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Stabilization of Soil for Constructional Purposes

Stabilisation des sols dans la construction

by 1. M. LiTviNov, Member of Academy of Construction and Architecture of the Ukr. SSR. (Section I. Thermal

Stabilization of Clay Soils.)

Prof. B. A. RzuaNiTZIN, Doctor of Technical Sciences, All-Union Institute of Foundations and Underground
Structures. (Section II. Stabilization of Sand Soils with Synthetic Resins.)

and,

Prof. V. M. Bezruk, Doctor of Geological Mineralogical Sciences, All-Union Scientific-Research Highway Ins-

titute. (Section III. Soil Stabilization in Road Building.)

Summary

In the first section ol this Report, Academician [. M. LiTviNnov
gives the theoretical and practical basis for deep thermal stabi-
lization of loess and clay soils beneath structural foundations.
It has been found that as a result of thermal treatment at a
temperature [rom 500° to 900° C soils change radically, loess
losing its settling properties, clay increasing its cohesion and
becoming more watertight.

The report includes data on the strength and variations of
soil properties which occured in structural foundations at several
industrial sites.

In the second section of the report, Prof. B. A. RZHANITZIN
gives the results of using carbamide resins [or stabilizings and of
low permeability (coefficient of permeability 5:10~1 to 5-10~ cm
per sec) below structural foundations.

As a result of stabilisation, the sand will acquire water resist-
ance, and impermeability, it will have a maximum compressive
strength up to 30 kg/cm?®. An example of application is given.

In the third section of the report, Prof. W. M. BEzRUK consi-
ders the problem of application of organic (bitumen and others)
and inorganic (cement and lime) binding materials in soil
stabilisation in highway construction.

The importance of lime additives is stressed [or stabilizing
saline soils on a formation, and for increasing the strength and
water-resistance ol cement-bound soil.

It is suggested that cement can be used [or soil stabilisation
at temperatures below minus 5 deg. C. Problems of complex
soil stabilisation with lime, bitumen and other binding materials
are considered, as well as the probable deformation of stabilised
soil.

Thermal Stabilization of Clay Soils

Three methods of thermal stabilization of loess and weak
clay soils are at present employed namely :

(1) By direct heat transmission creating a temperature drop
(A. A. Belesh — Roumania and others) ;

(2) By injecting hot air under pressure into the soil alter
preliminary heating, using special stationary or mobile fur-
naces at a temperature of 600 °C to 800 °C (N. A. Ostashow-
US.S.R);

(3) By burning liquid or gazeous fuels under pressure in the
stabilized soils in air-tight holes closed on top or in other kinds
of excavations (vertical, sloped or horizontal) simultaneously
regulating the temperature and chemical composition of the
ignited products. (1. M. Litvinov - U.S.S.R.) (Fig. 1).

Sommaire

Dans la premiére partie du rapport, 'académicien [. LiTviNOV
[ait une communication sur les bases théoriques et pratiques de
la stabilisation thermique en profondeur des loess ayant la pro-
priété de s’affaisser et d'autres sols argileux situés sous des fon-
dations d’ouvrages. Il a été établi que les propriétés des sols
subissent, sous I'action d’un traitement thermique a une tempé-
rature de 500 a 900°C, une modification radicale : les loess per-
dent la propriété qu’ils ont de subir des affaissements ; les sols
argileux deviennent plus cohérents et résistent a I'action de ['eau.

Le rapport comporte des données qui caractérisent la résistance
et la modification des propriétés du sol observées dans les fon-
dations d’'un certain nombre d'ouvrages industriels.

Dans la deuxiéme partie du rapport le Prolesseur B. RIANITZINE
lait part des résultats des recherches sur I'emploi de résines de
carbomides pour le renforcement en profondeur des sols sablon-
neux peu perméables (coefficient de perméabilité 5-10~* — 5-10-3
cm/sec) sous les fondations des ouvrages. Aprés renforcement,
le sol sablonneux devient étanche inattaquable a I'eau et acquiert
une résistance a la compression pouvant atteindre 30 kg/cm?.
Des exemples d'emploi pratique sont cités.

