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Several techniques for improving, or reducing the cost, of phos
phoric acid stabilization of a clayey s i l t and a heavy clay have 
been examined. 

With the clayey s i l t , treatment with mixtures of calcium phos
phate, or pulverized Florida phosphate rock, and sulfuric acid 
yields humid cure strengths greater than wi th the equivalent a-
mount of phosphoric acid, but lower immersed strengths. Using 
phosphate rock, however, the reduction in cost of stabilization 
is so great that higher concentrations of this mixture can be used 
to produce satisfactory stabilization at a cost competitive wi th 
conventional stabilizers. 

Granular, orthorhombic phosphorus pentoxide can be used to 
stabilize clayey s i l t as effectively as phosphoric acid or ordinary 
P205, and with potentially greater field-convenience. Trace a-
mounts (0 .1 percent on soil) of this compound function as an ex
cellent soil-dispersant, and when used in conjunction with phos
phoric acid or phosphate rock-sulfiu-ic mixtures, greatly increase 
compacted density and strength. 

Fer r ic choride, at 1.6 percent on soi l , is as effective a water-
proofer f o r phosphoric-acid-stabilized heavy clay as 0. 5 percent 
octylamine. Although this substitution brings about a substantial 
reduction in stabilization cost, the materials costs fo r very heavy 
clay stabilization are s t i l l too high to be attractive f o r a l l but emer
gency situations. Development of an inexpensive, h i ^ l y effective 
waterproofer may broaden the usefulness of phosphoric acid in 
such soils . 

# U S E OF PHOSPHORIC acid f o r stabilization of fine-grained soils has become a sub
ject of growing interest in recent years; this interest stems f r o m the experimental ob
servations that (a) phosphoric acid exhibits impressive stabilizing abili ty i n a wide 
variety of aluminosilicate soils, (b) acid requirements fo r effective stabilization are 
low, and (c) strength development in phosphoric acid-treated soils occurs rapidly 
under humid conditions 3, 4). These characteristics of phosphoric acid make i t 
potentially competitive wi th conventional so i l stabilizers, such as portland cement, 
asphalt, and l ime . 

Despite its effectiveness and breadth of u t i l i ty as a stabilizer, phosphoric acid suf
fers several limitations which have deterred its f i e l d evaluation. The most important 
of these are: 

1. The cost of phosphoric acid stabilization of moderately fine-grained soils is 
considerably h i ^ e r than that of conventional stabilization methods. Although the acid 
is uniquely effective in heavy clays (relative to conventional stabilizers), the cost of 
amine waterproofers required for this purpose is fa r too high to make the method 
attractive except i n special situations. 

2. Phosphoric acid stabilization (as is true wi th most other stabilization methods) 
i s quite sensitive to in i t i a l soi l moisture content, and to the degree of soi l compaction 
p r io r to cure. 
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3. Phosphoric acid, in concentrated f o r m , presents problems in the f i e l d regarding 
transportation and handling with conventional soil-processing equipment. A safe, gran
ular solid product would be more attractive f r o m this standpoint. 

The object of this investigation has been to explore a number of possible solutions 
to the aforementioned problems. These include studies of (a) the use of calcium phos
phate-sulfuric acid mixtures as alternatives to phosphoric acid, (b) the use of granular 
orthorhombic phosphoric anhydride as an acid substitute, and (c) the use of polyvalent 
metal salts as substitutes fo r amines fo r the waterproofing of acid-stabilized heavy clay 

PROCEDURE 

The two soils studied were Massachusetts clayey s i l t (MCS), a moderately f ine
grained i l l i t i c soi l (PI =6) and Vicksburg buckshot clay (VBC), a heavy clay containing 
about 25 percent of the expanding-lattice montmorillonoid minerals (PI =32). Thephys-
ical properties and mineralogical compositions of these soils have been previously 
published (3). 

Chemicals used i n this work were as fol lows: 

Phosphoric acid ( 8 6 . 1 % HsP04) — Reagent grade 
Orthorhombic phosphoric anhydride (P20s) — Victor Chemical Works 
Sulfuric acid (98% HaSOi) - Reagent grade 
Tricalcium phosphate (Ca3(P04)a) — Reagent grade 
Calcium monohydrogen phosphate (CaHPOi) — Reagent grade 
Calcium dihydrogen phosphate (Ca(HaP04)a) — Reagent grade 
Sodium fluosilicate (NazSiFg) — Reagent grade 
Ferr ic chloride (FeCls.6HaO) —Reagent grade 
Aluminum chloride (AlCls. 6HaO) — Reagent grade 
Magnesium chloride (MgCls . 6H2O) — Reagent grade 
Chromic chloride ( C r C h . 6H2O) - Reagent grade 
Pulverized Florida phosphate rock — supplied by International Minerals and Chemi

cals Co., analyzing 29.6 % CaO, 32.27% P2O5, 
and 2.72 - 4 .08% F; 93 % finer than 60 mesh, 
63% finer than 200 mesh (5). 

