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The present invention relatesv to methods for 
stabilizing soils and are more specifically to the 
soli-diiication of natural soils by chemical treat 
ment. 
The desirability of stabilizing soils by chemi 

-cal treatment has long been recognized, and 
many attempts have been made to discover op 
erative techniques and materials. Thus, much 
work has been done with chlorides, particularly 
calcium chloride, with tars and asphalte, Port 
land cement, and various natural and synthetic 
resins. Many of such treatments provide some 
degree or waterproofing, in certain types of soils, 
but fail to add appreciable strength. 
The problem of soil stabilization is particu~ 

lar-ly acute in the case of line-grained clay soils, 
where the effect of water is so marked. Such 
soils may lose substantially all their shear 
strength when they become very wet, so as to 
be impassable for vehicles. Existing treatments 
become relatively ineffective as the size of the 
soil particles decreases, with the> result that the 
fine-grained clay soils, which are the type for 
which stabilization is most needed, have here~ 
tofore not been successfully treated. 
Another diiiîculty with existing treatments is 

that they for the most part require a strongy 
base or foundation to carry the load, since the 
treated soil has but little flexibility and tensile 
strength. Even in the case of treatments such 
as soil-cement, where the resulting ‘product is 
rigid, a proper foundation is needed to pre 
vent cracking under loa-d. Y , 

It is therefore one of the main objects of the 
invention to provide a soil treating process by 
which the structural properties of naturally oc 
curring soils may be substantially improved. 
More specifically, it is an object of the inven 
tion to provide a process for -stabilizing soils of 
various types and particularly the fine grained 
clay type soils, so as to provide for the passage 
of vehicles thereover without the need for a pre 
pared ‘ba-se or foundation. 

It is likewise an object of the invention to 
provide a treatment which makes possible the 
formation of soil structures such as walls, blocks, 
dams, bankings and the like, of substantial 
strength, relatively impermeable, and able to 
withstand the effects of water. 
A further object ofthe invention is to provide 

a soil treatment that lrequires a relatively small 
quantity of» treating material in proportion to 
the soil being treated. ' Y 

~ Still another object of theinvention is to pro 
vide a treating vprocess that is effectiveto treat, 
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in situ naturally occurring soils having various 
water contents, so as to impart to such soils 
appreciable strength both in shear and in ten~ 
sion, with properties substantially unaffected by 
water once treatment has been effected. 
In accordance with these and other objects, 

one of the features of the invention involves the 
provision of a `soil treating method and mate 
rials therefor wherein the treating materials 
may readily be incorporated in naturally oc 
curring soils and polymerization thereafter 
brought about, without the application of heat 
or pressure, to yield a treated product having 
substantial tensile strength and relatively unaf 
fected by water. 
More specifically, the treatment involves the 

> incorporation in the soil of a chemical in the 
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form of a. monomer capable not only of being 
solidified by polymerization, but of causing the 
soil particles to enter into the structure by ef~ 
fective bon-ds or links, rather than embodying 
the soil merely as an inert filler. 
As morefully set forth hereinafter, a mono 

mer is employed which will ion exchange with 
a base-exchangeable soil, or will by other means 
provide an effective bond in the case of soils 
which exhibit no base exchange properties, which 
monomer may thereafter be polymerized to form 
long chain polymers in which soil particles are 
interwoven and attached to strong ilexible poly 
mer chains. Though the monomer is water sol 
uble, the polymer which is formed is insoluble 
in water, with the result that the effects of 
water are greatly minimized and the treated 
soil or soil produ-ct is rendered strong and du 
rable. 
The treatment has been found to be applicable 

to a wide variety of soils, and permits the build` 
ing of roadways such as secondary or temporary 
highways, airport runways and the like with a 
minimum of preparation and in a short period 
of time. The treatment is likewise applicable 
to the fabrication of soil structures as dams and 
bankings, walls and foundations, as well as to 
products such as blocks, all having substantial 
strength and relatively unaffected by water. 

