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The purpose of this investigation was to determine the effect 
of phosphoric acid treatments on the stability of compacted 
calcareous and non-calcareous clay soils . Unimmersed and 
immersed strengths and freeze-thaw resistance of phosphoric 
acid-treated so i l specimens were used as c r i te r ia f o r stabil i ty. 

Ttie unimmersed and immersed strengths of phosphoric acid-
treated soils were studied relative to the curing conditions, 
carbonate contents of soils, and use of secondary additives. 
Moist curing was found beneficial to strength. Soils containing 
CaCQs required more phosphoric acid than CaCOs f ree soils 
because CaCOs reacted with the acid available fo r stabilization. 
No worthwhile benefit was found f r o m the use of secondary ad­
ditives. 

X- ray diffract ion analysis and quantitative chemical analyses 
were used to trace the chemical reactions after treatment. These 
analyses lead to the conclusion that phosphoric acid and clay min ­
erals react to produce an amorphous aluminum phosphate gel 
which serves as a cementing agent. 

•PHOSPHORIC acid stabilization of clay soils is a relat ively new method, f i r s t i n t ro ­
duced in 1957 by Lyons (5) who foimd that compacted specimens of clayey soils treated 
with as l i t t l e as 2 percent phosphoric acid withstood exposure to water and to wintering. 

An evaluation study by the Soil Research Laboratory, Iowa Engineering Experiment 
Station, Iowa State University, showed that the water resistance of a non-calcareous 
plastic loess was improved by treatments with phosphoric acid, or phosphoric acid 
and salts of calcium, magnesiimi or aluminum (3). It was hypothesized that the i m ­
mersed strength of the compacted, moist-cured mixtures was due to the formation of 
amorphous phosphates in a gel f o r m , and that the metallic cations needed fo r the i n ­
soluble gel formation could be provided by the so i l or by adding salts of the desired 
cations. 

Previous work indicated that phosphoric acid, used in amounts between 1 and 10 
percent of the dry so i l weight, was a promising stabilizer f o r fine-grained soils (6). 
Strengths were dependent on moisture content and density, highest strengths were de­
veloped when specimens were cured under humid conditions, and certain additives ac­
celerated the curing process and improved the strength retention after immersion. 
On the basis of more recent studies i t was concluded that phosphoric acid wi th added 
fluorine compounds and/or amines promised low-cost stabilization of fine-grained, 
carbonate-free soils under f i e l d conditions (7). 

The present investigation was undertakenlo evaluate fur ther the use of phosphoric 
acid f o r stabilizing clay soils . The principal objectives of the investigation were: 

1. Determine the effect of phosphoric acid treatments on the strength of compacted 
clay soils . 

2. Determine the resistance of phosphoric acid stabilized clay so i l to alternate 
cycles of freeze and thaw. 

3. Determine the factors and soi l compositional variables, i f any, which may l i m i t 
the use of phosphoric acid stabilization. 



39 

To accomplish these objectives i t was f i r s t necessary to determine: 

1. The relationship between the molding moisture content fo r maximum dry density 
and the molding moisture content fo r maximum immersed strength f o r the phosphoric 
acid-treated soils . 

2. The best method of curing phosphoric acid-treated so i l specimens. 

A prel iminary study was made to determine whether combination treatments of a 
clay so i l with phosphoric acid and other chemicals would give better immersed strength 
than obtainable f r o m phosphoric acid treatment alone. 

MATERIALS USED 

Soils 

Descriptions and properties of the seven soils used in the investigation are given in 
Table 1. The f i r s t f ive soils were used In the strength studies; the leached and unleachi 
Kansan t i l l samples were used in supplementary studies. 

The f ive main study soils were chosen so that the effects of different clay minerals 
and of varying calcium carbonate content could be evaluated. Hiree of these soils had 
montmorillonite as the dominant clay mineral : the non-calcareous plastic loess, the 
non-calcareous Kansan gumbotil and the calcareous al luvial clay. The dominant clay 
minerals in the calcareous Detroit clay were i l l i t e and chlorite; kaolinite (halloysite) 
and vermiculite were the dominant clay minerals in the non-calcareous Virginia clay. 

Phosphoric Acid 

The phosphoric acid used was reagent grade, 86 percent orthophosphoric acid, 
HsPO*. A l l additives are expressed as percentages of pure (100 percent) phosphoric 
acid, based on the oven-dry weight of the so i l . 

Other Chemicals 

The following chemicals were used with phosphoric acid. Additives of these chemica 
are expressed as percentages of the oven-dry weight of the soi l , wi th no correction 
made fo r crystal water or solvents. 

Aluminum Sulfate. — Reagent grade aluminum sulfate with 18 moles of crystal water, 
Ala(S04)s' I8H3O, was dissolved in dist i l led water before adding to the so i l . 

Arquad 2HT. — Suspensions of Arquad 2HT in dist i l led water were prepared f r o m 
chemical supplied by Armour and Company, Chicago, H I . This chemical contained 
75 percent active Arquad 2HT. 

Sodium Fluoride. — Reagent grade sodium fluoride, NaF, was added to the soi l in 
powdered f o r m . 

Aluminum Hydroxide. — Reagent grade aluminum hydroxide, AlaOs • 3HaO, was used 
in powdered f o r m . 

Calcium Chloride. — Reagent grade anhydrous calcium chloride, CaCla, was dis­
solved in dist i l led water before being added to the so i l . 

Sodium Metasilicate. — Reagent grade sodium metasilicate with 9 moles of crystal 
water, NaaSiOs • 9H2O, was dissolved in dist i l led water before being added to the so i l . 

Calcium Carbonate. — Reagent grade calcium carbonate, CaCOs, was added to the 
so i l in powdered f o r m . 

METHODS OF PREPARING AND TESTING SPECIMENS 

Preparation of Mixtures 

A i r dried soi l passing the No. 10 sieve was weighed and placed in an aluminum mix­
ing bowl. Dist i l led water fo r the specified moisture content was added slowly to the 
so i l while i t was being mixed with a Hobart Model C-100 mixer . (Allowance was made 
for the water in the 86 percent phosphoric acid and the hygroscopic water of the so i l 
in calculating the mix water needed fo r a specified moisture content.) Af te r adding 
the water, phosphoric acid in the required amount was added slowly as mixing continued 
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TABLE 1 
DESCRIPTION AND PROPERTIES OF SOIL SAMPLES 

Sample 
Plastic Loess 

(Lab. No. 528-4) 
Kansan Gumbotll 
(Lab. No. 52S-8] 

Alluvial Clay 
1 (Lab No. 627-1) 

Detroit CUy 
(Idb. No. AR-4) 

Virginia Clay 
(Lab No. AR-5] 

Leached Kansan Till 
1 (Lab. No 416-4) 

Unleached Kansan Till 
(Ub. Ho. 408-12C) 

Wisconsui-age Kansan-age gum­ Missouri River Probably Wis- Residual soil Kansan-age t i l l . Kansan-age glacial 
loess, non- botll, highly floodplain al­ consm-age gla­ over diorite. non-calcareous t i l l , calcareous 
calcareous weathered, non- luvium, calcar­ cial bU, cal­ non-calcareous 

calcareous eous careous 
Keokuk Co , la. Keokuk Co., la Harrison Co , Monroe Co., Virgmia Warren Co., Iowa Ringgold Co., Iowa 