The preparation and testing of samples were s imilar to those used in previous studie 
(3, 4). Liquids content at molding was usually maintained at 12.5 cc total liquids vo l 
ume per 100 gm dry soi l fo r MCS, and 17.0 cc per 100 gm soi l fo r VBC; maximum 
compacted density was achieved under these conditions. Methods of additive incorpora
tion depended on the type of additive, and in some cases variations in procedure were 
studied; therefore the method of addition w i l l be specified in the discussion. In general, 
chemicals were added to the soi l and blended for several minutes in a finger prong 
mixer . Compression test samples were then prepared by two-end static compaction 
in a Harvard miniature mold. Compaction pressure was always approximately 1,000 
ps i . Samples were cured at about 70 F and 100 percent relative humidity for various 
periods of t ime, and in some cases subsequently subjected to 24-hr water immersion, 
then tested to fa i lure in unconfined compression and dried at 110 C for 24 hr . They 
were weighed and measured after molding, testing, and drying, 

RESULTS AND DISCUSSION 

Stabilization of Massachusetts Clayey Silt with Phosphate-Sulfuric Acid Admixtures 

Calcium Phosphate-Sulfuric Acid Stabilization. — Because calcium phosphates react 
with aqueous sulfuric acid (in sufficiently high concentration) to f o r m phosphoric acid 
and hydrated calcium sulfate, i t was believed that i f this reaction would proceed in the 
presence of soils, successful stabilization would result . To explore this possibility, 
moist Massachusetts clayey s i l t was blended with the various calcium phosphates, then 
mixed with a stoichiometric quantity of concentrated sulfuric acid, compacted, and 
cured. 

Table 1 gives the compressive strengths obtained with MCS treated with each of the 



30 

UNCONFINED COMPRESSIVE STRENGTH, RSI 

100 ZOO 300 400 

HjPO^-t-O.S'/.Na^SjFf 

H^PO^ + O I'/.OP^O^ 

1^S0^ + Ca(HfP0j^ 

H^SO^+CaHPO^ 

HgSO^+Ca,(POjg 

Y / / / / / / / / / / / / / / / / / / / / / / / A 

V / / / / / / / / / A 
YZZZZZZZZZZZA 

v / / / / / / / / / / / / / \ 

I DAY HUMID CURE 

• I DAY HUMID CURE 
+ IDAY IMMERSION 

I I Z WKS. HUMID CURE 

HiSO^ + PHOSPHATE ROCK V / / / / / / / / / / / / A 

] H^SO^-h PHOSPHATE ROCK 
-tOjy.o-PtOg 

Figure 1. Comparison of various phosphorus-based s tabi l iz ing systems (equivalent to 2 
percent by weight VL-^^ on properties of Massachusetts clayey s i l t . 

three calcium phosphates and sulfuric acid at various volatiles contents after 1- and 7-
day humid cure, and after 1-day humid cure followed by 1-day immersion. For com
parison, results with phosphoric acid are also included. 

At equal densities, the samples prepared with calcium phosphates have considerably 
higher 7-day humid cure strengths than samples with HjPOi, but immersed strengths 
after 1-day humid cure are significantly lower. There is a significant downward trend 
in compressive strength as the ratio of calcium to phosphate in the salts is increased, 
even though the phosphate content was held constant. 

Because the sulfuric acid w i l l , in part at least, be consumed by reaction with alu
mina in the soi l , the observed trends are perhaps to be expected: the more basic calci
um phosphates are less soluble and more refractory to acid attack, and therefore are 
more slowly converted to phosphoric acid. Considering the competition between soi l 

TABLE 1 
STABIUZATION OF MCS WITH MIXTURES OF CALCIUM PHOSPHATES AND SULFURIC ACID 

EQUIVALENT TO 2 % H3PO4 

Humid Cure 
24-Hr Humid Cure & 

24-Hr Immersion 

100% Compressive Strength Dry Solids 
% Volatiles 

Comp. Dry Solids 
% Volatiles H1SO4 (psi) Density at % Volatiles Strength Density at % Volatiles 