Dans la troisiéme partie du rapport, le Professeur V. BEZROUK
traite les problémes de I'emploi de liants organiques (bitumes
et autres) et inorganiques (ciment et chaux) pour la stabilisation
des sols dans la construction de routes.

Il montre I'importance des additions de chaux. lors de la sta-
bilisation des sols acides avec du ciment au moment de la for-
mation des liaisons et 'augmentation de la résistance et de I'étan-
chéité du sol-ciment obtenu. La possibilité de stabiliser des sols
avec du ciment a des températures au-dessous de zéro (jusqu'a
— 5°C) a été également établie.

Les problémes de stabilisation des sols avec des mélanges de
chaux, bitume et autres substances, ainsi que les propriétés de
déformation des sols stabilisés sont également exposées.

In this case, heating of the stabilised soils to the required
temperature will being about the necessary change ol proper-
ties, mainly by penetration of ignited gases under pressure
through the pores of the stabilised soil.

Practical experience has proved that the third method of
deep thermal soil stabilisation is mutch better than the first
two, for which reason it has been widely developed in the
U.S.S.R. and, therefore, data are given below relating to the
third method of deep thermal soil stabilization, the application
of which is justified from the engineer’s point of view. It is
much cheaper and is used in for the following cases :

(a) For stabilizing weak gas-permeable clay soils in the
foundation of newly erected buildings, houses, industrial
and other structures;

(b) For improving the stability of existing buildings and
775
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Fig. 1 Diagram of installation for thermal stabilization of
loess soils according to third method.

1) compressor; 2) cold air piping; 3) fuel tank 4) pump
delivering fuel under pressure to well; 5) fuel piping;
6) filter; 7) fuel injector; 8) gate with combustion cham-
ber; 9) well; 10) zone of thermal stabilization of
soil; 11) settling loess soil; 12) non-settling soil.

Schéma du dispositif de siabilisation thermique des
loess selon le troisiéme procédé.

tructures, which may have besen subjected to uneven settle-
sment ;

(¢) For overcoming problems arising from landslides and
other causes.

When using this method, it is also possible to employ
thermo-chemical soil stabilization with hot gaseous products
of combustion enriched with special chemical or other additives
introduced both during ignition and after thermal treatment
of the soils.

The distribution of temperature with depth in the stabilized
soil depends on its porosity, moisture content, temperature of
the gaseous heat carrier and the value of excessive pressure in
the soil pores. In this case, until the (ree water enclosed in
the pores of the stabilized soil is completely evaporated, its
temperature does not exceed 100 °C,

With further increase of temperature, depending upon the
nature of the treated soil, the water in solid solution will be
removed, and the thickness of the water films gradually de-
crease accompanied by adhesion, so that semi-hydrated soil
particles are accumulated and the soil significantly changes
its physical properties. This dehydration of the soil usually
involves an irreversible process leading to significant changes
of physical properties. Soils containing a large proportion
of organic colloids and colloidal minerals will react even at
low temperatures, and at 200 °C to 400 °C begin to attain
some water-resistance with aggregation of fine material into
large granules. Further increase of temperature at first leads
to caking and, then to a change in the crystal lattice and to
fusion. This means that there is a fundamental change in the
crystal lattice of the soil minerals.

The process of thermal soil stabilization is influenced by
other factors, and particularly, by the mineralogical and che-
mical composition, as well as by the unique conditions of
thermal action on soils (oxydizing media, excessive pressure
and other factors).

Fig. 2 shows the variation of the coefficient of settling
which depends on the ignition temperature of settling loess
samples tested under laboratory conditions. The results of
compression tests on settling of loess with unchanged struc-
ture and of natural moisture content and then of thermal
stabilised soils (tested with moistening under a pressure ol
3 kg/cm?) are given in Table 1. The results of these tests have

Table 1
Principal physical and mechanical properties of settling loess soils under different temperature ranges