In the drawings, to which reference may be 
made in conjunction with the accompanying de 
scription, Figs. 1, 2, and 3 represent diagram» 
matically the steps of ionization, ‘base exchange, 
and lpolymerization that go to make up the solid~ 
iñcation reaction; Fig. 4 is a representation of 
the overall resulting soil-polymer structure; 'and 
Fig. 5 is a, diagrammatic showing of the man 
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ner in which the treated soil provides effective 
load-carrying properties. 
As has already been indicated, the present in 

vention is concerned With treatment of the soil 
by a chemical that provides a two-fold function, 
that of base exchangingwith the soil, orin other 
fashion bonding or entering into surface at 
traction relation to the soil particles, after which 
the chemical is polymerized Within the soil to 
form a coherent structure. The treating ma 
terial must therefore possess 
properties, in order for thel reaction to proceed 
successfully, over the Wide range of soil> types 
and conditions encountered. with. naturally oci- 
curring soils. 
In carrying out the soil treating process of 

the present invention, We have found that cal. 
cium acrylate is particularly desirable as a mon 
omer and it will be used as an example'through 
out the following description. Calcium acrylate 
isan organic'salt having theforrnula 

' cauznzcncoon` 

and can be made by mixing calcium carbonate 
with acrylic acid. 
Upon addition of calcium arcylate to the soil, 

there occurs'a dissociation of the calcium acrylate 
in the water containedîin the: soil, resulting in 
the formation, among other ions, of a positively 
charged- calcium acrylate ion, 

This ion can become attached to a soil particle 
in an exchange reaction. 

It is well known that most soil particles, par 
ticularly the clays, have an excess of negative 
charge on their surface and that a base-ex 
changeable cation such as sodium is associated 
with the particle through 
fore, the dissociation of calcium acrylate accord 
ing to the above reaction is accompanied by a base 
exchange reaction in which thel singly ionized 
calcium acrylate ions [CA-l-(CHzCHCOOll can 
replace cations, such as sodium» (Na+) , associated 
with the soil particles. This reaction is pictured 
schematically in Figs. 1 and 2, the initial state of 
the soil and> calcium acrylate mixture being 
shown in Fig. 1, and the exchange step in Fig. 2. 
Although the coarser soil particles, such as sand, 
are not usually considered to be capable of base 
exchange, on the basis> oi’ present knowledge it 
is believed that these particles havey enough sur 
face attraction due to the discontinuity in the 
crystal structure on the surface to provide some 
degree of bonding with cations. 
The role of the base exchange reaction is to 

bring the soil particles into close association with 
the monomer so that, upon polymerization, the 
soil particles become an integral part ofthe poly 
mer structure. The base exchange reaction 
alone, as above described, does not result in an 
increaseV in the strength of a soil but instead 
generally causes an appreciableY decrease in the 
shear strength of the soil. However, after poly 
merization the bond formed bythe base exchange 
reaction serves to’ hold the soil particles in the 
soil-polymer structure, thus adding appreciably 
to the strength of the iinal product.V 

After the soil has been treated with calcium 
acrylate and the above-mentioned base exchange 
has taken place, the soilV monomer mixture is 
polymerized. This polymerization is eiîected at 
normal outdoor temperatures and pressures 
through the use of 'suitable catalysts comprising 
both an oxidizing agent and a reducing agent. 

rather special 

an ionic bond. There-V 
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4 
Such catalysts are termed reduction-oxidation, 
or redox, catalysts. 
The iinal soil product after polymerization is 

an extremely complex structure and cannot be 
presented by a simple picture. Fig. 3 shows in 
elementary fashion the linking to the soil through 
the calcium ions, while ther structure shown in 
Fig. 4 illustrates in overall fashion the complex 
long chain and cross-linked relations that are 
believedto exist in the soil structure between the 
soil particles and the treating chemicals. 

It will be noted from Fig. 4 that each soil par 
ticle is attached to the polymer chain through 
an ionic bond With the calcium atom in the 
calcium acrylate polymer. Actually a given 
soil particle may have a number of such bonds 
with` calcium> atoms each tied to a given link in 
the polymer chain. The sodium, or other cation, 
which has been released from the soil particles 
in the base exchange, is structurally attached 
to the-polymer chain as a sodium acrylate link. 
Suchportion of the calcium acrylate as does not 
become attached to soil particles through base 
exchange is available to form cross-links in the 
polymer chain. While some of the soil particles 
may be merely surrounded by polymer structure 
Without actually being bonded chemically to the 
structure, for the most part, the soil particles 
enter into and become part of the chemical 
structure. 
The nature of the chemical reaction described 

above, and the properties of the resulting soil 
product place a number of requirements on the 
monomer that is used in the present treatment. 