Iowa Mich. 
Uahaska Uahaska None Unknown Davidson Shellv Shelby (Burchard) 
C Fossil B ' None C B C C 
3 to8 / i 7)i to 8)4 0to4 Unknown Unknown 7 to 8 4'A to laV, 

0 0 0.0 0.0 0 1.3 0 
0.2 16.0 0.5 7.0 21.0 32.6 31.5 

eo.8 13 5 27.5 36.0 37.0 29.1 30.0 
39.0 TO 5 72.0 57.0 42.0 37.0 38.5 
31.0 68 0 50.0 43.0 29.0 27.0 31.0 

Montmorlllonite Montmorlllonite Montmorlllonite mite-Cblorlte Kaolinite (Hal- Montmorlllonite Montmorlllonite 
loysite)- Ver-
micuhte 

23.5 41.0 36 4 14.5 12.4 14.8 29.5 
0.0 0.8 5.1 7.2 0.7 0.0 4.9 
5.6 6.5 8.0 8 4 5.9 7.4 8.3 
0.2 0 2 1.3 0.6 2.6 0.75 0.2 

52.1 75.6 65.8 44.0 43.5 38.2 42.4 
20.0 25.6 26 4 21.1 27.0 15 1 20.5 
32.1 50.0 39.4 22.9 16.5 23.1 21.9 

Silty clay Chiy CUy Clay Clay Clay Clay 
A-7-6(18) A-7-6(20) A-7-6(20) A-7-6(14) A-7-6(12) A-6(ll) A-7-e(12) 

Geological description 

Location 

Soil Series 
Horizon 
Sampling depth, ft 
Textural compOBition,! 

Gravel (>2 mm) 
Sand (2-0 074 mm) 
SUt(74-5|L) 
Clay (<5(i ) 

CoUoids (<1 )L ) 
Predomuant clay 

mineral' 

Chemical properties: 
Cat. ex. cap , 

m.e./gm* 
Carbonates,*: % 
pH<i 
Q r ^ i c matter, % 

Physical properties: 
Liquid hmit, % 
Plastic limit, % 
Plasticity index, % 

Classification 
Tejrtural* 
Bigineering (AASHO) 

^ x-ray dj.ffraetion analysis. 
T'or fraction passing No. liD siaTs. 
^By versenate nethod, inQludes a l l acid extractable calciun as calcium carbonate. 
°For fraction passing No. 10 sistb. 
•prom triangular chart davelopod bj U.5 Bureau of Public Roads, but 0.07U urn was used as the loser lun i t of the sand fl-actlon. 
'Uoderllas C horizon loess of Hahaska series. 

Thi s m i x i n g of w a t e r and phosphor ic a c i d took about 1 m i n . The m i x t u r e was then m a ­
chine m i x e d f o r an add i t i ona l 1 m i n ; hand m i x e d f o r 30 sec t o i n su re that no i m m i x e d 
s o i l adhered to the bo t tom of the b o w l , machine m i x e d f o r another m i n u t e , and f i n a l l y 
hand m i x e d f o r a p p r o x i m a t e l y 30 sec. 

Chemica l s used i n the d r y f o r m w e r e d r y m i x e d w i t h the s o i l f o r 1 m i n p r i o r to the 
add i t ion of w a t e r . The other chemica l s w e r e added to the s o i l i n the m i x w a t e r be fo re 
adding the phosphor ic a c i d . 

A 2 - m i n p e r i o d of machine m i x i n g f o l l o w i n g the add i t ion of phosphor ic a c i d was 
chosen because longer m i x i n g p roduced a h a r d and l u m p y m i x . A s h o r t e r p e r i o d of 
machine m i x i n g d i d not p r o p e r l y m i x a l l the ingred ien t s w i t h the s o i l . 

M o l d i n g 

F r o m each m i x , s i x 2 - i n . d i ame te r by 2 i 0 . 0 5 - i n . h i g h tes t specimens w e r e p r e ­
pa red by use of the m o l d i n g apparatus shown i n F i g u r e 1 . The 5 - lb h a m m e r was d r o p ­
ped a dis tance of 12 i n . The spec imen was compacted by f i v e blows of the h a m m e r on 
each end of the spec imen f o r a t o t a l of ten b l o w s . Th i s gave a compact ive e f f o r t ap ­
p r o x i m a t e l y equal to the s tandard A S T M ( P r o c t o r ) compact ive e f f o r t ( A S T M Method 
D 558-57) when the m o l d i n g i s done on a wooden table (9) . I m m e d i a t e l y be fo re m o l d i n g 
the f i r s t spec imen and i m m e d i a t e l y a f t e r m o l d i n g the las t spec imen, a sample was 
taken f r o m the m i x f o r m o i s t u r e content d e t e r m i n a t i o n , and the t w o m o i s t u r e contents 
w e r e averaged . A m o i s t u r e content of + 1 percent of the s p e c i f i e d m o i s t u r e content was 
mamta ined . A l l spec imens w e r e we ighed to the neares t 0 . 1 g r a m and measu red 
f o r height to the neares t 0 .001 i n . 

M i x t u r e s of p l a s t i c loess and v a r y i n g percentages of phosphor ic a c i d w e r e used to 
de t e rmine the o p t i m u m m o l d i n g m o i s t u r e content f o r m a x i m u m i m m e r s e d s t r eng th . 
Specimens of each m i x t u r e w e r e mo lded a t d i f f e r e n t m o i s t u r e contents to de t e rmine 
the d r y densi ty versus m o i s t u r e content r e l a t i o n s h i p . A f t e r the specimens had been we ighed 
and measured f o r densi ty ca l cu la t ions , they w e r e m o i s t c u r e d f o r 7 days and then w e r e 
i m m e r s e d f o r 24 h r m d i s t i l l e d wa te r be fo re bemg tes ted f o r unconf ined compres s ive 
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Figure 1. Apparatus for molding 2-in. diameter by 2-in. high test specimens. 

s t r eng th . O p t i m u m m o i s t u r e contents f o r m a x i m u m d r y densi ty and f o r m a x i m u m 
I m m e r s e d s t r eng th of each m i x t u r e w e r e In te rpo la ted f r o m graphs of densi ty versus 
m o l d i n g m o i s t u r e content , and of I m m e r s e d s t r e n g t h ve r sus m o l d i n g m o i s t u r e content , 
n i e s e o p t i m u m m o i s t u r e contents w e r e then p lo t t ed against pbosphor lc a c i d content as 
shown i n F i g u r e 2 . I t Is evident that the two o p t i m u m m o i s t u r e contents a r e n e a r l y 
i d e n t i c a l . Hence, opti i$ium m o l d i n g m o i s t u r e contents f o r m i x t u r e s of phosphor ic a c i d 
and each of the other s o i l s used I n the m a i n study w e r e i n t e rpo la t ed f r o m d r y densi ty 
ve r sus m o i s t u r e content cu rves and specimens f o r s t r eng th s tudies w e r e m o l d e d a t 
these o p t i m u m m o i s t u r e s . The e f f ec t of phosphor ic a c i d content on the o p t i m u m m o l d ­
i n g m o i s t u r e contents so se lec ted a r e shown i n F i g u r e 3 f o r each of the f i v e s o i l s . The 
data indicate that t he r e i s an i nve r se r e l a t i o n s h i p between o p t i m u m m o i s t u r e content 
and phosphoric a c i d content , w i t h o p t i m u m m o i s t u r e decreas ing about 3 to 5 pe rcen t , 
based on the d r y s o i l w e i g h t , as the phosphor ic a c i d content is inc reased to 10 pe rcen t . 
The un t rea ted s o i l genera l ly had a s l i g h t l y l o w e r o p t i m u m m o i s t u r e content than a f t e r 
t r e a t m e n t w i t h 1 to 2 percen t a c i d . 