% Phosphate /o 24 Hr 7 Days Test (pel) at Test (psi) Test (pcf) at Test 
2 HsPOi 242 ±9 300 131.0 11.0 160 ±8 131.0 11.4 
2 HsP04 - 184 ±9 271±15 128.4 11.3 - — — 

2.07 Ca(H>POi)a 0.85 270*30 410*110 131.3*0.6 10.1 ± 0 . 1 100 ±0 129 .5±0.7 11.1*0.1 
2.07 CadfcPO,), 0.85 263 ±22 - 131.3±0.2 10 .0±0 .1 77 ±13 129 .5±0 .1 11.9*0.2 

2.36 CaHPOi 1.70 300 ±10 375±45 129. 5 ± 0 . 3 10.6*0.1 95 ±10 127.2*0.7 12.6*0.1 

2.72 CaaCPOi), 2.58 248±28 — 124.3*0.4 8.9*0.2 — — — 

2.72 Ca,(P04), 2.58 235±15 333*47 125.8^1.2 9 .7±0 .2 — — — 

2.72 Cas(PO,), 2.58 313±3 _ 127.3i0.3 10 .5±0 .1 87*8 124.9*0.1 12.8*0.0 
2.72 Cas(P04), 2.58 257i23 — 126.9*0.7 10 .7±0 .3 — — — 

2.72 CasCPO,), 2.58 287 ±8 — 128.1*0.1 11.5*0.2 — — — 

Note: A l l percentages are based on dry soil weight. 
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and phosphate fo r sulfuric acid, i t is remarkable that these mixtures exhibit such pro
nounced stabilizing action. The observation that the immersed strengths of samples 
treated with phosphate-sulfuric acid mixtures are considerably lower than those ob
tained with phosphoric acid appears to support the belief that less than the stoichio
metric quantity of acid is generated in the process. 

Another factor which is undoubtedly of importance is precipitation in the soi l of the 
slightly soluble calcium sulfate formed in the reactions. The small amounts of pre
cipitate formed in the dihydrogen phosphate appear to increase solids density and humid 
cure strength. Larger quantities of sulfate, such as with t r i - ca lc ium phosphate, ap
pear to reduce density and strength. In any case, the increase in density would not be 
expected to improve inter-part icle cementation and, indeed, the sulfate may tend to 
hinder cementation; this factor may contribute to the lower immersed strength obtained 
with the phosphates. 

The data in Table 1 also show the effect of variations in molding water content on 
strength and density. Strength and density increase with water content up to about 10.5 
percent, beyond which both decrease. This behavior is s imilar to results with pure 
phosphoric acid, and suggests that optimum water content fo r phosphate-sulfuric acid 
stabilization is about the same as fo r pure phosphoric acid. 

Phosphate Rock-Sulfuric Acid Stabilization. — In light of the established stabilizing 
action (on MCS) of calcium phosphate-sulfuric acid mixtures, a series of experiments 
was conducted using finely ground Florida phosphate rock (consisting predominantly of 
fluorapatite — CaFz. 3Ca3(P04)2) and sulfuric acid to treat this so i l . Inasmuch as 
fluorapatite is considerably more refractory to acid attack than the f luorine-free calciui 
phosphates, i t was expected that less phosphoric acid would be generated in situ in the 
soil with this mineral . To c la r i fy this point, samples were prepared (a) by mixing 
rock and soi l and then adding sulfuric acid, and (b) by preblending rock and acid and 
then mixing the blend with so i l . Results are given in Table 2. 

Consistent with predictions, soils stabilized by mixing with rock followed by acid 
addition are substantially weaker than those stabilized with equivalent concentrations 
of phosphoric acid, or of pure phosphate-sulfuric acid mixtures. However, soi l treated 
with rock-sulfur ic preblends exhibited cured strengths substantially higher than those 
stabilized with phosphoric acid or pure phosphate-sulfuric acid mixtures. The explana
tion for the latter result l ies, i t is believed, in the previously established catalytic 
activity of fluoride ion in the phosphoric acid-alumina reaction (4). Included in Table 
2 are data determined earlier for phosphoric acid-stabilized MCS containing a small 
amount of sodium fluosilicate; compressive strengths for these formulations are equal 

TABLE 2 
STABIUZATION OF MCS WITH PHOSPHATE ROCK AND SULFURIC ACID 

1-Day Humid Cure 7-Day Humid Cure 14-Ddy Humid Cure 
Formulation and Comp. 

