving 
Since the "War Department had expressed i n t e r e s t i n the poss ib le m i l i t a r y value of such 
work, the main e f f o r t of t h i s s tudy was d i rec ted toward the development of mater ia ls 
tha t could be made r e a d i l y ava i l ab le i n the combat areas, e i t he r by t h e i r geographic 
l oca t i on or by t h e i r being e f f e c t i v e i n such small quan t i t i es that the t ranspor ta t ion 
of the mater ia l could be reasonably e f fec ted 

I n the e a r l i e r phases of t h i s work, the most promising chemical appeared to be 
a 40 percent so lu t i on of sodium s i l i c a t e to which had been added a so lu t i on of sodium 
aluminate Th is combination, e s p e c i a l l y when used w i th the more sandy s o i l s , gave 
v e r y h igh compressive st rengths and r e a d i l y w i ths tood the ac t ion of water However, 
al though a la rge par t o f t h i s s tudy was devoted to t h i s h i g h l y e f f e c t i v e combination, 
no p r a c t i c a l means was found whereby the mater ia l could be added to the s o i l i n a man­
ner su i ted to normal cons t ruc t ion methods, inasmuch as the two chemicals i n te rac ted 
and " s e t " immediately upon contact and consequently made the con t ro l o f mixing and 
compaction v e r y d i f f i c u l t . 

Other chemicals, although y i e l d i n g lower s t rength values than the above method, 
ind ica ted v e r y promising r e s u l t s The best o f these were raw tung o i l , l i nseed o i l , 
and a syn the t i c r e s i n formed by a mixture of f u r f u r y l a l coho l and ac id The p r a c t i c a l 
use of these mater ia ls seemed e n t i r e l y f eas ib le Other mate r ia ls , i nc lud ing cottonseed 
o i l , rubber l a t e x and aluminum s teara te , were t r i e d w i th va ry ing success, but were not 
f u l l y evaluated i n t h i s study 

Although some of the r e s u l t s obtained from th i s p a r t i c u l a r work have not been 
conc lus ive , much va luable data have been amassed and are presented here f o r the purpose 
of record and as a guide to poss ib le fu tu re i nves t i ga t i ons As severa l of the mater i ­
a ls show d e f i n i t e s t a b i l i z i n g p o s s i b i l i t i e s , i t i s be l ieved that t h e i r f u r t he r develop­
ment might r e s u l t i n use fu l agents, e i t he r when employed alone or m combination w i th 
other chemicals 

For a proper eva luat ion of t h i s work, i t must be understood tha t t h i s form o f 
chemical s t a b i l i z a t i o n i s not meant f o r use where heavy paving i s r equ i r ed , but i s 
merely to be used f o r l i g h t const ruc t ion or as a temporary expedient f o r m i l i t a r y use 
u n t i l such time as more permanent cons t ruc t ion can be undertaken 

INTRODUCTION 

S h o r t l y a f te r the outbreak of the present war, the Techn ica l Development D i v i ­
s ion of the C i v i l Aeronautics Admin is t ra t ion i n i t i a t e d a p ro j ec t e n t i t l e d "The Develop­
ment of Chemicals to E f f e c t S o i l S t a b i l i z a t i o n , " f o r the purpose of i n v e s t i g a t i n g the 
s o i l s t a b i l i z i n g e f fec t iveness of var ious chemical substances and the determinat ion of 
t h e i r a p p l i c a b i l i t y to the cons t ruc t ion of secondary or temporary roads and a i r f i e l d s 
Because of the poss ib le m i l i t a r y value of such rap id muced-in-place methods of pav ing, 
the i n t e r e s t o f the War Department was expressed i n t h i s p ro j ec t and the work was 
recommended f o r completion by the Secre ta ry of War, i n a l e t t e r to the Secre ta ry of 
Commerce, dated A p r i l 21 , 1942 

Since the tex tu re and chemical composition of s o i l s v a r y over such a wide 
range, and, since even s l i g h t changes I n these p roper t ies g r e a t l y in f luence the r e ­
sponse of s o i l s to the weathering forces of nature and to the var ious condi t ions of 
t r a f f i c , the problem of s t a b i l i z i n g s o i l s by chemical means i s extremely complex and 
one unlikely t o be so lved by a s i ng le simple method The i n v e s t i g a t i o n conducted by 
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the Techn ica l Development D i v i s i o n on th i s sub ject has been comprehensive and funda­
mental, and to date seve ra l promising chemical agents have been developed This repo r t 
descr ibes but one phase of the o v e r - a l l development work, other r e s u l t s , m add i t i on to 
b r i e f summaries forwarded to the War Department as the work progressed, having been r e ­
ported i n separate pub l ica t ions ^ 

I n the spec i f i ca t i ons f o r t h i s i n v e s t i g a t i o n i t was s t i pu la ted that the chemi­
cals developed should be e f f e c t i v e when appl ied by the usual cons t ruc t ion methods, w i t h 
emphasis on the l i q u i d form, m case i t were found feas ib le to apply the mater ia ls to 
the s o i l by pressure i n j e c t i o n , and f u r t he r that they should 

1. Be r e l a t i v e l y i nso lub le by the ac t ion of water a f te r f i n a l placement 

2 I f a l i q u i d , possess low v i s c o s i t y at the time of app l i ca t i on w i t h i n 
a temperature range of 40°-140° F 

3 Be e f f e c t i v e w i th s o i l types ranging from sands to s i l t y c l ay loams 

I n order to f a c i l i t a t e t ranspor ta t ion of the mater ia ls to remote areas - a necessary 
cons iderat ion f o r the m i l i t a r y - i t was stated that the mater ia ls should be e f f e c t i v e 
i n small quant i t ies and, i f poss ib l e , should be obtainable m concentrate form r e q u i r ­
ing on ly water f o r a c t i v a t i o n p r i o r to use a t the cons t ruc t ion s i t e TfTith these points 
i n mind, the l abo ra to ry work was undertaken by the Arirour Research Foundation, Chicago, 
I l l i n o i s , under cont rac t to the C i v i l Aeronaut ics Admin is t ra t ion 

A thorough search of previous works on the subject of chemical s o i l s t a b i l i z a ­
t i o n ind ica ted the poss ib le use of severa l mater ia ls as e f f e c t i v e s t a b i l i s i n g agents 
The most promising of these appeared to be calcium c h l o r i d e , sodium s i l i c a t e , s i l i c a 
g e l , and other gelat inous substances such as the hydroxides of aluminum, i r o n , magnes-
luuij and calcium I n add i t i on , i t was decided to i nves t iga te the p o s s i b i l i t y o f p re ­
par ing syn the t i c t r i ca l c i um s i l i c a t e and t r i c a l c i u m aluminate from aqueous so lu t ions 
These compounds are respons ib le f o r the st rong binding ac t ion of por t land cement Th is 
procedure was extended to inc lude also the preparat ion of such substances as p las te r of 
P a r i s , magnesium oxych lo r ide cement, and other mater ia ls The p o s s i b i l i t y of s t a b i l ­
i z i n g s o i l s by the chemical preparat ion of r es i ns a lso appeared promising 

A large number of exp lo ra to ry t e s t s were made on these and other mater ia ls i n 
order to determine t h e i r a p p l i c a b i l i t y to the problem. The resu l t s of these e a r l y 
studies ind ica ted that sodium s i l i c a t e was the outstanding bonding agent of the group, 
and i t was decided to study t h i s mater ia l i n d e t a i l Other chemicals i nves t i ga ted at 
t h i s tune are l i s t e d i n the Appendix 