C u r i n g 

Two methods of c u r i n g phosphor ic a c i d - t r e a t e d s o i l w e r e compared be fo re se l ec t ing 
a c u r i n g me thod f o r the m a i n s tudy . The tes t specimens f o r the compara t ive s t u d y w e r e 
p r e p a r e d f r o m a m i x t u r e of p l a s t i c loess and 7. 5 pe rcen t phosphor ic a c i d . I n both c u r i n g 

P L A S T I C L O E S S P L A S T I C L O E S S 
1-DAY MOIST CURE AMD 
24-HOUR IMMERSIOM 

10 20 30 

M O I S T U R E C O N T E N T 

FOR MAXIMUM D E N S I T Y (%) 

10 20 30 

M O I S T U R E C O N T E N T 
FOR MAXIMUM STRENGTH C%) 

Figure 2. Effect of phosphoric acid content of mixtures with p l a s t i c loess on the 
optimum moisture contents for maximum standard Proctor density and for maximum immersed 

strength. 
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Figure 3. Effect of phosphoric acid content of mixtures with p l a s t i c loess, Detroit 
clay, Virginia clay, Kansan gumbotil and a l l u v i a l clay on optimum moisture content for 

maximum standard Proctor density. 
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methods the molded spec imens , wrapped i n wax paper and sealed w i t h cellophane tape, 
w e r e f i r s t p l aced i n a c u r i n g r o o m a t 70 ± 4 F and 9 5 * 5 percen t r e l a t i v e h u m i d i t y f o r 
7, 14 o r 28 days . I n one method the specimens w e r e unwrapped a f t e r each m o i s t c u r i n g 
p e r i o d and i m m e r s e d i n d i s t i l l e d w a t e r f o r 24 h r b e f o r e t e s t ing f o r s t r eng th . I n the 
other method, a f t e r m o i s t c u r i n g 7, 14 o r 28 days, the specimens w e r e unwrapped and 
p laced i n open a i r f o r 7 days and then i m m e r s e d f o r 24 h r i n d i s t i l l e d wa te r be fo re t e s t ­
i n g f o r s t r eng th . 

The specimens c u r e d by the f i r s t method w e r e mo lded at o p t i m u m m o i s t u r e f o r m a x i ­
m u m d r y dens i ty because m a x i m u m dens i ty gives near m a x i m u m i m m e r s e d s t r eng th as 
p r e v i o u s l y d i scussed . I n the second c u r i n g me thod the specimens w e r e m o l d e d a t v a r i ­
ous m o i s t u r e contents f o r 7 days m o i s t c u r i n g and 7 days a i r c u r i n g ; a l l specimens c u r e d 
i n t h i s manner s l aked on i m m e r s i o n . The l a s t specimens to s lake w e r e those molded 
a t o p t i m u m m o i s t u r e f o r m a x i m u m d r y dens i ty . F o r t h i s reason a l l the specimens p r e ­
p a r e d f o r 14 o r 28 days m o i s t c u r i n g and 7 days a i r c u r i n g w e r e m o l d e d a t o p t i m u m 
m o i s t u r e content; however , these specimens a l so s laked on i m m e r s i o n . 

On the basis of these r e s u l t s i t was decided, f o r the m a j o r p o r t i o n of the inves t iga t ion , 
t o c u r e a l l spec imens i n the h u m i d r o o m and i m m e d i a t e l y a f t e r each c u r i n g p e r i o d to 
e i the r t e s t t h e m f o r u n i m m e r s e d s t r eng th o r i m m e r s e t h e m i n d i s t i l l e d w a t e r f o r 24 h r 
b e f o r e t e s t i n g f o r unconf ined compres s ive s t r e n g t h . I m m e r s i o n i n w a t e r b e f o r e t e s t i ng 
was t o s i m u l a t e the d e t r i m e n t a l e f f ec t of w a t e r on inadequately s t a b i l i z e d s o i l i n the 
f i e l d , a l though comple te i m m e r s i o n f o r 24 h r i s a m o r e severe t r ea tmen t than usua l ly 
encountered i n r o a d s . 

Unconf ined Compres s ive Strength T e s t i n g 

Tbe specimens w e r e tes ted f o r unconf ined compres s ive s t r eng th by a t e s t i n g machine 
hav ing a load t r a v e l r a t e of 0 . 1 i n . pe r m i n u t e . The compres s ive s t r eng th was taken 
as the m a x i m u m tes t load i n pounds per square i nch susta ined by a spec imen . Unless 
o the rwide ind ica ted , s t rengths r e p o r t e d i n t h i s paper a r e averages f o r t h r ee spec imens . 
I n on ly a f e w d i d the d i f f e r e n c e between the i n d i v i d u a l values and the average value 
exceed 10 percen t of the average va lue . 

F reeze -Thaw T e s t i n g 

The r e s i s t ance of phosphor ic a c i d s t a b i l i z e d s o i l t o a l t e rna te cycles of f r e e z e and 

ADDITIVES 
0.fc%H3pO+ 

O.L>% H3 PO4.+ 3 ^ Al^ (50^\' ISH^O 

4-% HaPO^ + 1 « Ali(S04)3' 18 HiO 

OPSI 

26J 

14-DAY MOiST CuRIMG 
AND 24 HOURS INMER5ION 

100 

2S.5 

] 74.8 

• 78.2 

0 lo AO 
I M M E R S E D 

M) 80 100 t2o 

S T R E N G T H ( P S I ) 