Since the initial step in the present process 
is the linking ofthe monomer with the soil par 
ticles through a base exchange reaction, surface 
attraction, or other mechanism, depending on 
the particular soil composition, it is essential that 
the» monomer be an icniaable, Water-soluble salt. 
Since the organicV part of the monomer is nega 
tively charged, the cation part ci the monomer 
must be polyvalent in order that a positively 
charged complex monomer ion (such as the 

Ca+ (CHzCHCOO) 
ion described above) Will be available for base 
exchange with the negatively charged or surface 
attracted soil particles. A polyvalent cation is 
further required if this cation is to serve as a 
link in cross-polymerization. 

It is evident from the very purpose of the pres 
ent soil treatment that the monomer must be 
capable of forming a polymer Which is insoluble 

‘ in Water, and further that the monomer be capa 
ble of polymerization under normal outdoor tem 
perature and pressure conditions. Finally, in 
order to produce a soil product of the requisite 
strength it is necessary that the monomer be 
capable of forming a cross-linking polymer, 
either of itself, or by the addition of a chemical 
which aids in cross linking. 
We have found that certain of the acrylates 

and substituted acrylates satisfactorily meet all 
of the above requirements, as for example, 
strontium acrylate, zinc acrylate, and calcium 
methacrylate. Calcium acrylate has been found 
to be especially suitable for use as a monomer in 
the present soil treatment. 
As has already been indicated, the use of the 

present soil treatment in the solidification of 
natural soils in situ requires a polymerization 
process that may be carried out at normal out 
door temperatures and Without' appreciable mold 
ing pressure. 
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The polymerization of a soil treated with vcal 
cium acrylate or other suitable monomer is ef 
fected according to the present invention with the 
aid of suitable reduction-oxidation catalysts. 
Such catalysts are generally termed “redox” 
catalysts, and the term will be so employed here 
1n. 

In the redox catalyst system the activator, a 
reducing agent, reacts with the catalyst, an oxi 
dizing agent, to produce free radicals, which initi 
ate the polymerization of the monomer according 
to well-known principles. 
The particular redox system that is most ef 

fective and the amount used in the present soil 
treatment will depend on the constituents of the 
soil, the treating monomer used, the ambient 
temperature, and the time desired for the initia 
tion of the polymerization reaction. It is es 
sential that neither the oxidizing catalyst nor 
the reducing activator form an insoluble pre 
cipitate with the cation of the monomer since 
that would prevent a large amount of the 
catalyst or activator from entering into the re 
action. It is desirable, although not essential, 
that neither the cation of the oxidizing catalyst 
nor the cation of the reduction activator form 
an insoluble precipitate with the monomer 
anion, since that would remove a certain portion 
of the monomer from solution and render it in 
effective. According to the procedure outlined 
above, it is essential that the redox catalyst sys 
tem` not form precipitates with calcium, and 
desirable that the redox catalyst system not form 
precipitates with the acrylate anion. 
A number of redox catalysts have been found 

elfective to promote satisfactory polymerization 
for in situ treatment. Thus, we have found that 
the persulfates are effective as oxidizing agents, 
while the thiosulfates work well as reducing 
agents to provide satisfactory polymerization of 
the soil-monomer system in the present inven 
tion. An ammonium persulfate-sodium thio 
sulfate system has been found to be particularly 
effective for the purposes of the present inven 
tion. ' 

Certain peroxides have likewise been found to 
be effective as oxidizing agents when used in 
conjunction with appropriate reducing agents. 
By way of example, tertiary butyl hydroperoxide 
and sodium thiosulfate make a particularly ef 
fective redox system for use in the present in 
vention. Other reducing agents such as hydrox 
ylamine hydrochloride, hydrazine hydrate, and 
tetramethylene pentamine have> also been found 
effective in conjunction with the appropriate 
oxidizing agents in the present invention. n 
The choice of an appropriate redox system 