: 7 2 .
| Compression B Value of shearing load kg/cm? at : l /!ngle Cohesion
modulas at — of internal | C kegfom?
Coefficient | P = 3 kgjcm? | P = 1 kg/cm? | P = 2 kg/em? | P = 3 kgjcm? friction ¢ &
No Soil sample of settling — — = e —
characteristics ar Water Water | water Water | Water | | Water
P—3kg/cm?| Dry | satu- | Dry | satu- | Dry | satu- | Dry | satu- | Dry | satu- | Dry | satu-
sample| rated |sample! rated |sample| rated |sample| rated |sample| rated |sample| rated
sample sample sample sample sample sample
City of Zaporozhje (1957)
| (a) before calcina-
tion 0-1030 566 | 1484 | 0-60 036 098 070 160 1-20 21° 19° 022 | 022
(b) at 300-500°C 0-0067 129 13-5 | 3-80 240 — 550 400 40° 39 2-95 147
(c) at 500-700°C 0-0005 10-5 11-2 — - — — — . — — - — —
(d) at 700-900°C 0-0002 9:6 95 | 430 250 | 530 590 @ 4:50 40¢ 44° 350 | 160
City of Dniepropetrovsk (1957)
2 | (a) before caicina- | |
tion 0-0650 900 | 1600 | 080 = 0-30 1-20 070 1-80 100 27° 19° 030 | 005
(b) at 300-500°C 0-0003 249 242 | 250 | 230 | 330 @ 300 @ 420 | 370 40° 35 165 1-60
(c) at 500-700°C 0-0002 135 136 — — — - - — — -
(d) at 700-900°C 0-0000 12-8 12-8 | 500 | 480 580 560 680 ' 660 42 42 410 ; 390
City of Baglay (1957)
3 | (a) before calcina- ‘ I
tion 0-0500 900 | 1625 070 | 0-40 1-110 = 070 1-60 | 1-00 24° 17° 025 | 010
(b) at 300-500°C 0-0008 23-0 23-8 | 240 | 220 330 | 290 | 4-10 | 3-70 40° 37° 1-55 | 1:45
(c) at 500-700°C 00001 125 | 12:6 - — S — —
(d) at 700-900°C 0-0000 120 120 | 4-50 4-50 5-70 ‘ 5-80 7:00 630 51¢ 49° 3-25 2-85
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15 1
Fig. 2 Curve showing change of coefficient of settling for loess
soil depending on heating temperature.
Graphique montrant les modifications du coefficient
d’afTaissement du loess en fonction de la température
de chauffe.

shown that highly settling loess will change after thermal
treatment and is incompressible, simultaneously increasing
its resistance against compression not only after but also
before moistening.

The results of shearing tests of samples of settling loess
have shown that cohesion for non-calcinated loess of natural
moisture content as an average * of 0-22 kg/cm? increased for
dry calcinated soil as an average to 3-5 kg/cm?2. In the same
way the cohesion for non-calcinated moistened loess equals
0-08 kg/cm? increasing for moistened calcinated loess as an
average up to 147 kg/cm?2.

The angle of internal friction of non calcinated loess with
natural moisture content, has an average value of 21 degrees
which increases to 40 degrees for calcinated dry loess. In the
same way the angle of internal friction of non-calcinated
moistened loess, having an average value of 19°, increased
to 44° for calcinated moistened loess.

In Table 1 are included the variations of the most signifi-
cant physical and mechanical properties of loess soils depend-
ing on the effect of different temperatures. These data were
not determined by laboratory soil samples, but by samples
selected at industrial sites where, under the guidance of the
author, deep thermal soil stabilization was performed under
the foundations of various industrial buildings. The results
of these investigations are of great importance and clearly
prove that in some cases positive results may be obtained
when acting on soils with relatively low temperatures.

Important investigations of the action of high tempera-
tures on different soils for strengthening have been published
both by Soviet and [oreign (A. Belesh-Roumania) scientists.

Stabilization of Sand Soails with Synthetic Resins

Synthetic resins, are widely used in modern engineering and,
particularly, for soil stabilization.

Investigations on the application of different resins for soil
stabilization with urea-formaldehyde (carbamide) and fur-
furole were started in the U.S.S.R. in 1954.