Figure k. Immersed strengths of llt-day cured specimens of non-calcareous Kansan t i l l 
treated with phosphoric acid and with phosphoric acid plus aluminum sulfate. 
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thaw was evaluated }ay the m o d i f i e d B r i t i s h s t anda rd f r e e z e - t h a w t e s t ( 2 ) . Only one 
s o i l , the p l a s t i c loess , t r e a t ed w i t h 2 , 4 . 5 and 7 .5 percen t phosphor ic a c i d was used 
i n t h i s s t u ( ^ . F o r each c u r i n g p e r i o d , t w o i d e n t i c a l 2 - i n . d i ame te r by 2 1 0 . 0 5 - i n . h igh 
specimens w e r e m o l d e d f r o m each m i x t u r e a t o p t i m u m m o i s t u r e content; the c u r i n g 
per iods , w e r e 7 and 14 days . One spec imen was designated the c o n t r o l spec imen and 
the other the f r e e z e - t h a w spec imen ( 1 , 2 , 4 ) . A f t e r m o i s t c u r i n g , the top f l a t s u r f a c e 
of both specimens was sp ray pa in ted w i t h a r e s in -base pa in t to a th ickness of a p p r o x i ­
mate ly 1 m m . The c o n t r o l spec imen was i m m e r s e d f o r 15 days i n d i s t i l l ed^wate r a t 
a t e m p e r a t u r e of 77 ± 4 F and then tes ted f o r unconf ined compres s ive s t r e n g t h . The 
f r e e z e - t h a w spec imen was i m m e r s e d i n d i s t i l l e d w a t e r a t a t empe ra tu r e of 77 t 4 F 
f o r 24 h r , then was exposed a l t e rna t e ly to t empera tu re s of 23 t 2 F and 77 ^ 4 F f o r 
14 cyc le s , each cyc le l a s t i n g 24 h r , and f i n a l l y t es ted f o r unconf ined compress ive 
s t r eng th . (A vacuum f l a s k spec imen container was used to cause f r e e z i n g to occur 
f r o m the top down and to supply u n f r o z e n w a t e r t o the bo t tom of the spec imen throughout 
the t e s t . ) 

P R E L I M I N A R Y STUDY 

Prev ious w o r k had ind ica ted the p o s s i b i l i t y that m e t a l l i c sa l t s o r amines w i t h phos­
p h o r i c a c i d m i g h t g ive be t te r r e s u l t s than phosphor ic a c i d a lone. A p r e l i m i n a r y s tudy 
was made to check t h i s . The s o i l used was the leached (non-calcareous) kansan t i l l 
(Table 1) . 

F i g u r e 4 shows the 14-day c u r e d i m m e r s e d s t rengths p roduced by s o i l - p h o s p h o r i c 
a c i d m i x t u r e s w i t h and wi thou t a l u m i n u m s u l f a t e . A t 0 .6 percent phosphor ic a c i d , 3 
percent a l u m i n u m su l fa t e Inc reased i m m e r s e d s t reng th ; a t 2 percent phosphor ic a c i d , 
3 pe rcen t a l u m i n u m su l f a t e decreased i m m e r s e d s t r eng th , and 10 percen t caused a 
f u r t h e r decrease; a t 4 pe rcen t phosphor ic a c i d , 1 pe rcen t a l u m i n u m su l fa t e only s l i g h t l y 
inc reased i m m e r s e d s t r e n g t h . 
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Figure 5. Immersed strengths of 7-day cured specimens of non-calcareous Kansan t i l l 
treated with phosphoric acid plus various other chemicals. 
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H i e 7-day c u r e d i m m e r s e d s t r eng th r e s u l t s obtained w i t h t r ea tmen t s of the o ther 
chemica l s show that the highest i m m e r s e d s t r eng th was obtained w i t h 2 pe rcen t phos­
p h o r i c a c i d and 0 .2 pe rcen t A r q u a d 2 H T , but i t i s p robab ly only sUgfatly be t t e r than 
obtainable w i t h 2 pe rcen t phosphor ic a c i d alone ( F i g . 5) . The other addi t ives a l so d i d 
not produce p r o m i s i i ^ r e s u l t s . 
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o i 4 <• « 10 12 14 Ik la - o 1 4 * 8 10 

P H O S P H O R I C A C I D C O N T E N T (%) 

Figure 6. Effect of phosphoric acid content of clay s o i l s on unimmersed strengths of 
7-, l i t - and 28-day cured test specimens. 



47 

S T R E N G T H STUDIES 

U n i m m e r s e d St rength 

The e f f ec t s of amount o f phos id ior ic a c i d t r e a t m e n t on the u n i m m e r s e d spec imen 
s t rengths of the f i v e s o i l s a f t e r 7, 14 and 28 days m o i s t c u r i n g a r e shown i n F i g u r e 6. 
The m o n t m o r i l l o n i t i c c lay s o i l s (Kansan g u m b o t i l , a l l u v i a l c l ay , and p l a s t i c loess) 
genera l ly r eached a m a x l m u i n s t r e n g t h w i t h f r o m 2 t o 10 percen t i ^ o s p h o r i c a c i d . More 
c h e m i c a l gene ra l ly caused a decrease i n s t r eng th . 
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Figure 7. E f f e c t of phosphoric a c i d content of c l a y s o i l s on immersed strengths of 7-, 
Ik- and 28-day cured t e s t specimens. 
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No o p t i m u m phosphor ic a c i d content was observed w i t h the i l l i t i c - c h l o r i t i c c lay s o i l 
( D e t r o i t c l a y ) . Up to 10 percent phosphor ic a c i d , s t r eng th inc reased s l o w l y a t a u n i ­
f o r m r a t e w i t h inc reased a c i d content; but a t 10 percent o r above, the r a t e of s t r eng th 
ga in inc reased s h a r p l y , and a t a l l c u r i n g t i m e s i t cont inued a t the inc reased r a t e up t o 
18 percen t a c i d , the l a rges t amount used . Th i s change i n the r a t e of s t r eng th inc rease , 
d iscussed l a t e r , was due t o the c a l c i u m carbonate content of the s o i l . 

H i e strengthis of the phosphor ic a c i d - t r e a t e d k a o l i n i t e - v e r m i c u l l t e c lay s o i l ( V i r g i n i a 
c l ay ) specimens w e r e l ow , and d i d not r each a m a x i m u m w i t h f r o m 1 to 14 percen t a c i d . 
A t 14 percent phosphor ic a c i d , the 14- and 28-day s t rengths w e r e s t i l l i nc reas ing , i n d i ­
ca t ing tha t use of m o r e a c i d m i g h t f u r t h e r inc rease s t r e n g t h . 

Because the u n i m m e r s e d s t r eng th of a s t a b i l i z e d s o i l i s an i nd i ca to r of cemen t ing 
ac t i on d e r i v e d f r o m the s t a b i l i z e r , phosphor ic a c i d t r e a t m e n t of s o i l can be s a id to 
produce a cement ing agent. 

I m m e r s e d St rength 

The e f f ec t of the phosphor ic a c i d t r ea tmen t s on the i m m e r s e d s t reng th of the f i v e 
so i l s a f t e r 7, 14 and 28 days m o i s t c u r i n g a r e shown i n F i g u r e 7. The m o n t m o r i l l o n i t i c 
c lay s o i l s (Kansan g u m b o t i l , a l l u v i a l c l ay , and p l a s t i c loess) tended t o r each a m a x i m u m 
o r near m a x i m u m i m m e r s e d s t r eng th a t each c u r i n g t i m e w i t h f r o m 4 t o 14 percen t 
phosphor ic a c i d . M o r e than the o p t i m u m amount of a c i d genera l ly caused a decrease i n 
s t r e n g t h . 