For the purpose of t h i s r epo r t , the work has been d i v i ded i n t o three general 
par ts the f i r s t descr ib ing the p re l im inary tes t i ng to produce a s a t i s f a c t o r y method 
of u t i l i s i n g the h igh s t reng th -g i v i ng values of sodium s i l i c a t e by the add i t i on of 
other chemicals, the second par t descr ib ing the eva luat ion of the most e f f e c t i v e com­
b ina t i on d iscovered , sodium s i l i c a t e w i t h sodium alumnnate, and the t h i r d par t d e s c r i b ­
ing tbe eva luat ion of var ious promising mater ia ls of l esse r s t rength cha rac te r i s t i c s 

1 Wmterkorn, Hans F , and McAlpin, George W , " S o i l S t a b i l i z a t i o n by the Use 
of R o s m , " CAA Technica l Development Note No 34, June 1943 
McAlpin j George W , Ma in fo r t , Robert C , and Wmterkorn, Hans F 
"A Laboratory Study of the S o i l S t a b i l i z i n g E f fec t i veness of a Complex 
S a l t of A b i e t i c A c i d , " CAA Technica l Development Note No. 35, J u l y 1944 
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LABORATORY TESTING PROCEDURES 

I n t h i s s tudy, the proper t ies of the t rea ted s o i l s were evaluated by determin­
ing the load-susta in ing a b i l i t y of both d ry and soaked specimens Two types of loading 
tes ts were employed, the unconfined compression, and the load-plunger tes ts I n add i ­
t i o n , tes ts were a lso conducted to determine the res is tance of the t reated s o i l to the 
ac t ion of water 

To prepare the t e s t cy l inders the s o i l , chemicals, and necessary water were 
thoroughly muted in to a uniform blend and the resu l t an t mass compacted by the standard 
Proctor method (A.A.S H 0 Designat ion T99-38) w i th the except ion that the mold used 
i n t h i s case was l a rge r than that normally employed, having an ins ide diameter o f 4 
inches and a he ight of 6 inches 2 YOT some of the pre l im inary tes ts a smaller mold, 
3 3/8 inches m diameter by 3 5/3 inches h i g h , was used f o r ease i n working and 
handling 

A f t e r proper compaction the cy l i nde rs were e i the r a i r - d r i e d f o r a d e f i n i t e 
per iod or oven-di red to constant weight at a temperature of 140° F , a f te r which p e r i ­
od of cur ing the s t rength proper t ies of the specimens were determined by e i the r the 
compression or the load-plunger tes ts I n the l a t t e r procedure the compression machine 
was equipped w i th a metal p lunger , 2 inches long and having a c i r c u l a r end contact area 
of 0 75 square i nch , f o r apply ing the load Th is plunger was placed c o n c e n t r i c a l l y on 
the tes t specimens and, a f te r a snug bearing had been obtained, load was appl ied a t a 
constant ra te of 400 pounds per minute The i f i a i r i T i m T i i load values at f a i l u r e , or at a 
plunger penetrat ion of 0 1 i nch , were i n d i c a t i v e of the r e l a t i v e value of the s t a b i l ­
i z i n g agents e i ther as added to i d e n t i c a l s o i l s i n va ry ing amounts, or as added to 
d i f f e r e n t s o i l s i n equal amounts 

To determine the e f f ec t o f moisture on the t reated s o i l s , the compacted s p e c i ­
mens were d r i ed back a d e f i n i t e amount, e i t he r i n the a i r or i n the oven, and then im­
mersed i n water f o r va ry ing periods of tune dur ing which the amount and e f fec t o f the 
water ac t ion were observed For t h i s t e s t the water l e v e l was maintained about 1/8 
inch below the top of the cy l inders and the water changed d a i l y The weights of the 
specimens were determined each day and by comparison w i th the known d r y weight the 
percent moisture was determined From these data the moisture absorpt ion curves f o r 
the var ious condit ions of treatment were p lo t ted At the end of the soaking per iod 
the usual load—plunger or compression tes ts were made 

THE EFFECTIVENESS OF SODIUM SILICATE 

Sodium s i l i c a t e , commonly known as "waterg lass , " i s a c o l o r l e s s , h i g h l y a l ka ­
l i n e substance, r e a d i l y soluble i n water and ava i lab le commercially e i t he r i n so lu t i on 
or m concentrated c r y s t a l form The mater ia l i s ava i lab le i n s izeable quant i t ies and 
i s easy to handle Commercial forms of sodium s i l i c a t e v a r y to a ce r ta i n degree i n 
chemical composition and the v i s c o s i t y of the s o l u t i o n increases w i th the amount of 
sodium present i n the compound Laboratory tes ts ind ica ted that a 40 percent so lu t i on 
(40 grams of sodium s i l i c a t e per 100 c .c of water) of the formula Na20 3 .2 S1O2 would 
be most su i tab le f o r the present studies 

From the s t a r t o f th is i n v e s t i g a t i o n some v e r y f i r m l y bonded masses were ob­
ta ined by treatment w i t h sodium s i l i c a t e , e s p e c i a l l y w i th s o i l s h igh i n sand content 
However, the r e s u l t i n g mixtures were unable to wi thstand the act ion of water and, t he re ­
f o r e , i t became necessary to develop a waterproof ing agent which, when added to the 
s o i l e i ther w i th the sodium s i l i c a t e or by a separate app l i ca t i on , would form a water 
inso lub le bond Before i nves t i ga t i ng th is phase of the work, however, a thorough study 
of the bonding act ion of the sodium s i l i c a t e was made 

Standard Proctor mold i s 4 inches I n diameter and 4.59 inches h i g h . 
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Bonding Act ion of Sodium S i l i c a t e 

I t "was c l e a r l y ind ica ted by e a r l y tes t i ng that the sodium s i l i c a t e method of 
treatment was fa r more e f f e c t i v e wi th sandy s o i l s than w i th those i n which s i l t and 
c lay predominated. Pre l iminary tes ts a lso showed that w i th an increase i n the amount 
of s i l t and c l a y present I n the s o i l , the percentage of treatment requ i red f o r optimum 
st rength increased and the maximum obtainable s t rength decreased The sandy s o i l s 
seem to be w e l l su i ted f o r bonding by the ac t ion of sodium s i l i c a t e and, i n add i t i on , 
because of t h e i r f r i a b l e character , i t i s poss ib le to obtain thorough d ispers ion of 
the so lu t i on during mix ing, r e s u l t i n g i n un i formly t reated specimens. As the c lay and 
s i l t content o f the s o i l i s increased, however, the d ispers ion of the admixture became 
d i f f i c u l t and small pockets of the heavier mater ia ls remained unt reated, r e s u l t i n g i n 
weak, honeycombed specimens Attempts to overcome th i s defect by the use of commer­
c i a l wet t ing agents were unsuccessfu l . 

Figure 1 shows the comparative e f fec t of the sodium s i l i c a t e on d i f f e r e n t s o i l 
types when each had been t reated w i th a pre-determined optimum amount of the so lu t i on 
For t h i s t e s t s i x d i f f e r e n t s o i l t ypes , ranging i n tex tu re from f i n e sand to c l ay , were 
mixed w i th enough sodium s i l i c a t e so lu t i on to give optimum st rength value f o r each type 
tested The specimens were compacted i n the 3 3/8- inch by 3 5/8- Inch mold, oven-dr ied 
to constant weight at 140°F , and broken i n d i r e c t compression 

Under these tes ts the s t a b i l i z e d sand cy l i nde rs wi thstood loads o f w e l l over 
20,000 pounds, whereas the t reated c l ay samples were crushed a t less than 5,000 pounds 
A v a r i a t i o n was a lso Ind ica ted i n the optimum amount of sodium s i l i c a t e requ i red f o r 
maximum s t rengths , the values ranging from 8 percent f o r the sand to 14 percent f o r 
the heavier s o i l s ( d r y sodium s i l i c a t e expressed as a percentage of d r y weight of 
s o i l ) . The d i f f i c u l t y o f obtaining a uniform d ispers ion of the so lu t i on throughout 
the f i n e r texture s o i l s was again ve ry apparent dur ing these t e s t s , r esu l t i ng i n ve ry 
e r r a t i c data f o r these type s o i l s The add i t ion of h igher percentages of so lu t i on 
f a i l e d to improve the r e s u l t s t o a s i g n i f i c a n t degree. 