% Volatile 
Dry Solids Comp. Dry Solids Comp. Dry Solids 

Manner of Addition Str. % Volatile Density at Str. % Volatile Density at Str \ Volatile Density at 
to Soil (psi) at Test Test (pcf) (psi) at Test Test (pcf) (psi) at Test Test (pcf) 

(Concentration Equivalent to 2 % H3PO1) 
H,PO. 134-4 11.4 128.3 _ _ _ 271*15 11.3 128.5 
H J P 0 4 242 ±9 11.0 131.0 _ _ _ 300 11.0 131.0 
HiPQ< * 0.5% Na,SiFs 305 i 17 11.3 129-3 — — — 357 11 3 129.0 
Phosphate rock-sulfuric 

128.3-0.3 acid, dry mixed isa^i 9.8^0.2 128.3-0.3 191*10 9.9^0.1 127.5*0.7 204 9.9 128.1 
Phosphate rock-sulfuric 
acid, dry mixed 222 - 12 10.3±0 128.0*0 171*14 10.7*0 1 123.3*0.8 145*35 11.3*0.6 123.1*0.1 
Phosphate rock-sulfuric 
acid, dry mixed 282^6 11.4*0.2 131.8*0.2 378*6 11.5*0.1 131 4*0.1 — — — 
Phosphate rock-sulfuric 
acid, preblended 305i25 9.8^0.5 129.8*0.3 387*45 8.9*0.1 130.3*0.6 415*27 8.7*0.1 130.0*1.5 
(Concentration Equivalent to 5% HaPOi) 
HsPO. 225^10 10.7 132.5 _ _ _ 843 10.8 132.5 
H3PO< + 0.5% NazSiFe 495^20 11.0 131.0 — _ — 1,015 11.0 131.0 
Phosphate rock-sulfuric 
acid, dry mixed 242^23 10.1-^0 128 3*0.2 — — — 307 i 4 11.6*0.1 127.4*0.2 
Phosphate rock-sulfuric 
acid, preblended 464-8 10.0^0.1 127.8 i 0.3 620*25 9 6*0 2 128.4*0.2 9.0*5 10.0 128.7 
Phosphate rock-sulfuric 
acid, preblended 529-34 9 .4±0 .1 127.0*0.2 740*75 9.4*0 1 126.5*0.7 870 * 55 9.2*0.2 — 
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Figure 2. Comparison of various wateiproofing additives on phosphoric acid-stabi l ized 
Vicksburg buckshot c lay. 

to or h i ^ e r than those for rock-sul fur ic acid treated specimens. I t is thus apparent 
that a phosphate rock-sulfur ic acid premix is quite suitable as a stabilizer f o r MCS; 
although a l l the phosphoric acid potentially available f r o m such a mixture is evidently 
not used, the presence of f luoride more than compensates as regards rate of strengtii 
development. 

Another cause of poor strength development in soils blended ini t ia l ly with rock 
arises f r o m small amounts of calcium carbonate in the rock; this salt evolves carbon 
dioxide in contact wi th acid, building up pressure within the so i l and breaking down the 
structure. Thus, another advantage of preblending rock and acid is elimination of 
gaseous reaction products pr ior to incorporation with the so i l . 

Accelerating Effect of Sodium Fluosilicate. — To determine whether the strength 
development of soi l stabilized with pure calcium phosphate-suUuric acid systems 
could be accelerated by means of f luoride, a series of tests was run with the various 
phosphates, at both 2 percent and 5 percent equivalent HsP04, and both with and wi th 
out 0.5 percent sodium fluosil icate. These results are presented and compared wi th 
other fluoride-containing systems in Table 3. 

Table 3 shows that, at the equivalent of 2 percent HsPOt, fluosilicate results in 
only about 50 percent increase in 1-day strength with either pure phosphoric acid or 
pure calcium phosphate. This relatively slight accelerating effect, in addition to the 
even smaller increase in ultimate (7-day) strength, are in agreement with previous 
results. At the equivalent of 5 percent H3PO4, however, the accelerating effect of 
sodium fluosilicate is much more apparent, although ultimate strength is again only 
slightly increased. There is a significant and consistent decrease in the effectiveness 
of fluosilicate as the acidity of the phosphate decreases; that i s , the accelerating effect 
is 150 percent with HsP04, 135 percent with Ca(HaP04)2, and 95 percent with Cz.%{VQiih . 
The fact that fluosilicate results in only 18 percent increase in 1-day strength with 
phosphate rock is undoubtedly due to the already high f luorine content of this material , 
making additional fluosilicate relatively ineffective. 