is influenced by the desired gel time of the soil 
treatment reaction. The gel time is the interval 
between the addition of the redox catalyst sys 
tem and the commencement of polymerization. 
If this gel time is of the order of a minute or 
less for a particular system, the solidi?ication 
may be initiated before the soil system has been 
properly prepared. For example, if the redox 
catalyst chemicals are added to a soil system 
along with the calcium acrylate, it is preferable 
that the gel time be long enough to allow 
thorough mixing of the treatment materials with 
the soil before polymerization takes place. In 
the case of a surface soil treatment it may be 
further desirable to allow suñicient time to per 
mit smoothing the soil surface and compaction 
before the polymerization takes place. The 
amount of time needed for the mechanical op 
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erations of mixing, smoothing, and compaction, 
depends largely on the type of soil system that 
is being treated and the nature of the mechani 
cal equipment available to perform the mixing, 
smoothing, and compaction. 
By appropriate selection of catalyst concentra 

tion, the gel time may be varied so that poly 
merization commences within one minute or less, 
or may be delayed up to several hours. For ex 
ample, using an ammonium persulfate-sodium 
thiosulfate catalyst system on a sandy clay soil 
treated with calcium acrylate, a 5% concentra 
tion of catalyst (based on the Weight of the 
acrylate present in the soil) will provide a gel 
time on the order of 80 minutes, while a 50% 
concentration of catalyst, under similar condi 
tions, will result in a gel time on the order of 
one minute, and the use of 20 to 25% catalyst 
will provide a gel time of about 6 to 8 minutes. 
While the amount of catalysts used has a 

marked effect on gel time, the catalyst concen 
tration does not affect significantly the strength 
of the treated soil, so long as sufficient catalyst 
is employed to eifect polymerization. Neither 
does it appear that the relative amounts of the 
two constituents of the redox system are critical, 
and in general approximately equal proportions 
of the two chemicals will be found satisfactory. 
The soil water ,content or the amount of water 

present in the soil has a considerable innuence 
on the chemical reaction that takes place, the 
mode of application of the treating materials, 
and the properties of the soil product resulting 
from the treatment. It is one of the features 
of the present invention that it is possible to 
treat effectively soils of various water contents. 
The term water content, as used here, refers to 
the ratio of weight of water present in a given 
soil sample to the weight of “dry soil” in the 
sample, obtained by drying under prescribed con 
ditions. 
The present treatment may be used to sta 

bilize soils at a water content less than or greater 
than the liquid limit of the soil. It is not pri 
marily a waterproofing treatment intended to 
protect an originally dry soil from increases in 
water content, but rather considers the soil 
Water as part of the soil system to be stabilized. l 
A certain amount of free soil water is essen 

tial to the present treatment, in order that some 
of the chemicals added to the soil can go into 
solution, be ionized, and enter into the base ex 
change reaction with the soil. Most natural 
soils have enough water in them to meet the 
necessary requirement for polymerization, even 
though a considerably greater amount of water 
might be required if all of the monomer that is 
used in the treatment had to be dissolved. 'It is 
not necessary, however, that all the monomer be 
dissolved, as it appears that such portion of the 
monomer as does not dissolve and base exchange 
with the soil particles is nevertheless available 
for polymerization in the iinal phase of the treat 
ment. In some instances, increasing the water 
content of a soil may be desirable to aid in ob 
taining satisfactory mixing of the soil and chem 
icals in carrying out the treatment. 
The addition of the monomer to the soil and 

the polymerization of the soil-water-moncmer 
system has two important effects on the behavior 
of the soil in respect to water. In the first place, 
the formation of an insoluble polymer in which 
the soil particles become part of the polymer is 
effective to decrease the permeability of the soil, 
due to the formation of a continuous soil-poly 
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mer-water structure. "In this sensa the present 
treatment acts as a Waterproofing agent on the 
soil. rlîhe second effect is that the Water `con 
tained in the soil before treatment is stabilized 
in the soil-polymer structure. In other Words, 
the soil water is more closely held to thev soil 
structure by the formation of the polymer` struc 
ture. The effect of this is to retard changes 
in the Water content of the soil. The soil Will 
retain its water longer in a dry atmosphere and 
absorb surface Water more slowly than an un 
treated soil system. 
By stabilizing the Water content of a soil, the 

present treatment renders a soil structure less 
subject to changes in volume due to changes 
in water content. It is Well known that a soil 
decreases its volume considerably when its water 
content decreases and this may cause serious 
cracking of a soil surface. Since treated soil iS 
less subject to changes in Water content, it »fol 
lows that it is also less subject to cracking due 
to shrinkage. It has been found that the total 
amount of shrinkage, as Well as the rate of 
shrinkage, is less in a soil that has been treated 
according to the procedures of the present 
invention. 