From these and other tes ts i t was ind ica ted tha t fo r the sandy s o i l a treatment 
of 8 percent sodium s i l i c a t e , based on the d ry weight o f the s o i l , when appl ied as a 
40 percent s o l u t i o n , gave exce l len t resu l t s Fur ther s tudy ind ica ted that t h i s pe r ­
centage could a lso be used w i th the heavier s o i l s w i th s a t i s f a c t o r y r esu l t s There fore , 
i n order to keep the percentages o f treatment low i t was decided to use 8 percent 
treatment as a maximum throughout the remainder of t h i s i n v e s t i g a t i o n 

Figure 2 shows the r e s u l t s of tes ts conducted on the sandy s o i l t reated w i th 8 
percent sodium s i l i c a t e , to determine the r e l a t i o n s h i p between the load susta in ing 
power and the amount of moisture i n the sample a f te r a per iod o f cur ing These r esu l t s 
i nd ica te that the range of moisture content between 35 and 30 percent o f that at which 
the specimens were compacted i s c r i t i c a l , w i th maximum st rength being reached when the 
samples have d r ied back to about 31 percent of t h e i r molded moisture content 

Although the sodium s i l i c a t e gave exce l len t b inding q u a l i t i e s , espec ia l l y w i th 
the sandy s o i l s , none of the specimens, when t reated w i th t h i s chemical a lone, would 
r e t a i n t h e i r o r i g i n a l s t rength f o r more than 7 hours of immersion i n water A f te r t h i s 
per iod they weakened r a p i d l y and at the end of 24 hours of soaking had p r a c t i c a l l y d i s ­
in tegrated Therefore , i n an e f f o r t to make use of the h igh s t rength g i v ing values of 
the sodium s i l i c a t e , i t was decided to conduct systematic tes ts f o r the purpose of f i n d ­
ing a waterproof ing agent which, when added i n conjunct ion wi th the sodium s i l i c a t e , 
would r e s u l t i n both a water r e s i s t a n t and high load susta in ing mater ia l 

The E f f e c t of Waterproofing Agents w i th Sodium S i l i c a t e 

Exp lo ra to ry inves t iga t ions were made on severa l mater ials t o determine t he i r 
usefulness as waterproof ing agents Among those showing some success were f a t t y 
ac ids , such as o le i c acid and cottonseed p i t c h , l i q u i d asphal t and p i t ches , p ick le 
l i q u o r , a waste product of the s t e e l i n d u s t r y , cons is t ing of 7 percent fer rous su l fa te 
and 3 percent s u l f u r i c a c i d ; and l i g n i n su l fon ic a c i d , a waste product of the paper 
i ndus t r y 
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The most promising mate r ia ls , however, and those o f fe r i ng the l e a s t t ranspor ­
t a t i o n d i f f i c u l t y , were the aqueous so lu t ions of the fo l l ow ing s a l t s * calcium c h l o r i d e , 
magnesium c h l o r i d e , barium c h l o r i d e , aluminum c h l o r i d e , magnesium s u l f a t e , magnesium 
oxych lo r i de , z inc s i l i c o f l u o r i d e and magnesium s i l i c o f l u o r i d e 

For the purpose of i n v e s t i g a t i n g these mater ia ls more f u l l y , a se r ies of tes ts 
were undertaken using three represen ta t i ve s o i l t ypes ; beach sand, f i n e sandy loam, 
and s i l t These s o i l s were muted w i th 8 percent sodium s i l i c a t e , molded, and oven-
d r i e d The r e s u l t a n t cy l i nde rs were then immersed i n an aqueous so lu t i on of the v a r i ­
ous chemicals f o r 15 minutes, a i r - d r i e d f o r 5 days, and tes ted f o r t h e i r load s u s t a i n ­
ing power 

F igure 3 i nd ica tes the r e s u l t o f these t e s t s , showing the e f f e c t of the added 
chemicals on the d r y s t rength o f the sodium s i l i c a t e t rea ted specimens When the 
broken specimens were examined a t the end o f t h i s t e s t i n g , i t was found that the 
chemical s o l u t i o n had on ly p a r t i a l l y penetrated the sandy loam and s i l t dur ing the 
15-minute immersion per iod Since t h i s in t roduced a v a r i a b l e i n the t e s t r e s u l t s i t 
was dec ided, f o r the purpose of comparison, to use on ly the data obtained from the 
un i fo rmly penetrated sand specimens 

With the except ion of calcium c h l o r i d e , a l l of the agents employed i n t h i s 
t e s t r e s u l t e d i n lower d r y s t rength values than were obtained f o r the " c o n t r o l " s p e c i ­
mens which were t rea ted w i th sodium s i l i c a t e on ly There fo re , from t h i s group of 
chemicals the calcium ch lo r ide was se lected f o r more de ta i l ed study 

E a r l y i n the t es t s w i th the sodium s i l i c a t e - c a l c i u m ch lo r ide specimens i t was 
found tha t the waterproof ing value was unproved by f u r t h e r treatment of the specimens 
w i th a 10 percent s o l u t i o n of s u l f u r i c ac id A se r ies o f tes ts were conducted where­
i n the sodium s i l i c a t e t rea ted cy l i nde rs were immersed f o r 15 minutes i n calcium 
ch lo r ide so lu t ions of va ry ing concentrat ions (10%, 20$, and 30%), a i r - d r i e d a t room 
temperature f o r d i f f e r e n t per iods of t ime, a f t e r which one se r ies was broken i n com­
press ion wh i le the other was f u r t h e r immersed f o r a 15-minute per iod i n a 10 percent 
s o l u t i o n of s u l f u r i c ac id before breaking. 

From these t es t s i t was found that the d r y s t rength of the t rea ted specimens 
va r i ed w i th the concent ra t ion of the calcium ch lo r ide s o l u t i o n employed. Use of the 
30 percent concentrat ion resu l t ed i n load susta in ing values as h igh as those obtained 
w i th sodium s i l i c a t e a lone, wh i le the 20 percent so lu t ions were on ly s l i g h t l y l ess 
e f f e c t i v e The add i t i on of the a u r f u r i c a c i d , al though inc reas ing the water res is tance 
of the samples, lowered the d ry s t rength The add i t i on of a 2 percent sodium ch lo r ide 
so lu t i on to the calcium ch lo r ide improved the s t rength values somewhat 

Although th i s method of treatment had a t f i r s t appeared promising i t was sub­
sequent ly noted tha t a f t e r a i r d ry ing f o r seve ra l days the t reated specimens exh ib i ted 
a f i n e network of f rac tu res throughout t h e i r s t ruc tu re I n t h i s cond i t ion the cy l i nde rs 
o f fered l i t t l e res is tance to compression and when immersed the small openings al lowed 
the rap id penet ra t ion of water , r e s u l t i n g i n the leaching of the sodium s i l i c a t e and 
calcium ch lo r ide from the s o i l Rapid d i s i n t e g r a t i o n of the t e s t specimens fo l lowed 

Since th i s detr imental e f f e c t was more pronounced w i th the specimens that had 
been t rea ted w i th the 10 percent s u l f u r i c ac id s o l u t i o n , numerous tes ts were made to 
improve the treatment by reducing the concent ra t ion of the ac id These tes ts proved 
i n e f f e c t i v e even when 1 percent so lu t ions were employed 

A t ten t ion was d i rec ted a t t h i s time to a new, h i g h l y promising ma te r i a l , sodium 
aluminate E a r l y tes ts i nd ica ted that t h i s mater ia l was f a r super io r to any ye t i n v e s ­
t i ga ted f o r combination w i th the sodium s i l i c a t e , so a l l work was concentrated on t h i s 
form of treatment 



