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The Stabilization of Foundations of Structures on Loess Soils
Stabilisation des Fondations de Constructions sur Terres Lœssiques

by Y. M. A b e le v ,  Professor, and V. V. A s k a l o n o v ,  Doctor o f Geological and Mineralogical Sciences, Foundation 
and Soils Institute, Moscow, U.S.S.R.

Summary

The paper consists of two parts :
The first part, by Professor Abelev, describes the theoretical 

principles of the mechanical stabilization of loess soil using heavy 
tampers and stabilized soil piles. Included are the results of field 
tests and observations taken over many years of the settlement of 
two foundations erected on reinforced concrete and stabilized soil 
friction piles.

The second part of the paper, by Dr Askalonov, describes the 
theoretical principles of the physical and chemical stabilization of 
loess by means of sodium silicate, the main properties of the C on
solidated soil, construction methods and a description of its successful 
application on a large project. This method is recommended as a 
positive measure for reducing settlement of loess soil, especially under 
existing buildings and for structures built on consolidating soils.

Stabilization by Mechanical Compaction

Loess is a type of clay soil covering a great part of the earth’s 
surface, in particular the surface of the U.S.S.R.

Loess soils, with their macroporous structure, present settle
ment problems because of their tendency for deformation 
under the foundations of buildings and structures when wetted 
( Z a m a r i n  and R e s h e t k i n , 1932).

Expérience during construction has shown that measures 
directed towards prévention o f wetting o f the soil under founda
tions do not always attain  their object since various causes 
lead to  accidentai soil moistening. The simplest way of 
eliminating settlement is to compact the soil mechanically, and 
the efficiency of this method has been corroborated by experi- 
ence during construction of earth dams of loess soils in the 
U.S.S.R. These dams have been used for many decades 
without any noticeable damage. D uring their construction 
only mechanical destruction of the natural soil structure took 
place, the granular and chemical composition of the latter 
being preserved. Com paction o f a thin layer o f loess under the 
foundation is carried out with heavy tampers up to the ‘point 
of refusai’ o r until settlement virtually ceases, i.e. after a 
number o f impacts the lowering o f the tamped surface following 
the last impact does not exceed a specified value, this value 
being 1 -0 to  1 -25 cm for loess soils.

The tampers are dropped from  a height of 3-5 to 4-0 m, the 
soil being completely compacted after 8 to 12 impacts. Fig. lb  
shows the relation between settlement o f the tamped surface 
and the num ber o f impacts, and Fig. la  a général view of the 
tamper. It has been shown that the depth o f the compacted 
layer for the method described above is equal to  1 -5 times the 
diameter o f the tamper.

The compaction of a soil layer o f greater depth is usually 
achieved by driving friction piles. However, the use of friction 
piles, as shown by T e r z a g h i  (1930), does not favour decrease 
in settlement of buildings and structures. This has been con- 
firmed by observations on several structures in  the U.S.S.R. 
and to  determine the causes spécial research has been carried
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out. The principal basis for the research was the hypothesis 
that the distribution of foundation pressure between the piles 
and the surrounding soil is in direct ratio to rigidity, according 
to  the général laws of structural mechanics. As the defor
m ation of soil in the space between the piles and the pile settle
ment are equal, it is easy to  calculate, when reinforced concrete 
piles are used, tha t the load taken by the soil between the piles 
will be 0 -8 to  2-0 per cent o f the total load under the foundation, 
while 98 per cent is taken by the piles themselves and trans- 
mitted to the soil below their toes. Therefore, when friction 
piles are used, i.e. when the same soil is below the pile toes as 
around them, the settlement o f such foundations will differ only 
slightly from  the settlement of foundations on an undisturbed 
soil.

These conclusions have been corroborated by original tests 
in the field on com paction of loess soils by the use of friction, 
rigid and stabilized soil piles.* Fig. 2 shows the settlement of 
foundations in three experimental groups of piles, (a) wooden 
piles 9 m long, (b) friction piles 6 m  long, and (c) stabilized 
soil piles compacted to a depth of 5 m. These were loaded and 
the soil was then subjected to  artificial wetting for 47 days. It 
will be seen from  these curves that wetting of the soil below the 
foundation on wooden piles caused no settlement, while settle
ment o f the foundation on friction piles was similar to that on 
the undisturbed soil. The foundation built on stabilized soil 
piles proved to  be stable under the same conditions, and no 
extra settlement was caused by wetting.