In carrying out the treatment the monomer 
and catalysts are incorporated in the soil in a 
manner to insure thorough mixing. In the case 
of a roadway, runway or the like, the soil to be 
treated may be taken up, mixed with chemicals 
and then returned to the ground, leveled, and 
compacted by rolling equipment if desired. Al 
ternatively, the chemicals may be incorporated 
directly in the soil by distributing and mixing on 
the subgrade by mechanical apparatus employing 
rotating tines or teeth. For sub-surface treat 
ments, such as dam cores, the treating chemicals 
may be injected as a solution or slurry into the 
soil from pipes driven into the ground. 
The mechanical equipment and the mode of 

introducing the chemicals into the soil must be 
such that chemicals and soil have been mixed 
before polymerization begins to take place in 
order that the mixing equipment not be im 
mobilized by the solidifying soil. The monomer 
and the catalysts may be added as a single mixed 
powder provided the gel time of the soil-mono 
mer mixture is sufficiently long so that the me 
chanical equipment is able to complete the mix 
ing of the soil and chemicals before the poly 
merization begins to take place. The catalysts 
may be added separately after the monomer has 
been thoroughly mixed with the soil if the gel 
time is too short to allow a simultaneous addi 
tion of the treating chemicals. 

It may be further desirable, depending on the 
type of mechanical equipment used, that the 
treated soil be reapplied, smoothed, and possibly 
compacted before polymerization begins to take 
place. Alternatively, the soil may be taken up 
and mixed with the treating chemicals in an 
amount to provide a relatively short gel time 
and reapplied to the surface by extruding the 
soil-monomer mixture in the form of a Sheet 
While it is in the process of polymerizing. 
The manner in which the treatment operates 

to provide a roadway or the like Without the pI‘O 
vision of a foundation is illustrated in Fig. 5. 
The layer of treated soil has, as a result of the 
treatment, sufficient flexibility and tensile 
strength to function as a membrane to spread 
the load over a substantial area of the subgrade. 
In this Way relatively thin layers of treated soil. 
for example from 1% to 3 inches in depth, are 
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8. 
effective to support vehicular traffic evenY over 
relatively weak subgrades. The technique is in 
marked contrast to more conventional procedures 
which require a ñrm foundation beneath the 
surface, Whether the surface be rigid, as provided 
by cement, or shear-resistant, such as given by 
bitumen treatment.  
The amount of monomer used depends on the 

character of the soil and the type of product de 
sired. Increasing the amount of acrylate causes 
an increase in tensile strength and flexibility.. 
Amounts of acrylate ranging from 4% to 25% 
of dry soil weight have been used successfully. 
Below about 4% it is diñicult to secure proper 
distribution. From 5% to 10% of acrylate has 
been found satisfactory from the standpoint of 
load carrying ability for vehicular traffic, al 
though greater amounts may be used Where cost 
considerations permit. 
The calcium acrylate treatment can increase 

the tensile strength of a soil from zero to very 
substantial values. For example, representative 
results obtained by using approximately V10% 
acrylate and suitable amounts of catalysts (2% 
to 20%, depending on gel time desired) on sandy 
clay soils at 35% to 50% water content Show 
tensile strengths up to 50 lbs. per square inch. 
With less mixing Water, greatly increased com 
pressive strengths are obtainable for applications 
Where such characteristics are desired. Thus, 
at 16% water content, a 10% acrylate treat 
ment has shown an increase of compressive 
strength from an initial 40 lbs. per square inch 
to approximately 690 lbs. per square inch. 
The present soil treatment may be improved 

in certain instances by the addition of chem 
icals Which form copolymers in the soil struc 
ture. Acrylonitrile and ethylene glycol diacrY 
late, for example, have been used to effect co 
polymerization With calcium acrylate to improve 
the tensile strength of the product. 
The treatment of the present invention has 