6 

THE SODIUM SILICATE-SODIUM ALUWH-.ATE METHOD OF TREATMENT 

Sodium aluunnate (NaA102) i s r e a a i l y ava i l ab le commercially e i t he r m s o l u t i o n 
or i n powder form Pre l iminary t es t s using th i s mater ia l w i th sandy s o i l s that had 
been t rea ted w i th sodium s i l i c a t e produced cy l i nde rs capaole of wi thstanding loads of 
over 18,000 pounds, even a f t e r 7 days immersion i n water , A de ta i l ed s t u d / was t h e r e ­
fo re begun to completely evaluate t h i s combination 

Separate App l i ca t i on of the Chemicals 

The methoa of apply ing the chemicals f o r the f i r s t i n v e s t i g a t i o n was the same 
as that used i n the previous tes ts The s o i l v/as mixed wi th the soaium s i l i c a t e , com­
pacted, and al lowed to d ry The r e s u l t i n g specimens were then immersed m a s o l u t i o n 
of sodium alummate f o r 15 minutes, d r i e d , ana broken m compression I n t h i s method 
of treatment the sodium alummate tends to prevent the f u r t he r hardening of the soda urn 
s i l i c a t e w i t h i n the s o i l , so that i t i s advantageous to dry the t rea ted specimens back 
to maximum s t rength before aaaing the waterproof ing chemical 7/hen th i s i s done there 
i s no apparent decrease i n the d ry cy l i nde r s t rength by t h i s treatment 

I t ^as founa that a d i l u t e so lu t i on of sodium alummate woula r e a d i l y penetrate 
the socium s i l i c a t e t reated sandy s o i l s dur ing the 15-minute immersion pe r i od , but that 
as the concentrat ion of the s o l u t i o n was increased t k , e penet ra t ion i n t o the s o i l was 
re tarded due to the r e s u l t i n g h igh v i s c o s i t v of the s o l u t i o n The heav ier s o i l s "were 
as usual more d i f f i c u l t to t r e a t even •y.ith d i l u t e s o l u t i o n s , so fo r the f i r s t tes ts 
on ly the sanay s o i l was eirployed 

Figure 4 shows the r e l a t i v e e f fec t i veness of four d i f f e r e n t concentrat ions of 
sodium alummate s o l u t i o n (8^, 16$, 2A%, and 32%) on the s t rength and water res is tance 
of sand that had been t reated w i th 8 percent sodium s i l i c a t e From these r esu l t s i t 
can De seen that al though a considerable degree of p ro tec t i on i s obtained w i th an 8 
percent s o l u t i o n , the optimum value i s about 24 percent , a concentrat ion which i s 
a lso v e r y s a t i s f a c t o r y from the standpoint of penet ra t ion in to the specimens The 
specimens t reated w i th sodium s i l i c a t e alone, i t w i l l be r e c a l l e d , f a i l e d i n less t^an 
1 day of immersion 

Thorough tes t i ng was made to determine the e f f ec t of aging on the specimens 
Treated samples were a i r - d r i e a f o r a per ioc of 126 aays, at the end of which time they 
were c a r e f u l l y examined and tested From t h i s study i t was found tha t the add i t i on of 
sodium alummate to the sodium s i l i c a t e t rea ted s o i l does not produce de te r i o ra t i on of 
the c y l i n d e r dur ing the aging process 

F igure 5 shows the s t rength and moisture absorp t ion curves f o r 4- inch by 6- inch 
specimens t reated w i th 8 percent sodium s i l i c a t e and waterproofed w i th d i f f e r e n t p e r ­
centages of sodium alummate 

The sodium alummate was adaea by immersing t r e oven-dr ied sodium s i l i c a t e 
specimens m the 24 percent soaium alummate s o l u t i o n f o r va ry ing periods of time de­
pending on the percent treatment requ i red The specimens were then a i r - d r i e d fo r 7 
days before t e s t i n g Even a f te r 5 aays immersion these cy lmde i s sustained an average 
load on the plunger of over 7,000 pounds per square inch 

Other tes ts were conductea by mixing the sodjum alummate w i th calcium c h l o r i d e , 
but on ly s l i g h t improvement was noted A f te r f u r t he r experiment and study i t was de­
cided that the sodium s i l i c a t e specimens t rea ted w i th the sodium alummate alone gave 
the optimum r e s u l t s 

Summary data showing the e f fec t iveness of tne separate or "two s tep" method of 
app l i ca t i on are presented i n i i g u r e o These data inc lude average r e s u l t s obtained 
from c y l m c e r s t rea ted w i th d i f f e r e n t percentages of chemicals Twelve specimens were 
used fo r each case Although some incons is tenc ies e x i s t between the r e s u l t s , a c lear 
i n d i c a t i o n can be seen of the r e l a t i v e e f fec t i veness of the treatment on the var ious 
s o i l types Very h igh s t rength values were obtained when using 8 percent sodium 
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silicate with sand, ana even the 2 and 4 percent treatments with the sand and fine 
sandy loam, respectively, when waterproofed with the sodium alurrinate solution, with­
stood a plunger loac of 400 pounds per square inch after 5 days' immersion This 
method of treatment was not successful with the silty 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 soil m a 
single process 

Combinea Application of the Chemicals 

The principle difficulty m mixing the sodium silicate and sodium, aluminate to­
gether in a combined method of treatment is the extremely rapid chemical reaction be­
tween these two materials "When muted together with the soil a white gelatinous pre­
cipitate is formed and the specimens harden so rapidly that prouer molding is impossible 
Several methods were tried to improve this condition out none were very successful All 
experiments were made with sand and consisted of t h e following processes 

1 The two chemicals were mixed in solution before addtion to the 
soil T^xs, however, resulted m a gelatinous precipitate which 
could not be m x e d uniformly with the soil 

2 The sodium silicate was first accea to irhe soil, then t ve sodium 
aluminate, and the cylinder quickly T i c l d e d This resulted in 
tne formation of a white precipitate which rapidly hardened making 
it very difficult to compact anc r e m o v e the cylinders from the 
mold 

3 The soil was halved, the sodium silicate being mixed with one 
part ard the sodiuir aluminate with the other The two portions 
were then mixed together and molded This also resulted in the 
fornation of a gel while the cylinder was being molded resulting 
in poor compaction 

4 Acids were used to reduce t h e high alkalinity of the chemicals, 
thereby retarding the rate of reaction However, unless a very 
small amount was used, the acid itself caused the formation of 
a precipitate uhen mixed with the solutions The small amount 
that could be used was ineffective in reducing the rate of re­
action between the sodium silicate and the sodium aluminate 

All cylinders molded by t h e above methods were very low in compressive strength 
and all failed 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 solutions, although 
the specimens were still very difficult to mold Figure 7 shows the results of treat­
ing fine sandy loam with 4 percent sodium silicate and varied amounts of sodium alumi­
nate These results are very promising, indicating a load sustaining power on the 
plunger of over 1,000 pounds 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 silicate to 2 percent sodium aluminate, based on the dry weight of the soil 
No data were obtained in the moisture absorption as the specimens scaled consiaerably 
while soaking, resulting in erroneous weights for the cylinders 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 the rate of 
"set" can be developed, this method would be ursuited for practical field application 
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EFFECTIVENESS OF VARIOUS ADMIXTURES 

I n add i t i on to the study of sodium s i l i c a t e , the s o i l s t a b i l i s i n g e f f e c t i v e ­
ness of other chemicals was inves t i ga ted For these se r i es of tes ts standard proced­
ures were set up using a s ing le s o i l t ype , a f i n e sandy loam, so that a be t te r means 
of comparison could be made of the chemicals i nves t i ga ted The s o i l was analyzed ana 
the moisture dens i t y r e l a t i onsh ips determined by the standard Proctor method 