Specimens of the i l l i t i c - c h l o r i t i c c lay s o i l ( D e t r o i t c lay) conta in ing less than 10 p e r ­
cent phosphor ic a c i d f a i l e d d u r i n g i m m e r s i o n . However s t r eng th gain was r a p i d as 
a c i d content was inc reased above 10 pe rcen t , and at 18 percen t the s t r eng th p robab ly 
had not reached a m a x i m u m . 

The 14- and 28-day s t rengths of the k a o l i n i t e - v e r m i c u l l t e c lay s o i l ( V i r g i n i a c lay) 
specimens gene ra l ly showed g radua l inc rease w i t h f r o m 1 to 10 percen t phosphor ic a c i d 
w i thou t r each ing to a m a x i m u m , and above 10 pe rcen t the r a t e of s t reng th gain was 
somewhat g r e a t e r . The 7-day s t r eng th reached a m a x i m u m a t 4 to 5 percen t a c i d , and 
s t r eng th s l o w l y decreased w i t h use of m o r e a c i d . 

The i m m e r s e d s t rengths obtained i n these tes ts indicate tha t the cement ing p roduc t 
p roduced by the i n t e r a c t i o n of phosphor ic a c i d and s o i l i s w a t e r i n so lub le . 

I t w i l l be noted i n F i g u r e 7 that the use of s m a l l percentages of phosphor ic a c i d w i t h 
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Figure 8. R e s u l t s of modified B r i t i s h freeze-thaw t e s t s of 7-day cured specimens of 
phosphoric a c i d - t r e a t e d p l a s t i c l o e s s . 
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D e t r o i t c lay and a l l u v i a l c l ay d i d not p roduce i m m e r s e d s t r e n g t h . T h i s i s due t o t h e 
c a l c i u m carbonate content of these s o i l s , as expla ined l a t e r . H e r e i t i s enough t o say 
that phosphor ic a c i d r eac t s w i t h c a l c i u m carbonate and th i s increases the amount of 
phosphor ic a c i d necessary t o obta in i m m e r s e d s t r e n g t h . 

A n a l y s i s of the St rength Data 

The d i f f e r e n t responses of d i f f e r e n t s o i l s t o phosphor ic a c i d t r ea tmen t s ( F i g s . 6 a n d 
7) may be hypothes ized as be ing due t o d i f f e r e n c e s i n the r a p i d i t y and the extent of the 
c h e m i c a l r eac t ions w h i c h f u r n i s h the r e a c t i o n produc ts tha t cement s o i l g r a in s together 
and thus Increase s t r eng th . A n y r e m a i n i n g unreac ted phosphor ic a c i d l ub r i ca t e s the 
s o i l p a r t i c l e s and tends to decrease the s t r e n g t h . T h e r e f o r e , when the r a t i o o f u n ­
r eac t ed phosphor ic a c i d to the r e a c t i o n p roduc t i s excess ive , a net decrease i n s p e c i ­
men s t r e n g t h o c c u r s . The r e l a t i v e amounts of un reac ted phosphor ic a c i d and the r e ­
ac t i on p roduc t depend on how f a r the r e a c t i o n has p r o g r e s s e d towards e q u i l i b r i u m , 
w h i c h f o r any g iven t i m e depends on the r a p i d i t y of the r e a c t i o n . 

Genera l ly bo th a m a x i m u m i m i m m e r s e d and i m m e r s e d s t r e n g t h w e r e obta ined w i t h 
m o n t m o r i l l o n i t i c c l ay soUs; but w i t h the range of t r e a t m e n t , m a x i m a w e r e not r eached 
w i t h the i l l i t e - c h l o r i t e and the k a o l i n i t e - v e r m i c u l i t e r i c h c lay s o i l s . The highest 
s t rengths w e r e ob t r a ined w i t h the i l l i t e - c h l o r i t e r i c h s o i l and the lowes t s t rengths w i t h 
the k a o l i n i t e - v e r m i c u l i t e r i c h s o i l . The t h r ee m o n t m o r i l l o n i t i c so i l s gave m i d - r a n g e 
s t r eng ths . 

The r a p i d a t t a inment of h i g h s t rengths w i t h the i l l i t i c - c h l o r i t i c c lay s o i l ( D e t r o i t 
c l a y ) ( F i g s . 6 and 7) may be due to the r a p i d and comple te r e a c t i o n of phosphor ic a c i d 
w i t h the c h l o r i t e i n the s o i l . A s d iscussed l a t e r , x - r a y d i f f r a c t i o n ana lys i s ( F i g . 11) 
showed that c h l o r i t e i s much m o r e h igh ly r e a c t i v e w i t h phosphor ic a c i d than the o ther 
c lay m i n e r a l s ; t h e r e f o r e i t i s b e l i e v e d tha t the c h l o r i t e i n the D e t r o i t c l a y r e a c t e d c o m ­
p le t e ly w i t h phosphor ic a c i d , w h i c h was l a r g e l y respons ib le f o r the h ^ s t rengths o b ­
t a ined . 

Phosphor ic a c i d - t r e a t e d m o n t m o r i l l o n i t i c c l ay so i l s a t t a ined modera te s t rengths 
r a p i d l y ( F i g s . 6 and 7 ) . Th i s indica tes tha t the r a t e of r e a c t i o n m a y be as r a p i d i n the 
m o n t m o r i l l o n i t i c c lay s o i l s as i t i s i n the i l l i t i c - c h l o r i t i c c l ay s o i l , but tha t the extent 
of the r e a c t i o n i s not as g rea t i n the m o n t m o r i l l o n i t i c c l ay s o i l s . Consequently w i t h 
the m o n t m o r i l l o n i t i c c lay s o i l s an apprec iab le amount of i m t r e a c t e d phosphor ic a c i d 
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Figure 9. Results of modified B r i t i s h freeze-thaw tests of Ik-day cured specimens of 
phosphoric acid-treated p l a s t i c loess. 
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Figure 10. Effect of calcium carbonate adiiitives to p l a s t i c loess on the immersed 
strengths of 7-, ih- and 28-day cured specimens containing percent phosphoric acid, 

based on the dry weight of the loess-CaC03 mixture. 
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was a lways p resen t when e q u i l i b r i u m was reached and i t s l u b r i c a t i n g ac t i on tended to 
de t rac t f r o m the cementa t ion e f fec t s of the r e a c t i o n p r o d u c t . When the amount of u n -
reac ted phosphor ic a c i d at h igher l eve l s of t r e a t m e n t became excess ive , a net decrease 
i n s t r eng th r e s u l t e d , g i v i n g r i s e to the occu r rence of the s t r eng th m a x i m a i n F igu res 
6 and 7. I t a l so appears that both the amount of the o p t i m u m phosphor ic a c i d t r e a t m e n t 
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Figure 11. X-ray diffractometer chart showing the effect of various percentages of 
phosphoric acid on the clay minerals of the Detroit clay. (Filtered copper Kox radia­

tion was used.) 
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Figure 12. X-ray diffractometer chart showing the effect of various percentages of 
phosphoric acid on the clay minerals of the p l a s t i c loess. (Filtered copper Kox radia­

tion was used.) 
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and the magni tude of the m a x i m u m s t r eng th depend on the amount of c l a y - s i z e m a t e r i a l 
p resen t i n the m o n t m o r i l l o n i t i c c lay s o i l s . Gene ra l ly , the h igher the c lay content the 
m o r e phosphor ic a c i d was r e q u i r e d f o r o p t i m u m r e s u l t s and the l o w e r the m a x i m u m 
s t r eng th va lue . Reduct ion of the m a x i m u m s t r eng th w i t h i nc r ea s ing c lay content may 
be due to the r e s u l t i n g decrease i n coa r se r g r a i n e d f r a c t i o n s w h i c h con t r ibu te t o i n t e r ­
n a l f r i c t i o n i n the s t a b i l i z e d s o i l and oppose the l u b r i c a t i n g a c t i o n of un t r ea t ed phos­
p h o r i c a c i d . 