Waterproofing of VBC wi th Polyvalent Metal Ions 

Previous work (4) has indicated that the mechanism of waterproofing VBC by amines 
involves reducing swelling of the montmorillonoid minerals by replacing inter layer 
metallic cations with amine molecules. Because some polyvalent metallic cations, 
such as f e r r i c ion, are known to have a s imi la r effect in reducing lattice swelling, an 
investigation was carr ied out to evaluate a number of soluble salts of metallic ions as 
waterproofers fo r VBC stabilized with phosphoric acid. Salts studied included FeCU, 



TABLE 3 

COMPARISON OF THE EFFECT OF NajSiFa ON THE STRENGTH OF 
MCS STABIUZED WITH VARIOUS ACIDIC PHOSPHORUS SYSTEMS 
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Compressive Strength (psi) 
1-Day Humid Cure 

Phosphate 

0/ 

/o 
Equivalent "/oNazSiFs 

% Increase 
Caused by 

0.5 Na2SiFB 

7-Day Humid Cure 

% Increase 
%Na2SiF6 Caused by 

0.5 
HsPOi 2 210 305 45 285 345 21 
Cas(P04)a (dry mixed) 2 235 350 50 333 414 25 
HsP04 5 165 420 150 840 1,100 35 
Ca(HaP04)a (dry mixed) 5 269 655 135 890 1,155 30 
Cas(P04)2 (dry mixed) 5 252 487 95 418 510 22 
Rock (preblended) 5 464 529 18 620 740 19 

A I C I 3 , CrCh, and MgCls. Ferr ic chloride and two percent phosphoric acid were used in 
most cases and salt concentration was usually maintained at 30 milliequivalents per 
100 g of soi l , which is the cation exchange capacity of VBC. 

Although none of the samples waterproofed wi th polyvalent metal ions resisted 
immediate immersion. Table 4 shows that the addition of salts noticeably improved 
the water resistance of the soi l after 24-hr humid cure. Here strengths of up to 80 
psi were obtained, and 1.62 percent FeCls seems to be as effective as 0.5 percent 
octylamlne. 

Table 4 also indicates that none of the salts have any appreciable effect on 24-hr 
humid cure strength, i f used at a concentration equivalent to the cation exchange 
capacity of the so i l . When double this amount of FeCU was used, however, humidcure 
strength was decreased. In these samples a reddish exudation was observed; because 

TABLE 4 

INVESTIGATION OF POLYVALENT METALLIC SALTS AS WATERPROOFERS FOR VBC STABILIZED WITH H3PO, 

HjPO, 
(%) 

FeCIi 
(%) 

Pre-
treat-
ment 
(hr) 

24-Hr 
Immediate 
Immersion 
Comp. Str. 

(psi) 

24- •Hr Humid Cure 
24-Hr Humid Cure and 

24-Hr Immersion 

HjPO, 
(%) 

FeCIi 
(%) 

Pre-
treat-
ment 
(hr) 

24-Hr 
Immediate 
Immersion 
Comp. Str. 

(psi) 

Comp. 
Strength 

(psi) 

Dry 
Density 

(pcf) 
Vola tiles 

(%) 

Comp. 
Strength 

(psi) 

Dry 
Density 

(pcf) 
Vola tiles 

(%) 
2 - — 0 240*5 112.0*0.2 16.9*0.4 0 
2 0.81 48 0 242*20 113.7*0.1 15.4*0 T W T T " _ 
2 0.81 ft 0 333*15 115.2*0.4 15.25*0.1 70*5 108.5*0.6 21.1*0.1 
2 1.62 0 0 220*11 112.4*0.4 15.7*0.1 T W T T ^ 
2 1.62 2 174*7 112.5*0.3 15.75*0.1 T W T T " 
2 1.62 2 T W T T ° 280*35 112.9*0.2 17.9*0.2 60*5 106.3*0.5 22.5*0.4 
2 1.62 2 T W T T " 196*5 110.9*0.2 19.0*0.1 80*15 105.4*0.8 21.7*0.3 
2 3.24 24 0 162 * 16 115.2*0.2 15.1*0.1 TWTT*" _ 
3 1.62 0 0 380*20 115.1*0.1 15.2*0.2 48*7 108.0 20.5 
5 1.62 0 0 255*15 115.1*0.1 16.0*0.1 79*4 108.3*0.2 20.6*0.1 