The specimens were prepared ana tes ted , as p r e v i o u s l y descr ibed, using the 
4—inch by 6-mch mold A l l specimens were broken w i th the p lunger , and de ta i l ed mois­
tu re absorpt ion data obtained f o r each cond i t ion of treatment Severa l promising chem­
i c a l s were found 

Synthet ic Resin (Formed by the I n t e r a c t i o n of 
F u r f u r y l A lcoho l and S u l f u r i c Ac id ) 

E a r l y experiments i n t h i s study ind ica ted that a syn the t i c r e s i n , formed by 
the i n t e r a c t i o n of f u r f u r y l a l coho l ana s u l f u r i c a c i d , showed d e f i n i t e promise as a 
s o i l s t a b i l i z i n g agent These t es t s were performed w i th sand and a de ta i l ed study was 
now begun to evaluate t h i s mater ia l using the f i n e sandy loam 

Pre l iminary studies showed that the ra te of r e s i n formation was p ropor t i ona l 
t o the concentrat ion of the ac id employed Since i t was des i red that t n i s formation 
should not be too r a p i d , a ser ies of tes ts were made to determine the optimum concen­
t r a t i ons of ac id to be used w i th var ious percentages of f u r f u r y l a l coho l Numerous 
specimens were molded using d i f f e r e n t mixing formulas throughout the range of proposed 
treatments Tests on these specimens ind ica ted that optimum r e s u l t s were obtained by 
using 1.25 percent o f concentrated s u l f u r i c a c i d , based on the d ry weight o f the s o i l , 
d i l u t ed w i th the water requ i red f o r optimum moisture of the s o i l When t h i s d i l u t e 
so lu t i on of ac id was added to the f u r f u r y l a l coho l t reated s o i l there resu l ted a slow 
forming r e s i n which was qu i te f i rm i n about an hour By t h i s method the amount of 
s u l f u r i c ac id remained constant f o r a l l percentages of f u r f u r y l a l coho l but the concen­
t r a t i o n of the so lu t i on increased s l i g h t l y as more f u r f u r y l a lcoho l was used Through­
out the range of treatment i nves t i ga ted (1-10 percent f u r f u r y l a l coho l ) the v a r i a t i o n 
i n the r a t i o of s u l f u r i c ac id to f u r f u r y l a lcoho l produced no apparent e f fec t on the 
t e s t r e s u l t s , and since the ra te of reac t ion between the chemicals was considered s a t ­
i s f a c t o r y the method was employed throughout t h i s s tudy 

I n prepar ing the specimens fo r t e s t i n g , par t o f the mixing water was added to 
the f u r f u r y l a lcoho l and the so lu t i on mixed w i th the s o i l The s u l f u r i c ac id Y.as added 
to the remaining water and the s o l u t i o n worked i n to the s o i l mix The p l a s t i c mass was 
then molded in to cy l i nde rs and tes ted D i f f e ren t amounts of f u r f u r y l a lcoho l were used 
ranging from 1 to 10 percent , based on the d r y weight of the s o i l The load-penet ra t ion 
st rengths and moisture absorpt ion data are shown i n f i gu re 8 These curves ind ica te 
tha t both the s t rength and water res is tance are p ropor t i ona l to the amount of treatment 
used I n the immersion tes ts b i t s o f s o i l f laked from the 1, 2 and 3 percent t rea ted 
specimens a f t e r the f i r s t day i n water , thereby g i v i ng erroneous values to the wet 
weights a f t e r t h i s time However, from other tes ts on these and s im i la r waterproof ing 
a g c + s , i t was poss ib le to estimate the probable t rend of the curves and these are 
shown by the dotted l i n e s 

The s t rength of the specimens that had been oven-dr ied p r i o r to immersion was 
much greater than those that were on ly a i r - d r i e d Between 3 and 5 percent treatment 
there was a great increase m the oven-dr ied strengths This a lso appeared to be the 
optimum percentage of treatment f o r the a i r - d r i e d specimens, although the increase was 
more gradual i n th is case The greatest strengths were obtained w i th 10 percent 
treatment but s ince t h i s study was concerned only w i th mater ia ls e f f e c t i v e m small 
quant i t ies t h i s value was be l ieved to he too h i gh . F i ve percent was therefore taken 
as the optimum amount o f admixture to be used, and th i s form of treatment gave v e r y 
good r e s u l t s 
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Tung O i l 

The value of raw tung o i l as a s t a b i l i z i n g agent was inves t i ga ted because of 
the repor ted a v a i l a b i l i t y of t h i s mater ia l i n the China theat re of war Pre l im inary 
r e s u l t s ind ica ted tha t the mater ia l was s u f f i c i e n t l y promising to j u s t i f y f u r t he r 
i n v e s t i g a t i o n . 

The muting process f o r t h i s method of treatment i s ve r y simple The requ i red 
percentage of tung o i l was added to the requ i red amount o f water and the s o l u t i o n 
muced d i r e c t l y w i th the s o i l . 

The cy l i nde rs were molded i n the usual manner, al lowed to d ry i n the a i r or 
oven, and immersed Various percentages of tung o i l were used, and, i n add i t i on , tes ts 
were made to study the e f f ec t of t r ea t i ng the tung o i l i n var ious ways These con­
s i s t e d o f 

1 Emuls i fy ing the tung o i l and water by mechanical a g i t a t i o n , and 
by mechanical a g i t a t i o n plus the add i t i on of a small amount o f 
t r ie thyanolamine, an emuls i fy ing agent 

2 The add i t i on of a d r i e r to the tung o i l 

3 Thickening the tung o i l by heat ing to 300°F fo r 4- hours , f o l ­
lowed by the add i t i on of a d r i e r ( thermolyzed tung o i l ) 

With the except ion of the mechanical emuls i fy ing , which increased the a i r - d r i e d 
s t rength of the 3 percent t reatment, these spec ia l treatments d id not appear to 
e f f ec t the normal t e s t r e s u l t s to an appreciable degree 

F igure 9 presents the r e s u l t s of the var ious treatments and shows that the 
s t a b i l i z i n g e f fec t iveness of t h e t u n g o i l i s p ropo r t i ona l to t h e percentage employed 
During the soaking pe r i od , no sca l ing of t h e specimens was noted, a l l remaining i n 
exce l l en t cond i t ion a t the end of t h e 5-day immersion per iod However, i t was found 
that a l l specimens f a i l e d dur ing t h e soaking t e s t unless al lowed to a i r ^ d r y f o r a t 
l eas t 4 days p r i o r to immersion 

The p l o t t ed data ind ica tes that 5 percent raw tung o i l i s a v e r y s a t i s f a c t o r y 
treatment f o r t h i s s o i l type 

Linseed O i l 

Since l inseed o i l i s ava i l ab le i n many par ts of the wo r l d , i nc lud ing the com­
bat areas, i t was decided to i nves t i ga te t h i s o i l as a poss ib le s t a b i l i z i n g agent 

I n prepar ing the samples, t h e l i n seed o i l was mixed wi th the requ i red amount 
of water f o r compaction and the s o l u t i o n added to the s o i l The molding and t e s t i n g 
were conducted as i n the previous tes ts Four amounts of raw l i nseed o i l were used, 
1, 3, 5, a n d 10 percent I n a d d i t i o n , bo i l ed l inseed o i l and raw l i nseed o i l p lus a 
d r i e r were used, but these treatments d id not s u b s t a n t i a l l y e f f ec t the t e s t r e s u l t s 
The aaa i t i on of the d r i e r d i d , however, increase the oven-dr ied s t rength The t e s t 
r e s u l t s , shown i n f i g u r e 10, i nd i ca te s u b s t a n t i a l l y the same t rend as does the data 
f o r tung o i l , al though i n a l esse r degree of e f f e c t i v e n e s s . 