It has been found that these resins harden during frosts when
organic and inorganic acids are added. Depending on the requi-
rements for the final product, various hardening agents are
employed, namely oxalic acid, ammonium chloride, ammonia,
hydrochloric acid and other substances.

Fig. 3 shows the duration of gelling caused by the addition
of the following hardening agents: NH,Cl, 6 per cent of oxalic
acid, 5 per cent solution nf HCI, and 10 per cent solution of

* Average values are delermined not as the average (or the maxi-
mum and minimum values, but as the average for all tested samples.

HCl. Ammonium chloride dissolve completely in the tar
solution and is, therefore, introduced in the form of a powder ;
as 6 per cent solution of oxalic acid is made with slight heating.

Taking into account that for soil stabilization, gelling
should take place in from 2 to 4 hours, the most convenient
considered hardening agent is hydrochloric acid. When a
5 per cent solution of hydrochloric acid is employed, the
duration of gelling can be very accurately adjusted.

The strength of sand stabilized with carbamideresin, depends
on several factors, the most important being : resin concen-
tration, soil characteristics, in particular, its granulometric

aj &)
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Fig. 3a Duration of gelling related to the percentage of har-

dening agent.

3b Strength of stabilized soil related to resin concentration.

3a Durée de la formation du gel en fonction de la quantité
et du caractére du durcissement.

3b Résistance du sol en fonction de la concentration des
résines.

concentration and clay fractions content, duration of gelling,
and pH value of the stabilized medium.

Fig. 3b shows that with one and the sams concentration
of resin, the strength of the stabilized samples rises in direct
proportion to the lowering of particle size; in othet words,
in proportion to the reduction of the coefficient of permeability.

The influence of clay additives on soil strength has been
studied, and these additives include kaolin, bentonite and
Zatnin clay. In every case the hardening agent is a 5 per cent
solution of hydrochloric acid with a gelling time of three
hours, while oxalic acid was used as a hardening agent only
for sand with kaolin.

The addition of bentonite clay lowers the duration of
hardening and stabilized strength more than the addition of
Zatnin clay and kaolin. It may be assumed that the retarding
action of bentonite is due to its higher hydrophilic nature
and absorptive capacity. The presence of over 3 per cent
of clay in sand significantly lowers the stabilized strength.

For investigating the influence of the media, the soil was
stabilized by adding sodium bicarbonate to the sand. There
is rapid reduction of strength after pH = 7-8; therefore, in
this medium, stabilization cannot be performed without
lowering the pH value, and before stabilization, a 5 per cent
solution of hydrochloric acid must be injected into the soil.

Investigations of the stability of the soil stabilized with
resin in various media were performed with samples made of
fine sand soil (Moscow, Lenin Hills, coefficient of permeability
2 m/day).

The prepared samples were stored under different conditions.
The duration of the storage of samples made in the labora-
tory — 14 days, 28 days, 3 months, [ year. For samples taken
in field conditions : | month, 6 months and 12 months.
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The results of these tests are given in Table 2.

Table 2

Samples taken
in field conditions

Samples made
in laboratory

Trem Storage days months months
No. conditions —
14 28 3 12 1 6 12
Ultimate strength, kgjcm?®

1. Water 15 |16 | 17 | 18 | 30 | 30 | 30
2. Air 15 14 14 14 25 22 22
3. O-1 NaOH 13 |12 |12 | 10 | 30 | 31 | 30
4, 01 H,SO, 14 13 12 11 28 28 28
5. 01 Na,SO, — — 28 29 28
6. Humid-air con-

ditions — — — — [ 30 | 32 | 3!

From the above it will be seen that the soil stabilized with
carbamide resin preserves its stabilized strength in nearly all
media. When stored in air, as well as in a solution of hydro-
chloric acid, the strength is appreciably reduced. It has been
found that samples stabilized in the field have a higher
strength and are preserved better in comparison with the
samples stabilized in the laboratory.

On the basis of tests, the use of carbamide resin is advised
for stabilization of sand with a coefficient of permeability
of 3:10~% to 5:1073 cm/sec with a content of clay particles in
the soil (less than 0-005) not over 3 per cent, and pH value
less than 7-5. The limits of application of this method may be
considerably extended for soils containing clay particles from
3 to 4 per cent at a pH value exceeding 75 by preliminary
soil treatment with a 5 per cent solution of HCl in a quantity
equal to the quantity of injected tar.