been found eiîective on soilsof widely different 
characteristics. Appropriate variations in mix 
ing Water content may of course be required in 
certain cases, depending on the iineness of the 
particles. Also, the mixing technique may have 
to be suited to the special requirements of the 
soil. Nevertheless, over a Wide variety of condi 
tions the treatment is operative to form a flex 
ible product of significant tensile strength with 
marked ability to withstand the effects of Water. 
What is claimed is: 
1. A method of forming a stabilized structure 

composed essentially of natural soil and a sta 
bilizer therefor, which consists essentially of ad 
mixing with the natural soil a monomeric water 
soluble acrylate of a polyvalent metal, and a 
reduction-oxidation catalyst, forming the mix 
ture into the desired structural form, and there 
after polymerizing the monomeric acrylate in the 
presence of sufficient moisture to at least partial 
ly ionize said acrylate and said catalyst, the 
polymerization being carried out at atmospheric 
temperature and pressure, to produce a stable 
soil-polymer-Water structure in said desired 
form. 

2. The process of claim 1 in which the soil is 
formed into a stabilized structure in situ. 

3. The process of claim 1 in which the mono 
meric water soluble acrylate of a polyvalent metal 
is utilized in an amount exceeding about 4% of 
the dry Weight of the soil. 

4, The process of claim 1 wherein> the Water 
soluble acrylate 0f a polyvalent metal is used 
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in an amount equal to from about 4% to about 
25% of the dry weight of the soil. 

5. The process of claim 1 in which the water 
soluble acrylate of a polyvalent metal is calcium 
acrylate. 

6. The process of claim 1 in which the water 
soluble acrylate of a polyvalent metal is zinc 
acrylate. 

7. The process of claim 1 in which the reduc 
tion-oxidation catalyst consists essentially of a 
mixture of ammonium persulfate and sodium 
thiosulfate. 

8. The process of claim 1 in which the reduc 
tion-oxidation catalyst consists essentially of a 
mixture of tertiary butyl hydroperoxide and so 
dium thiosulfate. 

9. The process of claim 1 in which the reduc 
tion-oxidation catalyst is present in an amount 
equal to from about 5% to about 50% of the 
weight of the Water soluble acrylate of a poly 
valent metal which is utilized. 

l0. The method of claim 1 in which there is 
utilized in conjunction with the Water soluble 
acrylate of the polyvalent metal, a monomer 
different from said acrylate which is capable of 
copolymerîzing therewith under the conditions. 

11. A method for forming a stabilized struc 
ture composed essentially of natural soil and a 
stabilizer therefor, which consists essentially of 
mixing the natural soil with a monomeric water 
soluble acrylate of a polyvalent metal, forming 
the mixture into the desired structural form, 
base-exchanging said monomeric acrylate with 
said soil, and thereafter polymerizing said mono 
meric acrylate in the presence of a reduction 
oxidation catalyst and suñîcient moisture to at 
least partially ionize said acrylate and said cata 
lyst, the polymerization being eiïected at at 
mospheric temperature and pressure, to produce 
a stable soil-polymer-Water structure in said 
desired form. 
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12. The process of claim 11 in which the soil 
is formed into a stabilized structure in situ. 

13. The process of claim ll in which the mono 
meric water soluble acrylate of a polyvalent 
metal is utilized in an amount exceeding about 
4% of the dry weight of the soil. 

14. 'I'he process of claim 11 wherein the water 
soluble acrylate of a polyvalent metal is used 
in an amount equal to from about 4% to about 
25% of the dry weight of the soil. 

15. The process of claim 11 in which the Water 
soluble acrylate of a polyvalent metal is calcium 
acrylate. 

16. The process of claim 1l in which the reduc 
tion-oxidation catalyst consists essentially of a 
mixture of ammonium persulfate and sodium 
thiosulfate. 

17. 'I'he process of claim 1l in which the re 
duction-oxidation catalyst consists essentially of 
a mixture of tertiary butyl hydroperoxide and 
sodium thiosulfate. 

18. The process of claim l1 in which the Water 
soluble acrylate of a polyvalent metal is calcium 
acrylate and in which the reduction-oxidation 
catalyst consists essentially of a mixture of am 
monium persulfate and sodium thiosulfate. 

VICTOR F. B. DE MELLO. 
ERNST A. HAUSER. 
THOMAS W. LAMBE. 
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