Other A r i T m x t u r e s 

The chemicals l i s t e d i n t h i s sec t ion were not as promising as those descr ibed 
above, but w i th f u r t he r study might prove e f f e c t i v e A l l gave some degree of s t a b i l i ­
za t ion The mater ia ls cons is ted of non-dry ing and semi-drying o i l s , rubber l a t e x , and 
petroleum o i l thickened by the add i t i on of an a l ka l i ne ear th soap, aluminum s teara te 
The summary data f o r these mater ia ls i s shown i n f i g u r e 11 
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Cottonseed O i l Th is mate r ia l , a semi-drying o i l , was muted w i th the s o i l i n 
the usual manner. Three amounts of treatment, 3j 5, and 10 percent were used A l l of 
the load susta in ing values were low, and an increase i n the amount of treatment seemed 
to o f fe r l i t t l e improvement 

Rubber Latex For these tes ts a 30 percent s o l u t i o n of rubber l a tex w i th a 
1 percent so lu t i on of ammonium hydroxide was muted w i th the s o i l Tests were made on 
f i n e sandy loam, sand, and s i l t y c lay s o i l s , but the best r esu l t s were obtained w i th 
the f i n e sandy loam and these values were used as a basis f o r comparison w i th the other 
mater ia ls The best r esu l t s were obtained by using a 7 percent treatment of the 30 
percent emulsion I t was be l ieved by the i nves t i ga to r s that the use of a co ld vu l can ­
i z i n g agent w i th the rubber l a t e x would g r e a t l y improve the s t a b i l i z a t i o n proper t ies 

Aluminum Stearate Added to Petroleum O i l When petroleum o i l , SAE 30, was 
mixed w i th the s o i l i n amounts of 3 percent the cy l i nde rs wi thstood a plunger load 
of 300 pounds per square inch when d r y , but completely f e l l apart a f te r 5 hours i n 
water With the add i t i on of 6 percent aluminum s teara te , a water - inso lub le soap, the 
o i l was thickened and when muted w i th the s o i l increased the d ry s t rength to 500 pounds 
per square inch and imparted a ce r ta i n degree of load susta in ing power even a f te r im­
mersion of the c y l i n d e r fo r f i v e days 

Castor O i l This non-dry ing o i l proved unsuccessfu l as a s t a b i l i z e r when used 
alone i n quant i t ies of 4 percent A l l cy l i nde rs f a i l e d i n less than 24 hours soaking 

DISCUSSION OF RESULTS 

For the purpose of comparing the d i f f e r e n t admixtures, as appl ied to the f ine 
sandy loam, f i gu re 12 shows the summary data of the optimum percentages of the more 
promising methods of treatment I n a l l o f these tes ts the specimens were 4 inches i n 
diameter by 6 inches h igh and the admixtures were appl ied i n s o l u t i o n form 

The use of specimens l a rge r than those normally spec i f i ed f o r the standard 
Proctor method of compaction resu l ted i n lower dens i t ies than would have been obtained, 
by using the usual mold s i z e . Laboratory tes ts have shown that both the s t rength and 
water res is tance of s o i l specimens are g r e a t l y Increased by an increase m the dens i t y 
of the specimen This ind ica tes that the t e s t r esu l t s obtained m t h i s study are lower 
than would have been obtained had the standard Proctor dens i t ies been used 

I t was c l e a r l y shown by the de ta i led data that the e f fec t iveness of the admix­
tures increased w i th the percentage employed, so that i t was necessary to se lec t an 
optimum treatment to be considered i n the scope of t h i s work There fore , the except ion­
a l l y good r e s u l t s obtained w i th the higher percentages of treatment were disregarded and 
only the lower percentages are inc luded i n t h i s summary 

From these data i t can be seen that a l l the methods of treatment gave a ce r ta i n 
degree of waterproofness to the specimens, thereby increas ing the load res is tance of 
the soaked samples. Raw tung o i l seems to o f fe r the greatest load res is tance a f te r a 
5-day immersion per iod both w i th the a i r - d r i e d and oven-dr ied specimens, whereas the 
sodium s i l i c a t e specimens, that were waterproofed by the app l i ca t ion of sodium alumi­
nate, and the syn the t i c r e s i n appear to o f fe r the best res is tance to water absorpt ion 
These r esu l t s can best be appreciated when i t i s r e a l i z e d that a l l untreated specimens 
of the same type s o i l f a i l e d i n less than one day of immersion Even the l eas t e f f e c ­
t i v e of these agents wi thstood not on ly the 5-day soaking but a lso a d e f i n i t e amount 
of load app l i ca t ion at the end of t h i s time However, i t was necessary to a i r - d r y , or 
cure-back, a l l specimens at l e a s t one day before immersion, otherwise they f a i l e d 
during the f i r s t day of soaking For the lower percentages of treatment, (under 5 p e r ­
cen t ) , a 3-day or 4-d&y dry ing per iod was necessary 

The moisture absorpt ion curves a l l f o l l ow a d e f i n i t e pat te rn i n t h i s work 
s imi la r to that observed i n other s o i l waterproof ing s tudies The curves r i s e abrup t ly 
dur ing the f i r s t day of immersion to near maximum a f t e r which they l e v e l o f f , g radua l l y 
approaching a h o r i z o n t a l l i n e as the soaking continues Since the des t ruc t i ve forces 



11 

of absorbed water on the s o i l specimens i s dependent upon the ra te of absorp t ion , i t 
would appear that the greatest d i s i n t e g r a t i n g e f f ec t occurs dur ing the f i r s t day of 
soaking when the ra te of absorpt ion i s h igh Th is seems to be t rue i n t h i s s tudy, as 
a l l specimens that f a i l e d i n immersion u s u a l l y d id so dur ing the f i r s t day The slow 
ra te of absorpt ion a f t e r t h i s t ime, al though reducing the load res i s t ance , l e f t the 
specimens i n t a c t 

Of the d i f f e r e n t treatments i n ves t i ga ted , however, the sodium s i l i ca te -sod ium 
aluminate method, using two separate app l ica t ions to the s o i l , gave by f a r the h ighest 
s t rength va lues , when appl ied to sandy type s o i l Best r e s u l t s were obtained by using 
8 percent sodium s i l i c a t e w i th 2 to 3 percent sodium aluminate Lower, but v e r y s a t i s ­
f a c t o r y r e s u l t s were shown by using as l i t t l e as 4 percent sodium s i l i c a t e w i th sand 
and 6 percent w i th f i n e sandy loam S i l t y c lays were not success fu l l y t rea ted by t h i s 
method When mixing the sodium s i l i c a t e and sodium aluminate together before molding 
w i th the s o i l , v e r y poor r e s u l t s were obtained w i th sandy s o i l However, w i th f i n e 
sandy loam a \ percent treatment of sodium s i l i c a t e w i t h 2 percent sodium aluminate 
gave v e r y good values which compare favo rab l y w i th the other admixtures tes ted w i th 
t h i s type s o i l The p r i n c i p l e d i f f i c u l t y w i t h t h i s method of treatment was the rap id 
formation of a p r e c i p i t a t e upon contact of the sodium s i l i c a t e and sodium aluminate 
so lu t ions which prevented the thorough mixing and compaction of the s o i l . L ikewise, 
d i f f i c u l t y was experienced when mixing the sodium s i l i c a t e s o l u t i o n w i th the heav ier 
s o i l s because of the poor d i spe rs ion obtained Both of these condi t ions could p rob ­
ab ly be improved by us ing the d r y , or powder form, of the chemicals and mixing them 
w i th the d ry s o i l before the add i t i on of water 