The time of gelling may be regulated between 2 and 4 hours.
In this case, the stabilization may reach radius of 0-6—1-0 m.

A practical example of the method is given in Fig. 4.

Plan

Fig. 4 Soil stabilization below column foundations in a work-
shop.

Renforcement du sol sous les fondations des colonnes
d’un atelier en service.
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Before excavating the trench, between four columns in a
workshop, the soil was stabilized for placing a foundation
below the column footing. The soil is fine sand, 4-5 m thick,
coefficient of permeability at a depth of 2 m K ¢ = 1-1073
cm/sec, at a depth of 3-5-4 m K ¢ = 5-10~% cm/sec. The
level of the underground water varies from 2-7-2-9 m.

It may be seen in Fig. 4 that the holes are arranged hori-
zontally around the column foundations with a stabilized
radius of 0-5 m. The trench has different depth ; therefore,
below the columns at the wall (at the right side), stabilization
was performed in three stages, and at the left in two stages.
Each stage has a depth of [-2 m.

Carbamide resin, with a specific gravity of 1-16 was used
for stabilization, and was diluted by the addition of an equal
volume of water. The specific gravity of the diluted resin
ranged from 1-085 to 1-083.

At first a 5 per cent solution of HCl was pumped into the
hole followed by the gel-forming mixture. The time of gelling
was from 15 to 2 hours.

Pumping was through injectors under a pressure P =
1-3 atm. The injectors had a rubber diaphragm, which preven-
ted clogging of the injector during pumping. The solution
comes out through the orifices in the diaphragm only at
excessive pressure in the injectors.

Samples taken from the stabilized soil had a strength of
20 kg/cm?.

Experiments were performed under the guidance ol
N. A. Bleskina, Scientific Worker of the Institute of Foun-
dation.

Soil Stabilization in Road Building

Stabilization of various types of soils of different granu-
lometric and chemical composition, with various binding
materials and other active chemical reagents is widely used
in road building throughout the U.S.S.R. under a wide range
of climatic conditions.

The theoretical basis of soil stabilization is the direct applica-
tion of the capacity of soils for absorption and chemical
action resulting in a strengthening of the soil structure. The
following conclusions were reached :

1. Many tests supplemented by experience of soils stabili-
zed with bitumen and used for road construction, enabled
certain laws to be established.

For extending methods of soil stabilization with bitumen
to regions with high humidity and cold climates, complex
methods have been developed by Russian engineers applicable
to highways with a traffic density of more than 500 cars a
day. These methods are based on absorption with subsequent
formation of strong adhesive binding of the bitumen on
the surface of the soil particles.

The investigations of L. N. Jastrebova have shown that
when lime is added to clay soils in the proportion of 3 per cent
of the weight of the soil (10 per cent of the weight of bitumen),
the strength and water-resistance of the stabilized soil were
increased sharply and reached nearly 30 kg/em? during
compression of saturated samples. Samples of the same soil,
with added non-activated bitumen and with lime additives,
had a compression strength of about 3 kgfcm?.

In the case of stabilized sand with the same additives of
lime and activated cut-back bitumen, the strength of the
samples during compression is very low and reaches only
0-6 kg/cm?, this being explained by the lack of adsorption
between the sand, the lime, and the bitumen.

It is seen in Fig. 5 that for finely dispersed soils, the most
effective method of stabilization is the simultaneous introduc-
tion into the soil of additives of lime or inorganic salts
of bivalent cations and into the bitumen-surface active
compounds. In this case, the process of adsorption is facili-



|

Number of freesing-thowing
cycles

Fig. 5 Function of strength of soil stabilized with different addi-
tives depending on [reezing-thawing cycles.

Résistance du sol stabilisé par diflérentes additions
exprimée en cycles gel-dégel.

tated and intensified, with simultaneous improvement of the
colloidal and chemical properties of the soils.