Phosphor ic a c i d - t r e a t e d k a o l i n i t e - v e r m i c u l i t e c l ay s o i l ( V i r g i n i a c l ay ) specimens 
genera l ly showed a g radua l inc rease i n s t r eng th w i t h longer c u r i n g t i m e and w i t h i n ­
c reased phosphor ic a c i d contents . T h i s may be a t t r i b u t e d to a s low r a t e of r e a c t i o n 
and the e q u i l i b r i u m condi t ions i n f a v o r of the p r o d u c t s . The cont inued p r o g r e s s of the 
r e a c t i o n m o r e than compensates f o r the l u b r i c a t i n g e f f e c t o f the un reac t ed phosphor ic 
a c i d as w e l l as r e d u c i n g the amount of unreac ted m a t e r i a l . Thus the s low but c o n t i n ­
uous s t r eng th ga in r e s u l t s . 

I t i s be l i eved that the r e a c t i o n p roduc t w h i c h f u r n i s h e s cementa t ion i s e s sen t i a l ly 
the same f o r a l l c l ay m i n e r a l s and i s a complex amorphous a l u m i n u m phosphate i n the 
f o r m of a ge l —a conclus ion a l so reached m o r e o r less by others (3, 6, 7) . Th i s po in t 
i s f u r t h e r d i scussed i n the m e c h a n i s m sec t i on of t h i s paper . ~ 

S u m m a r i z i n g the r e s u l t s of the f o r e g o i n g d i scuss ion , c h l o r i t e c l ay m i n e r a l s seem 
t o be the mos t r e a c t i v e of c l ay m i n e r a l groups inves t iga ted i n th is s tudy . M o n t m o r i l ­
l o n i t i c m i n e r a l s r e a c t r a p i d l y w i t h phosphor ic a c i d but the r e a c t i o n does not p roceed 
v e r y f a r . K a o l i n i t e and v e r m i c u l i t e r e a c t s l o w l y w i t h phosphor ic a c i d , and the r e a c t i o n 
may p roceed to an apprec iab le extent . A n acce l e r a to r o r a ca ta lys t may a i d the s t a b i ­
l i z a t i o n of k a o l i n i t e o r v e r m i c u l i t e r i c h s o i l s by speeding the r e a c t i o n but can h a r d l y 
benef i t m o n t m o r i l l o n i t e r i c h s o i l s . Inasmuch as the r e a c t i o n i s a l r eady r a p i d . T h i s 
conc lus ion i s substant ia ted by the r e s u l t s r e p o r t e d by Michae l s and Tausch (7), w h i c h 
show that f l u o r i d e s and f l u o s i l i c a t e s do not a f f e c t the phosphor ic a c i d - c l a y r e a c t i o n i n 
m o n t m o r i l l o n i t i c s o i l s ; however , they do acce le ra te the r e a c t i o n i n i l l i t i c s o i l s . Thus , 
i n a U p r o b a b i l i t y , i l l i t e r eac t s s i m i l a r l y t o k a o l i n i t e o r v e r m i c u l i t e . The genera l be­
hav io r of the i l l i t e g roup m i n e r a l s cannot be p r e d i c t e d f r o m the data of the p resen t 
stady, because the r e a c t i o n w a s o b s c u r e d b y t h e p r e s e n c e of c h l o r i t e . 
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Figure 13. X-ray diffractometer chart showing the effect of 10 percent phosphoric acid 
on the clay minerals of the Virginia clay. (Filtered copper Kox radiation was used.) 
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F R E E Z E - T H A W STUDY 

The m o d i f i e d B r i t i s h f r e e z e - t h a w tes t (2) was used to evaluate the d u r a b i l i t y of 7-
and 14-day c u r e d specimens of se lec ted m i x t u r e s of p l a s t i c loess and phosphor ic a c i d . 
Bar graphs i n F igu re s 8 and 9 show unconf ined compres s ive s t rengths a f t e r c u r i n g and 
1-day i m m e r s i o n ; a f t e r c u r i n g and 15 days i m m e r s i o n ( c o n t r o l spec imen , pc ) ; and 
a f t e r c u r i n g , 1-day i m m e r s i o n , and 14 cycles of f r e e z e - t h a w ( f reeze - thaw spec imen , 
p f ) . 

C r i t e r i a of D u r a b i l i t y 

Two c r i t e r i a have been used f o r the eva lua t ion of the f r e e z e - t h a w tes t r e s u l t s (2) . 
H i e f i r s t c r i t e r i o n i s the value of the index of r e s i s t ance to the e f f e c t of f r e e z m g ( R f ) , 
de f ined by the f o l l o w i n g equation and expressed as a percentage of the neares t 5 pe rcen t : 

Rf = 
100 Pf 

Pc 

The m i n i m u m Rf value cons ide red ind ica t ive of s a t i s f a c t o r y f i e l d p e r f o r m a n c e of s t a b i ­
l i z e d so i l s i n r o a d base courses i n Great B r i t a i n i s 75 pe rcen t . ( P r i v a t e c o m m u n i c a t i o n , 
1958, f r o m D . J . M a c l e a n , H a r m o n d s w o r t h , Midd l e sex , England — i n f o r m a t i o n on the 
B r i t i s h Standard Tes t N o . 1924.) Th i s same m i n i m u m value was adopted f o r the p r e ­
sent s tudy . 

The second c r i t e r i o n r e q u i r e s a m i n i m u m value f o r the unconf ined compres s ive 
s t rengths of the c o n t r o l spec imen (p^) and the f r e e z e - t h a w spec imen ( p f ) . The tenta t ive 
m i n i m u m r e q u i r e m e n t f o r both Pc and p£, f o r s t a b i l i z e d base course m i x des ign i n Iowa, 
i s 250 p s i , the value used in the presen t s tudy . The se lec t ion of th i s value i s d iscussed 
by Davidson and Bruns (2) . 

D i scuss ion of Resul ts 

Specimens C u r e d 7 Days . — Resis tance t o the damaging e f fec t s of i m m e r s i o n and of 
f r e e z i n g and thawing showed m a r k e d increases w i t h inc reased phosphor ic a c i d content 
i n the t r e a tmen t range 2 percen t to 7 .5 percen t ( F i g . 8) , but judged on the basis of 7 
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Figure l l | . X-ray diffractometer chart showing the effect of phosphoric acid on the clay 
minerals of the minus 5 micron fraction of the Virginia clay. (Filtered Kox radiation 

was used.) 
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days c u r i n g , none of the m i x t u r e s w o u l d be cons ide red adequate f o r r o a d bases I n I o w a . 
However , the m i x t u r e w i t h 7 .5 pe rcen t phosphor ic a c i d came close to be ing s a t i s f a c t o r y 
i n that Rf = 85 percen t , P(. =250 p s i and p f =218 p s i , the l a t t e r value be ing the only one 
tha t d i d not meet the m i n i m u m r e q u i r e m e n t s f o r d u r a b i l i t y . 