I n t h i s study a l l of the mater ia ls i nves t i ga ted were tes ted m the s o l u t i o n 
form since i t was aes i rea tha t they could be appl ied to the s o i l by spraying or i n j e c ­
t i o n Tests on other s t a b i l i z i n g mater ia ls have shown that the d r y forms of the ad­
mixtures are of ten more e f f e c t i v e than the so lu t ions i n t r ea t i ng s o i l s . I n add i t i on , 
the ease of mix ing, the con t ro l c f moisture, and the d i spe rsa l of the chemical th rough­
out the s o i l , can genera l l y be f a c i l i t a t e d by use of the powder or c r y s t a l form of ad ­
mixture I t i s , t he re fo re , be l i eved that an i n v e s t i g a t i o n of the e f fec t iveness of many 
of these chemicals i n d r y form would be of va lue , e s p e c i a l l y the sodium s i l i ca te -sod ium 
aluminate combination and the syn the t i c r e s i n . Some of the chemicals, however, such as 
the tung o i l , l i nseed o i l , and cottonseed o i l , are i d e a l l y su i ted f o r d i r e c t a p p l i c a ­
t i o n to the s o i l as l i q u i d s 

I t i s be l i eved that the more promising of these mater ia ls should be i n v e s t i ­
gated, using other and more va r i ed s o i l types Since the e f fec t iveness of the var ious 
s t a b i l i z i n g agents i s dependent on both the chemical and phys i ca l composit ion of the 
s o i l to be t r ea ted , such a study woula g ive a c learer p i c tu re of the o v e r a l l value of 
each admixture Due to the inherent complexi t ies of each s o i l , however, i t i s doubt­
f u l i f one method of treatment could be developed su i tab le to a l l t ypes . 

CONCLUSIONS 

From the r e s u l t s o f the labora to ry tes ts descr ibed i n t h i s r epo r t i t can be 
concluded that the fo l low ing mater ia ls show d e f i n i t e promise as s o i l s t a b i l i z i n g 
agents 

1 Sodium s i l i ca te -sod ium alum-mate The most success fu l form of t h i s t r e a t ­
ment requ i res the add i t i on of the sodium s i l i c a t e to the s o i l , time f o r d r y i n g , and 
then the add i t ion of the sodium aluimnate Sandy s o i l s can best be t rea ted i n t h i s 
manner I t i s be l ieved that by using the powdered form of these chemicals ins tead of 
the so lu t ions be t te r r esu l t s and s imp l i f i ed methods of app l i ca t i on could be obta ined. 

2 Raw Tung O i l Th is method of treatment can be e a s i l y appl ied to the s o i l 
i n so lu t i on form and shows v e r y good s t a b i l i z i n g proper t ies when mixed w i th f i n e sandy 
loams Th is mater ia l should be of p a r t i c u l a r i n t e r e s t m the China area of operat ions 
where the mater ia l i s repor ted to be r e a d i l y ava i l ab le 
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3. Synthe t ic Resin Th i s ma te r i a l , formed by the i n t e r a c t i o n of f u r f u r y l 
a l coho l and s u l f u r i c a c i d , gave v e r y promising r e s u l t s I n a d d i t i o n , the method of 
app l i ca t i on seemed to be w e l l su i ted to f i e l d cons t ruc t ion 

4 Raw Linseed O i l . "While not as e f f e c t i v e as the above methods, t h i s 
treatment does o f fe r some s t a b i l i s a t i o n and should prove of value f o r ce r ta in purposes 

Other chemicals, less e f f e c t i v e , but o f fe r i ng d e f i n i t e improvement over u n ­
t rea ted s o i l are cottonseed o i l , petroleum thickened w i th aluminum s tea ra te , and rubber 
l a t e x 

As the l abo ra to ry tes ts dur ing th i s work were l im i ted i n scope, being conf ined 
p r i n c i p a l l y to moisture absorp t ion , i t i s be l i eved that f u r t h e r , more systematic s t ud ­
ies of the more promising of these mater ia ls might be adv isab le , e s p e c i a l l y by the use 
of the a l te rna te wet t ing and d ry ing and a l te rna te f r e e z i n g and thawing tes ts By con­
cent ra t ing on the powder or c r y s t a l forms, other of the tes ted chemicals might w e l l be 
rev iewed. 

I t i s r e a l i z e d tha t the t e s t values obtained from t h i s study are not comparable 
to those requ i red f o r heavy type pav ing, nor were they meant to be Furthermore, i t i s 
poss ib le that some of these methods may not be economical ly su i ted to o rd ina ry peace 
time cons t ruc t ion However, the f a c t that some of these methods, using v e r y low pe r ­
centages of admixture, r esu l t ed i n specimens capable of wi thstanding loads of 500 to 
1500 pounds per square i n c h , as appl ied by the 0 75 square i nch area p lunger , would i n ­
d ica te that these methods should be of value m l i g h t paving cons t ruc t i on , e s p e c i a l l y 
I n the combat areas where temporary or emergency runways and roads are o f ten necessary 

Apart from the poss ib le u t i l i s a t i o n of the more promising of the mater ia ls 
r e s u l t i n g from th i s i n v e s t i g a t i o n , i t i s be l ieved that the study has produced much 
va luable data concerning the o v e r - a l l sub jec t of chemical s o i l s t a b i l i z a t i o n 
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APPENDIX 

I n t h i s appendix are l i s t e d the var ious chemicals inves t iga ted that "were not 
included i n the body of the repo r t The l i s t i s d i v ided i n t o two parts the f i r s t 
cons is t ing of the mater ia ls used i n seeking an e f f e c t i v e bonding agent, and the second, 
i nd ica t ing the var ious chemicals added to the most promising bonding agent i n order to 
secure water res is tance 

I t w i l l be noted that i n a number of cases no percentages of the chemicals used 
are g iven These r e f e r to pre l iminary work i n which a large number of mater ia ls were 
subjected to rap id tes ts i n order to determine, w i th a minimum expenditure of t ime, 
t h e i r a p p l i c a b i l i t y to the problem Therefore , due to the pu re l y qua l i t a t i ve nature 
of t h i s work, no p a r t i c u l a r emphasis was placed upon the percentages of mater ia ls used 
I n most cases, however, t h i s amount was approximately 8 percent 

BONDING AGENTS (without 

Bonding Agent 

aqueous sodium su l f i de 
saturated potassium alum 
calcium ch lor ide and magnesium 

hydroxide suspension 
magnesium ch lor ide and 

ammonia suspension 
copper su l f a te , ammonia, and 

sodium s i l i c a t e so lu t ion 
sodium s i l i c a t e and calcium 

hydroxide 
sodium s i l i c a t e and calcium 

ch lor ide 
sodium s i l i c a t e so lu t i on wi th 

lime i n suspension 
sodium s i l i c a t e wi th por t land 

cement i n suspension 
sodium s i l i c a t e so lu t ion con­

ta in ing sodium, ac id su l fa te 
var ious mixtures of e thy l s i l i ­

cate, water and e thy l a lcoho l 
p ick le l i quo r 
l i g n i n su l fon ic ac id 
sodium aluminate so lu t ion 
20% so lu t i on z inc s i l i c o ­

f l uo r i de w i th magnesium oxide 

f o r waterproof ing) 