Other Ss LltS 
2 1.33% 0 TWTT*" 360 * 10 114.0*0.4 nA-0.2 32*1 

A I C I 3 
nA-0.2 32*1 

2 1.58% 0 0 258*8 113.9*0.4 17.3*0.2 7*2 
CrCU 

17.3*0.2 

2 1.43% 0 0 210*25 114.4*0.7 17 .1±0 .3 TWTT** 
MgClj 

TWTT** 

^ o r these samples, the s o i l was p r e t r e a t e d f o r kB h r w i t h F e C l - , then d r i e d a t 110 
r e - e q u i l i b r a t e d w i t h water f o r 2h h r . 
TWTT means t h a t the samples r e t a i n e d t h e i r shape but were too weak to t e s t . 

deg f o r 2h h r , and f i n a l l y 
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TABLE 5 
STABIUZATION OF MCS WITH 1.25 PERCENT ORTHORHOMBIC PjOs 

(Equivalent to 2 Percent Phosphoric Acid) 

1-Day Humid Cure 7-Day Humid Cure 14-Day Humid Cure 
Formulation and Comp. Dry Solids Comp. Dry Solids Comp. Dry Solids 

Manner of Addition Str. % VolatUe Density at Str. % Volatile Density at Str. % VoUtUe Density at 
to Soil (psi) at Test Test (pcf) (psi) at Test Test (pcf) (psi) at Test Test (pcf) 

2%HsPO. 184 * 4 11.4 128.3 - - - 271*15 11.3 128.5 
2%HiPO, 242 * 9 11.0 131.0 - - - 300 11.0 131.0 

1.25% n O i dry mixed 
withsoU 215 * 4 11.1*0.1 133.1*0.1 364 9.6 133.4 - - -

1.25% FkOidry mixed 
with soil 230 * 5 9.2 * 0.1 129.4 * 0.1 - - - 300 * 87 8.7 * 0.3 127.8 * 0.6 

1.25% I^Os solution, 
prepared by letting 
PiOs stand undisturbed 
in water overnit^it 268 * 8 10.2 * 0.2 134.8 * 0.2 386*22 10.6 * 0.1 136.1*0.1 490 * 5 9.2 * 0.1 136.5*1.1 

1.25% I^Oi solution, 
prepared by heating 
the PkOs-HtO mixture 
until clear solution 
was obtained ( ^ hr) 246 * 4 10.6 * 0.1 133.3 * 0.4 571*69 9.6 * 0.4 133.1*0.4 680 8.1 132.7 

3.75% n o . solution, 
prepared by heating 
the nOs-HaO mixture 
until clear sohitionwas 
obtained C/t hr) 231*29 10.6*0 131.0*0 527*18 10.3 132.0 585*10 10.2 * 0.1 131.1*0.3 

Note: A l l percentages based on dry soil weight. 

this effect is not produced at lower concentrations i t is concluded that a certain amount 
of salt combines wi th the so i l , presumably in a cation exchange reaction. The excess 
FeCls apparently is detrimental to humid cure strength. It is also l ikely that reaction 
of excess f e r r i c ion with phosphoric acid to produce insoluble f e r r i c phosphate reduces 
the quantity of acid available f o r cementation of the clay. 

I t was believed that pretreatment of the so i l wi th the f e r r i c chloride before adding 
the phosphoric acid might allow the salt to diffuse into and adsorb on the clay. The 
effect of the pretreatment in practice (Table 4) is not entirely clear, but i t does not 
seem to increase even the resistance of the so i l to immediate immersion, the condition 
under which i t would be expected to be most noticeable. 

In one case, however, soi l was pretreated wi th F e C l j , allowed to equilibrate, dried 
at 110 C fo r 24 hr, then re-equilibrated with water f o r 24 hr and stabilized with HsPOi. 
In this case the so i l proved to be much more water resistant than other FeCls - treated 
samples. This supports the postulate that f e r r i c ion exchanges wi th miivalent ions in 

TABLE 6 
EFFECT OP TRACE QUANTITIES OF o-PtO. ON MCS STABILIZED WITH THE EQUIVALENT OF 2% HsPO. 

1-Day Humid Cure 7-Day Humid Cure 14-Day Humid Cure 
Formulation and Comp. Dry Solids Comp. Dry Solids Comp. Dry Solids 

Manner of Addition Str. % Volatile Density at Str. % Volatile Density at Str. % Volatile Density at 
to Soil (pai) at Test Test (pcf) (psi) at Test Test (pcf) (psi) at Test Test (pcf) 

2%H]PO<alone 242*S 11.0 131.0 - - - 300 11.0 131.0 
2%H.PO. + 0 .1%ftO. + ^ + 

addedtoacld 315 * 3 9.8 * 0.1 135.2 * 0.3 333 * 54 9.6 * 0 134.7 * 0.2 538 * 2 9.0 * 0 135.1*0.2 
Phosphate rock-sulfuric 

acid mixture + 0.1% PiOs 
added to soil dry (phosphate 
rock dry mixed) 188*15 9.5*0 126.3*0.3 200*28 8.8*0.4 127.0*1.0 _ - -