Specimens Cured 14 Days . — I f m i x des ign was based on 14-day c u r i n g of tes t s p e c i -
mens , F i g u r e 9 indica tes tha t 7 . 5 percen t phosphor ic a c i d w o u l d s a t i s f a c t o r i l y s t a b i l i z e 
p l a s t i c loess f o r r o a d bases i n I o w a . L e s s e r amounts of phosphor ic a c i d p robab ly would 
not p r o v i d e adequate d u r a b i l i t y . 

T i m e of I m m e r s i o n . — A c o m p a r i s o n of the s t rengths of the specimens i m m e r s e d 
f o r one day w i t h those of s i m i l a r specimens i m m e r s e d f o r 15 days ( F i g s . 8 and 9) shows 
tha t as phosphor ic a c i d content was i n c r e a s e d the amount o f s t r eng th r e d u c t i o n due t o 
the longer t i m e of i m m e r s i o n was genera l ly r educed . 

L I M I T A T I O N STUDY 

The presence of c a l c i u m carbonate i n many s o i l s can be one l i m i t a t i o n t o the use of 
phosphor ic a c i d s t a b i l i z a t i o n . The cost o f phosphor ic a c i d s t a b i l i z a t i o n can be ano ther . 

C a l c i u m Carbonate 

I n a p r e l i m i n a r y s tudy of phosphor ic a c i d s t a b i l i z a t i o n u s i n g the ca lcareous (unleach-
ed) Kansan t i l l (Tab le 1) no i m m e r s e d s t rengths w e r e obtained, tha t i s , the spec imens 
f a i l e d by s l a k i n g . Because of t h i s i t was decided to s tudy the e f f e c t of c a l c i u m c a r b o n ­
ate content on the i m m e r s e d s t r eng th of phosphor ic a c i d s t ab i l i z ed s o i l . Two e x p e r i ­
m e n t a l approaches w e r e used . I n one, n a t u r a l so i l s that contained known amounts of 
c a l c i u m carbonate w e r e used to evaluate the e f f e c t of c a l c i u m carbonate on i m m e r s e d 
s t r eng th . The f i v e s o i l s used conta ined amounts of c a l c i u m carbonate v a r y i n g f r o m 
0 to 7 .2 percent (Table 1) . The second approach was to use the non-ca lcareous p l a s t i c 
loess and add s p e c i f i c amounts of c a l c i u m carbonate and study the e f f e c t on i m m e r s e d 
s t r eng th . 

N a t u r a l So i l s . — The e f f e c t of c a l c i u m carbonate content on i m m e r s e d s t r eng th I s 
shown by the curves f o r the f i v e s o i l s i n F i g u r e 7. Non-ca lca reous p l a s t i c loess showed 
an i m m e d i a t e inc rease of i m m e r s e d s t r eng th w i t h the add i t ion of 1 pe rcen t phosphor ic 
a c i d . A l l u v i a l c lay w i t h 5 . 1 percen t CaCOs d i d not develop i m m e r s e d s t r eng th u n t i l 
about 6 .5 percent phosphor ic a c i d was used . D e t r o i t c lay w h i c h contained 7.2 percen t 
CaCOs d i d not develop i m m e r s e d s t r eng th u n t i l the phosphor ic a c i d content was a t leas t 
10 pe rcen t . T h e r e f o r e i t seems tha t the amount of phosphor ic a c i d necessary t o ob ta in 
i m m e r s e d s t r eng th i s i nc reased as the c a l c i u m carbonate content i s i nc reased . 

P l a s t i c Loess P lus CaCO» A d d i t i v e s . — The e f f ec t s on 7 - , 14- and 28-day c u r e d i m ­
m e r s e d s t rengths of adding d i f f e r e n t amounts of c a l c i u m carbonate to p l a s t i c loess a r e 
shown i n F i g u r e 10. (The phosphor ic a c i d t r e a tmen t was he ld constant a t 7 .5 percent 
based on the d r y we igh t of the soi l -CaCOs m i x t u r e s . ) I nc r ea s ing the amount of c a l c i u m 
carbonate decreased the i m m e r s e d s t reng ths , u n t i l a t about 6 pe rcen t CaCOs the s t rength 
w e r e z e r o o r close to i t . 

Phosphor ic a c i d (H3PO4) gives th ree p r i n c i p a l c a l c i u m sa l t s : t r i c a l c i u m diphosphate, 
CsiaiPCUh', c a l c i u m hydrogen phosphate, CaHP04; m o n o c a l c i i m i t e t r a hydrogen d iphos­
phate, Ca H4 (P0«)2 . F o r m a t i o n of these sa l t s f r o m CaCOs and HsPO« may be represent ­
ed s t o i c h i o m e t r i c a l l y , by the f o l l o w i n g equations: 

3CaCOs + 2HsP04 = Cas(P04)a + 3 C 0 » + 3 t t i O (1) 

CaCOs + HsP04 = CaHP04 + COa + HaO (2) 

CaCOs + 2HsP04 = CaH4(PO«)2 + COj + HsO (3) 

The ac tua l occu r rence of these reac t ions i s governed by the a c i d and base s t rengths 
of the reac tants and the p r o d u c t s . Because Ca3(P04)a i s a m u c h s t ronge r base than 
CaCOs, the f i r s t r e a c t i o n can h a r d l y take p lace . However , i f the p H of the m e d i u m i n 
w h i c h CaCOs and H3PO4 a r e r e a c t i n g i s c o n t r o l l e d , any of these reac t ions may be made 
poss ib le . Const i tuents of a s o i l may f u r n i s h such a c o n t r o l and make any one of these 
reac t ions poss ib le . 
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An indirect approach was used to decide which one of these reactions predominantly 
takes place when a calcareous soil is treated with phosphoric acid. Hie ratio of the 
weight of phosphoric acid to calcium carbonate based on the aforementioned three stoi­
chiometric equations is, respectively, 0.987, 1.98 and 2.96. The ratio of phosphoric 
acid to calcium carbonate at which immersed strengths were obtained with the calcare­
ous soils studied was as follows: alluvial clay, 1.18; Detroit clay, 1.25. For the plas­
tic loess with different amounts of calcium carbonate added the ratio of phosphoric acid 
to calcium carbonate content at the point where the immersed strength was zero was 
I . 25. These three ratios are very close to one another and to the ratio of phosphoric 
acid to calcium carbonate, 0.987, in Eq. 1. The slight difference between the f i rs t 
three values and the latter may be because phosphoric acid reacts with the calcium 
carbonate to a small extent according to the second reaction in Eq. 2, and also because 
small amounts of phosphoric acid may react with other soil constituents. 