The introduction of cation-active additives into the bitumen,
both in the form of natural substances (tars, for example)
and of pure prepared substances (octodecylamine, for example)
without introducing lime or electrolytes into the soil has a
reduced influence.

The introduction of complex additives to the soil (lime
and bitumen) during construction, will ensure high strength
of stabilized soil for the climatic conditions in the Moscow
Region, reducing by 50 per cent the time required to form a
stable structure as compared with other methods.

2. Investigation of the nature and mechanism of process
of structure formation in soils stabilized with cement was
carried out with the aim of increasing their durability.

A strong soil structure stabilized with cement results in
the formation of coagulation (between soil particles) and
crystallisation (by hardening of the mineral binding material).

For spesiment containing 20, cement
without (a(0), Rn ~I6"Vim* R an=42 9m*

As the strength of the latter is much higher that the former,
determination of the optimum conditions for formation and
stability of crystal structures of the binding material in cement-
soil is necessary in solving the problem of its durability.

For ensuring high strength and durability of soil cement
according to the researches of T. J. Ljubimova, several
conditions must be guaranteed. First, in all cases every
eflect should be made to obtain maximum compaction of
the mixture, using vibration and special surface-active
substances. Secondly, when stabilizing non-carbonate clay
soils without saturation with ions Ca with high adsorptive
capacity, it is necessary to introduce small additives of
slaked lime or quicklime with the cement. The quantity
of lime should correspond to the base exchange capacity
of the soil (taking into account both the absorption and
chemical activity). When there are no lime additives, the
crystal structure of the hardened cement in such soils differs
by its chemical composition from the structure of binding
materials in concrete, in some cases causing a drop in strength
of soil-cement with time.

Fig. 6 gives the results of strength tests of soil-cement
with various additives of slaked lime. The optimum lime
content for clay not saturated with ions Ca, and carbo-
nate soil — loess is very near to the theoretical values calcu-
lated by the adsorptive capacity of these soils; for cher-
noziem (black earth) — somezwhat higher due to the follo-
wing :

(a) chemical absorption of Ca (OH), with formation of
humates, and

(b) as a result of increase of adsorptive capacity of
humate soil in alkaline media. For mono-mineral bentonite
clay, constant increase of strength is observed, the content
of Ca(OH), increases in the range of the observed concentra-
tions. The minimum increase of strength is with carbonate
soils — loess, saturated with calcium cations during the
process of natural formation of rocks.

3. The strength and deformation (in particular, rheological)
properties of stabilized soils are of particular importance for
highways, as in this case, the-structural layers of different
materials being inter-related.

Factors such as moisture content, rheological qualities and
applied loads are of great importance in the following contexts:

(1) determination of comparative deformation and rheo-
logical parameters for soils stabilized by different methods ;

Strength spesiment containing 4% withoul Ca(oy),
Rn =b83%%em™ B sm =20"Yem*

hp/em'xy/om®

kyfcmy  kgfem’ - kofem® | kglem®
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Fig. 6 Function of strength of soil-cement depending on content of Ca (OH),.
Résistance des sols-ciments en fonction de la teneur en Ca (OH),.
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(2) determination for each separate kind of stabilization
parameters reflecting the deformation properties of the mater-
ials which may be used as the basis (or designing road pav-
ements,

An example of rheological and deformation characteristics
of stabilized soils in saturated condition is the following
Table 3.

Table 3
Ae
Composition o Eqer E, Ar .
of stabilized soil kg/cm? kg/em? kg/cm? poise
cm/sec
Surface clay 14 per cent
cut - back bitumen
7 per cent water 0-8 40 180 | 3-10-¢| 4-101!
Surface clay 14 per cent
cement 18 per cent
water 25 | 10,000| 20,000| 10— 10%7

. Earr and E. - these are respectively the modulus of deformation and modulus
of elasticity during bending with instantaneous load, equal to 40 per cent of
ultimate load.

Je . . q
2. 2 average rate of deformation with constant load with an undisturbed

ructure.

3. m - conditional rheological viscosity corr
undisturbed structure.

4. ¢ ultimate tensile or bending load.

sponding to flow of material with
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