Phosphate rock-suUuric 
roS 'S^«eT ' '*""*"265*35 10.5*0.1 128.7*0.7 315*65 10.5*0.1 128.7*0.7 -
•hosphate rock-sulfuric 
acid mixture + 0.1% RO, 
^S^dl-vmUed)""'""'" 341*23 9.8*0.1 134.6*0.6 422*19 9.8*0.1 134.1*0.2 437*27 10.9*0.2 134.3±0.1 
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the montmorillonoid lattice. The lattice shrinkage occurring on drying would then be 
i rreversible due to the binding effect of the f e r r i c ions. In fact, so i l treated in this 
way behaves more l ike a clayey s i l t than a heavy clay. 

Of the other polyvalent metal salts tested, only AlCla gave results comparable to 
those obtained with FeCb (Table 4). CrCla and MgCla appear to be much less effective 
as waterproofers. 

Soil Stabilization with Orthorhombic Phosphoric Anhydride 

Characteristics of Orthorhombic Phosphoric Anhydride (o-PaOs).— Previous work 
(2) showed that I^Os was effective as a so i l stabilizer and possessed several Important 
advantages over phosphoric acid, including lower material requirements and h i ^ e r 
permissible soi l water content. The i r r i t a t ing properties of the powdered anhydride, 
however, and its violent reactivity with water , make its use in the f i e l d both trouble
some and hazardous. 

Recently a new crystalline f o r m of phosphoric anhydride (orthorhombic P»Os) has 
become available which, because of its lower reactivity, seemed promising as a so i l 
stabilizer. I t is the anhydride of metaphosphoric acid, rather than orthophosphoric 
acid, and differs f r o m normal PaOs in that i t is only slowly soluble in cold water, y ie ld
ing a solution of the following composition (6): 

Orthophosphoric acid 6 .3% 
Pyrophosphoric acid 0 .6% 
Tetraphosphoric acid 0 .4% 
T r l - metaphosphoric acid 8.6% 
Tetra-metaphosphoric acid 9.1 % 
Penta-metaphosphoric acid 6.4% 
Higher (Pe - Pg) metaphosphoric acids 12.0 % 
Poly (Pio and up) metaphosphoric acid 56.8% 

Although the reaction with water is quite exothermic, the slow rate of hydration 
prevents extreme local heat generation. At room temperature, solution of an amount 
sufficient to produce the equivalent of 50 percent HsPO* solution occurs only af ter 
about 24 hr . By keeping the mixture near its boiling point, however, the process can 
be speeded and a clear solution obtained in 30 min . It is presumed that in the so i l 
these various condensed phosphoric acids are converted progressively into orthophos
phoric acid, the stable f o r m in aqueous medium, which reacts with the soi l alumina in 
the usual manner. 

Stabilization of MCS with o-PaOg (Tables 5 and 6). — Ini t ia l tests were made by hand 
mixing the so i l at approximately 8 percent volatUes with dry o-PaOs and then adding 
the rest of the required water during the mechanical mixing process (dry mixing). 
Strengths comparable to those obtained with H3PO4 were developed in this manner 
(Table 5). 

To c la r i fy the effect of the slow dissolution rate of the anhydride on strength de
velopment, soi l samples were prepared using the poly-acid solution produced by dis
solving the anhydride in water. Results (Table 5) show that, although the 1-day humid 
cure strength is not significantly improved by this technique, the 7- and 14-day strength 
are markedly increased, greatly surpassing even those obtained wi th orthophosphoric 
acid. From these observations, i t is concluded that (a) polyphosphoric acid is superior 
to orthophosphoric acid as a soi l stabilizer (at least for moderately fine-grained soils), 
and (b) orthorhombic PaOs is less effective as a stabilizer than its hydration products. 
The latter result probably is explained by the fact that admixture of granular anhydride 
with the soi l leads to non-uniformity of acid distribution, and hence non-uniform ce
mentation on cure. 