S o i l Type Binding Propert ies 

s i l t loam poor 
sand poor 

sand poor 

sand poor 

sand poor 

sand poor 

sand good 

sand poor 

sand poor 

sand poor 

sand poor 
sand poor 
sand poor 
sand poor 

sand poor 

WATERPROOFING AGENTS FOR SODIUM SILICATE TREATED SPECIMENS 

Waterproofing Agent S o i l Type Ef fec t iveness 

saturated sodium acetate sand poor 
5% bor ic ac id wash sand good 
sodium s i l i c o f l u o r i d e wash sand good 
equal volumes of calcium c h l o ­

r i d e and z inc s i l i c o f l u o r i d e sand f a i r 
wash of an aqueous so lu t ion of 

por t land cement sand poor 
magnesium oxychlor ide cement 

treatment sand poor 
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Waterproofing Agent S o i l Type E f fec t i veness 

calcium carbonate so lu t i on 
magnesium oxide m suspension 
sodium ac id sulphate 
coat ing of melted s u l f u r 
coat ing of cottonseed p i t ch 
coat ing of coa l ta r p i t ch 
suspension of magnesium oxide 

i n sodium s i l i c a t e s o l u t i o n 
fo l lowed by a wash of 20% 
z inc s i l i c o f l u o r i d e 

z inc s i l i c o f l u o r i d e s o l u t i o n 
copper ch lo r ide so lu t i on 

potassium alum s o l u t i o n 

ammonium alum so lu t i on 

equal volumes of calcium ch lo ­
r i d e and magnesium s i l i c o ­
f l u o r i d e so lu t i on 

calcium ch lo r ide s o l u t i o n con­
ta in ing calcium oxide i n 
suspension 

z inc su l f a te so lu t i on 
sodium b i s u l f a t e s o l u t i o n 
ac id cupr ic ch lo r ide s o l u t i o n 
ac id z inc su l fa te s o l u t i o n 
d i l u t e s u l f u r i c ac id 

sand 
sand 
sand 
sand 
sand 
sand 

sand 

d i l u t e s u l f u r i c ac id fo l lowed 
by a wash wi th lead acetate 
s o l u t i o n 

calsium ch lo r ide so lu t i on con­
ta in ing magnesium oxide i n 
suspension fo l lowed by a wash 
w i th ac id magnesium su l fa te 

sodium ac id su l fa te fo l lowed by 
a wash w i th d i l u t e s u l f u r i c 
ac id 

ac id cupr ic ch lo r ide fo l lowed 
by a wash wi th d i l u t e s u l ­
f u r i c ac id 

ac id z inc su l fa te so lu t i on 
fo l lowed by a wash w i th 
d i l u t e s u l f u r i c ac id 

lead acetate so lu t i on f o l l o w ­
ed by a wash wi th d i l u t e 
s u l f u r i c ac id 

aqueous f e r r i c ch lo r ide 
s o l u t i o n fo l lowed by a 
wash w i th d i l u t e 
s u l f u r i c ac id 

s i l t y c l a y 
sand 

f i n e sandy loam 
s i l t y c l a y 

sand 
f i n e sandy loam 

s i l t y c l a y 
sand 

f i n e sandy loam 
s i l t y c l a y 

sand 

sand 
sand 
sand 
sand 
sand 
sand 

f i n e sandy loam 
s i l t y c l a y 

sand 

sand 

sand 
f i n e sandy loam 

sand 
f i n e sandy loam 

sand 
f i ne sandy loam 

sand 
f i n e sandy loam 

magnesium ch lo r ide s o l u ­
t i o n fo l lowed by a wash 
w i th 10$ s u l f u r i c ac id 

sand 
f i ne sandy loam 

sand 
f i n e sandy loam 

s i l t y c l ay 

poor 
poor 
poor 
f a i r 
f a i r 
f a i r 

poor 

good 
good 
good 
good 
f a i r 
f a i r 
f a i r 
good 
poor 
poor 

f a i r 

poor 
good 
poor 
poor 
poor 
poor 
poor 
poor 

f a i r 

v e r y good 

good 
good 

good 
good 

good 
good 

good 
good 

good 
good 

f a i r 
v e r y good 

f a i r 
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Waterproof ing Agent S o i l Type Ef fec t i vene s a 

29£ barium ch lo r ide s o l u t i o n 
fo l lowed by a wash w i th 
10% s u l f u r i c ac id 

50% magnesium su l f a te s o l u ­
t i o n fo l lowed by a wash 
w i th 10$ s u l f u r i c ac id 

50% aluminum ch lo r ide s o l u ­
t i o n fo l lowed by a wash 
w i th 10% s u l f u r i c ac id 

20% z inc s i l i c o f l u o r i d e 
s o l u t i o n fo l lowed by a 
wash w i th 10? s u l f u r i c 
ac id 

20% s i l i c o f l u o r i d e s o l u ­
t i o n fo l lowed by a wash 
w i th 10$ s u l f u r i c ac id 

20% magnesium s i l i c o f l u o r i d e 
s o l u t i o n fo l lowed by a 
wash w i th 10% s u l f u r i c ac id 

sand 
f i ne sandy loam 

s i l t y c l a y 
sand 

f i n e sandy loam 
s i l t y c l a y 

sand 
f i ne sandy loam 

s i l t y c l a y 

sand 
f i ne sandy loam 

s i l t y c l ay 

sand 

f i n e sandy loam 
s i l t y c l ay 

good 
v e r y good 

f a i r 
f a i r 
good 
f a i r 
f a i r 

ve r y good 
f a i r 

f a i r 
v e r y good 

f a i r 

f a i r 

ve r y good 
f a i r 



FINE SANDY LOAM 
SAND LOAM 

SILT CLAY CLAY 
LOAM LOAM 

SOIL TYPE 

Figure 1 Effect of Sodium Silicate on the Compressive Strength 
of Oven Dried Sample of Different Soil Types 
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Figure 3 Effect of Various Waterproofing Agents on the Compressive Strengths 
of Dry Sodium Silicate Treated Specimens Using Three Soil Types 
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Figure 2 Load-Moisture Relationship for Sand Specimens 
Treated with 8% Sodium Silicate 

Figure 4 Effect of Varving thi. Concentration of Sodium Alummate Solutions on the 
Strength and Water Resistance of Sodium Silicate Ireated Sand Specimens 
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Figure 5 Test Data on the Sodium Silicate-Sodium Aluminate "Two Step" Method of treatment Using Sand 

Figure 6 Summary Data of the Sodium Silicate Sodium Aluminate "Two Step" 
Method of Treatment Using Different Soil T>pes 
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Figure 7 Test Data on the Sodium Silicate Sodium Aluminate "One Step" 
Method of Treatment Using Fine Sandy Loam 

Figure 8 Test Data on a Synthetic Resin (formed by the interaction of furfuryl 
alcohol and sulfuric acid) as Applied to a Fine Sandy Loam 



2000 

1500 

1000 

500 

DRIED (7 DAYS) PLUS 5 DAYS IMMERSION 
— OVEN DRIED PLUS 5 DAYS IMMERSION 

m. 

7, 

s 

+ 

3* 5* 102 
PERCENT TREATMENT 

2 3 

IMMERSION TIME IN DAYS 

600 

400 

200 

' 1 AIR DRIED (7 DAYS) PLUS 5 DAYS 
IMMERSION 

Vtt OVEN DRIED PLUS 5 DAYS IMMERSION 

BOILED WITH 
U' 35£ •5*- DRIER/ I OS 

PERCENT TREATMENT 

20 

15 

10 

O 5 

1 1 —1 M i l l 
OVEN DRIED SAMPLES -

-- — 
\% 1 

-
-- — 

\% 1 
1 — 5* BOILE n — 5* BOILE u i ! 1 1 1 r f 

- 5SPLUS DRIER -

--

/ 10*-w 
/ 

- - — 
-

- - — 
-

--

2 3 

IMMERSION TIME IN DAYS 

Figure 9 Test Data on Tung Oil as Applied to 
a Fine Sandy Loam 

Figure 10 Test Data on Linseed Oil as applied to 
Fine Sandy Loam 



r I AIR DRIED (3 DAYS) PLUS 5 DAYS IMMERSION 
77P7X OVEN DRIED PLUS 5 DAYS IMMERSION 

\ 3S 5 % 

COTTONSEED OIL 
PERCENT TREATMENT 

0*/ 4XPETROLEUM 73JRUBBER +6% ALUMINUM LATEX STEARATE (EMULSION) 

1 2 3 4 

IMMERSION TIME IN DAYS 
Figure 11 Test Data on Other Admixtures as applied 

to a Fine Sandy Loam 
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Figure 12 Comparative Data of the Various Admixtures 
as Applied to a Fine Sandy Loam 
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