The presence of calcium carbonate in soil increases the amount of phosphoric acid 
necessary to stabilize the soil. This appears to be due to the phosphoric acid acting 
to neutralize the calcium carbonate before reacting with the other soil constituents. 
The amount of phosphoric acid necessary to neutralize the calcium carbonate in the 
soils studied was about 1.25 times the amount of the calcium carbonate present. The 
neutralization of the calcium carbonate in a soil apparently contributes nothing to 
strength but would of course add to the cost of the stabilization. 

Cost. — Cost is another factor that may limit the use of phosphoric acid for soil 
stabilization. Phosphoric acid currently costs about 7. 5 cents a pound (8). For com­
parison, Portland cement costs about 1 cent a poimd, and is used in soil stabilization 
of fine-grained soils in amounts of from 12 to 20 percent. To compete cost-wise with 
cement, the amount of phosphoric acid that can be used must be in the range 1.6 to 
2.7 percent. This estimate is based only on the cost of the additive, and does not take 
into account methods of construction. Phosphoric acid could be added in the water for 
compaction, which might be an advantage over cement. Also phosphoric acid might 
be cheaper to handle than portland cement, due to the smaller amount of additive in­
volved. These are matters to be investigated, and experience in the field is necessary 
for a final decision on them. 

MECHANISM 
The mechanism of phosphoric acid stabilization is embodied in chemical changes 

taking place on treating soils. In the present study X-ray diffraction analysis and 
quantitative chemical analysis were used for tracing the chemical changes. Figures 
I I , 12 and 13 show the X-ray diffraction charts for the three soils — Detroit clay, 
plastic loess, and Virginia clay— all treated with various percentages of phosphoric 
acid and cured 7 days in a humid atmosphere. Figure 14 shows the X-ray diffracto-
meter charts for the minus 5 micron fraction of the kaolinite-vermiculite rich soil 
(Virginia clay) before and after treatment with an equal amount of phosphoric acid by 
weight, diluted approximately to liquid limit consistency with water, and cured in a 
himiid atmosphere for 7 days. The purpose of this 1:1 treatment was to augment the 
changes taking place on phosphoric acid treatment. 

Examinaticxi of the X-ray charts indicates an amorphous halo and no newly formed 
crystalline substances resulting from phosphoric acid treatment, except that the chart 
for calcareous Detroit clay gives calcium phosphate peaks resulting from the reaction 
between calcium carbonate and phosphoric acid. A l l three treated soils showed a de­
crease in the intensities of clay mineral peaks depending on the level of the treatment, 
suggesting that phosphoric acid had reacted with clay minerals. The amorphous halo 
is attributed to the reaction products. 

Quantitative chemical analyses made on Detroit clay treated with phosphoric acid 
showed an appreciable increase in HCl-soluble aluminum compounds depending on the 
level of the phosphoric acid treatment (Table 2). The cation exchange capacity of 
Detroit clay and plastic loess treated with various percentages of phosphoric acid in­
creased, depending on the level of the treatment (Table 2). 

Based on these data i t is hypothesized that phosphoric acid releases aluminum ions 
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TABLE 2 
EFFECT OF PHOSPHORIC ACID ON THE CATION EXCHANGE CAPACITIES OF 

DETROIT CLAY AND PLASTIC LOESS, AND ON THE AMOUNTS OF HYDROCHLORIC 
ACID EXTRACTABLE ALUMINUM COMPOUNDS OF THE DETROIT CLAY 

Cation Exchange Capacity^ 
(me/100 g) 

N. HCl Extractable Aluminum^ 

Soil 
H3P04^ 

(%) 

On the Basis 
of the Total 

Weight of the 
Mixture 

On the Basis 
of the Soil 

Fraction of 
the Mixture 

On the Basis 
of the Total 

Weight of the 
Mixture 

On the Basis 
of the Soil 
Fraction of 

the Mixture 
Detroit Clay 0 14.5 14.5 1.1 1.1 

2 18.9 19.3 
4 21.6 22.5 
6 27.9 29.7 
8 28.8 31.3 

10 29.4 32.7 
12 38.0 43.2 
14 45.9 53.4 1.7 1.9 

Plastic Loess 0 23.5 23.5 
1 40.4 40.8 
2 43.4 44.3 
4 45.0 46.9 
6 52.5 55.9 
8 52.3 56.8 

10 50.3 55.9 

™ jjiu.a peruBOi,; pnospnonc aciQ Dasea on tne oven-dry 
weight of the s o i l . ' 
determined after moist curing for 7 days, and expressed as a percentage of the oven-
dry weight of the sample. 

from clay mineral lattices by destroying the clay mineral structure. Aluminum ions 
released combine with the phosphate anions to form a irreversible gel having a high 
cation exchange capacity. This gel acts as a cementing agent by bonding to the surfaces 
of other mineral constituents of the soil. 

CONCLUSIONS 
1. Phosphoric acid treatment Improves the strength and durability characteristics 

of compacted, moist cured, clayey soils. The degree of the improvement depends on 
the amount of phosphoric acid used and on the types and amounts of clay minerals in 
the soil. Chlorite appears to be much more reactive with phosphoric acid than montmo-
rillonite-, i l l i te- , kaolinite-, or vermiculite-type clay minerals. 

2. There is an optimum amount of phosphoric acid which produces the highest 
imlmmersed and immersed strengths in stabilized soils. 

3. Moist curing phosphoric acid stabilized soils gives h i^e r immersed strengths 
than curing in open air. 

4. The molding moisture content for maximum dry density of soil-phosphoric acid 
mixtures correlates closely with molding moisture content for maximum immersed 
strength. 

5. For each combination of phosphoric acid and soil there appears to be a curing 
time beyond which there w i l l be no further increase in immersed strength. This time 
is a function of the amount and the type of clay minerals reacting, and the amount of 
phosphoric acid available for the reactions. 

6. The resistance of {diosphoric acid stabilized soil to alternate cycles of freeze 
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and thaw increases with increasing percentages of phosphoric acid. 
7. Phosphoric acid acts to neutralize the calcium carbonate in a soil before react­

ing with the other soil constituents; this increases the amount of phosphoric acid nec­
essary to stabilize the soil. Each percentage of calcium carbonate consumes about 
1.25 percent phosphoric acid. 

8. Based on the (1959) relative costs of portland cement and phosphoric acid, the 
maximum percentage of phosphoric acid that can be used economically in soil stabiliza­
tion is about 3 percent, based on the dry soil weight. Soils containing more than 2. 5 
percent calcium carbonate may consume more than 3 percent phosphoric acid in the 
neutralization of calcium carbonate without gaining in stability. Therefore in regions 
like Iowa, where calcareous soils are abundant, phosphoric acid stabilization may not 
be an economical method of stabilizing soils for roads. A reduction in the price of 
phosphoric acid, however, could make it economical to use for stabilizing calcareous 
clayey soils. 

9. In reacting with clay minerals phosphoric acid produces a water insoluble ce­
menting compound. Based on chemical and X-ray diffraction analyses i t is believed 
that this cementing compound is an irreversible gel composed of amorphous aluminum 
phosphates. 
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