The excellent stabilizing action of polyphosphoric acids appears p r imar i ly to result 
f r o m the pronounced dispersive action of these acids on MCS, allowing increases in 
compacted density of as much as 4 pcf. Because very small quantities of orthorhombic 
PaOs (or its hydration products) were found to exert this dispersing effect, the influence 
of trace quantities (0.1 percent by weight of soil) of the anhydride on strength of other 
acidic-phosphorus-compound stabilized soils was studied. Results are given in Table 6. 
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TABLE 7 

COST COMPARISONS FOR EQUIVALENT STABILIZATION OF MCS 

Method 
Cost 

$ / c u y d , soi l 

Orthophosphoric acid 
HSPO4: 54 Ib/cu yd 6.65 
NaaSlFs: 13 I b / c u y d 6.50 

Phosphate rock-sul fur ic acid(pre-
blended) 
Phosphate rock: 105 Ib/cu yd 0.30 
Sulfuric acid: 70 Ib/cu yd 1.05 

Phosphate rock-sul fur ic acid (no pre
blending) 
Phosphate rock: 105 Ib/cu yd 0.30 
Sulfuric acid: 70 Ib/cu yd 1.05 
Orthorhombic P205:3 Ib/cu yd 30.0^ 

Orthophosphoric acid-o-P205 
HSPO4: 30 Ib/cu yd (est.) 6.65 
O-PaOs: 3 Ib/cu yd 30.0* 

Total 

Total 

Total 

Total 

3.59 
0.85 

4.44 

0.32 
0.74 

1.06 

0.32 
0.74 
0.90 

1.96 

2.00 
0.90 
27§0 

^Experimental product; estimated tonnage pr ice . 

When added to orthophosphoric acid, traces of 0-P2O5 very greatly improve humid-
cure strength, measured values closely matching those obtained using poly phosphoric 
acids alone, as do compacted densities. This essentially confirms the hypothesis that 
the dispersive action of polyphosphoric acid is responsible fo r its superior stabilizing 
abi l i ty . Of even greater practical interest (Table 6) is the fact that addition of a trace 
of 0-P2O5 to sulfur ic acid, followed by mixing with soi l blended with phosphate rock 
(that i s , without preblending rock and acid), yields humid-cure strength values s ign i f i 
cantly higher than obtained with orthophosphoric acid alone. Because the incremental 
cost of 0 .1 percent 0-P2O5 is rather small , this modified formulation appears to offer 
excellent promise, on both economic and technical grounds, as a very low cost soi l 
stabilizer. Whether such a stabilizing system w i l l be operative in heavy clay soils 
(where phosphoric acid-amine mixtures appear to be uniquely effective) remains to be 
established; studies with this objective in mind are currently under way. 

PRACTICAL AND ECONOMIC ASPECTS OF PHOSPHORIC SOIL STABILIZATION 

The results of this study indicate that "marginal" soils, such as MCS, can be suc
cessfully stabilized not only with phosphoric acid, but also with (a) phosphate rock-sulfur ic 
acid mixtures, provided rock and acid are preblended before compaction in soi l ; (b) 
phosphate rock-sulfur ic acid mixtures without preblending i f 0 .1 percent orthorhombic 
P2O5 is added; and (c) orthophosphoric acid-o-PaOs mixtures. Comparative costs of 
these four systems are given in Table 7. It is evident f r o m these calculations that 
rock-sulfur ic mixtures are substantially lower in cost than treatments based on ortho
phosphoric acid alone, or with additives. Indeed, the cost of treatment with a rock-
sulfuric preblend is i w e r than that of a conventional stabilization with l ime, cement, 
or asphalt which would produce the equivalent mechanical strength. From the stand-
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point of convenience in the f i e ld , use of a plant-mixed preblend of rock and acid would 
appear to be preferable to the two-step operation of mixing f i r s t rock, and then acid 
with the so i l . Should the two-stage treatment fo r any reason prove to be desirable, 
however, this could be carr ied out successfully, but at an increment of cost (for ortho-
rhombic PaOs) of about 90 cents per cubic yard of so i l . 

For stabilization of heavy clay soils, such as VBC, where significant amounts of 
waterproofing additives are required in addition to phosphoric acid, materials costs 
are substantially higher than fo r "marginal" soils such as MCS. The discovery that 
f e r r i c chloride can be used as a replacement fo r octylamlne as a waterproofer in VBC, 
however, results in a significant cost reduction: treatment with 2 percent phosphoric 
acid and 0.5 percent octylamlne (at 30 cents per lb) costs about $7.60/cu yd, while 
2 percent phosphoric acid and 1.6 percent f e r r i c chloride (at 5 cents per lb) costs only 
$5.74/cu yd. Despite this improvement, the expense of stabilization of heavy clays 
remains much higher than that of soils of moderate plasticity. Continuation of the 
search f o r a low-cost stabilizing system for heavy clays thus remains a major research 
objective. 
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