Soil com paction together with the use of mixed-in-place 
stabilized soil piles was carried out with the aid of a coring tool 
with a specially designed shoe, the diameter o f the latter being 
10 cm greater than the core diameter. The coring tool was 
used to  drill a  hole 40 cm in diameter in the soil down to the 
designed compacting depth (12 to  16 m). The bore hole was

* The term ‘stabilized soil piles’ is used particularly with regard to 
deep compaction of soil by methods used for cast-in-place concrete 
piles.
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then filled with the same loess soil a t the optimum moisture 
content in portions of 0-12 ton, being compacted by a tamper 
weighing 0-35 ton dropped from a height o f 2-0 to  2-5 m. The 
général view of the unit is shown in Fig. 3.

Another method of soil compaction uses the energy of 
explosions. At the place where the mixed-in-place stabilized

Number of impacts

Fig. 1 (a) General view of tamper
(b) Curve showing relation between settlement of tamped 

surface and number of impacts
(a) Vue générale du damage
(b) Graphique de l’abaissement de la surface damée des lœss

en fonction du nombre de coups de dames

soil pile is to be situated, a 60 to 70 mm diameter hole is drilled 
by means of a vibrator or pile-driver to the designed com
paction depth. Then a blasting charge is lowered into the hole, 
the charge consisting of standard ammonite cartridges weighing 
50 g each and 42 mm in diameter. The quantity of cartridges 
per linear m of bore hole varies from 5 to 10, depending on 
the Atterberg plastic index of the soil. It is ensured that the

cartridges in the charge are arranged at equal distances apart, 
and that their arrangement remains fixed until the explosion. 
Simultaneous explosion of ail cartridges is achieved by a 
blasting fuse with a detonating velocity of 5000 m/sec. The

Time hrs

Fig. 2 Curves showing settlement of rigid and stabilized soil piles in 
loess soils under test loads 

Graphiques des épreuves des pieux rigides et en terre 
stabilisée dans les lœss sans l'effet de charges d'essais

charge is lowered into the bore hole (Fig. 4) and exploded. 
U nder the action of the explosion the bore hole expands, by 
compaction of the soil laterally up to 40 to 50 cm, but remains 
unchanged vertical ly.

Fig. 3 Pile-driver for tamping mixed-in-place stabilized soil piles 
Sonnette pour damage des pieux en terre stabilisée

For loess soil having a porosity of 0-8 to 0-9 and containing 
up to 50 per cent silt particles, the spacing between centres of 
stabilized soil piles with a diameter o f 40 cm is 1 -0 m, the piles 
being arranged at the vertices o f équilatéral triangles.

The excavation of stabilized soil piles and the détermination

260



of the soil porosity //, both in the body of the soil pile and 
between them, has shown that compaction of the soil to a 
specified porosity is quite possible. The results of such détermi
nations, given in Fig. 5, show that by the use of explosives a 
more uniform com paction is achieved than by the use of cores.

At a construction site in the city o f Nikopol rigid as well as 
stabilized soil piles were used. The site was on loess deposits 
3 5 0 m thick. The relative settlement o f the soil (relative 
consolidation caused by wetting) varied between 0-15 and 0 05. 
The calculated value for foundation settlement under the action 
of wetting was equal to 240 cm.

Foundations under rolling mills were built on reinforced 
concrete mixed-in-place piles 12 m long, spaced every 1 -2 m. 
Under the same conditions several similar foundations were 
built on stabilized soil piles of a diameter of 40 to 50 cm, spaced

Conclusions—(1) The investigations, confirmed by experi- 
ence in the field, clearly show the influence of the type o f 
material out o f which friction piles are constructed in loess soils. 

(2) The use of rigid friction piles does not decrease settle-
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Fig. 5 Section of stabilized soil piles showing diameter and average 
porosity n at depths of 1 0-110 m 

Coupe des pieux en terre stabilisée avec indication de leur 
diametre et de la valeur moyenne des porosités n à une 
profondeur de 1 0-11 0 m

ment o f foundations either on highly compressible soils or on 
loess soils possessing settling properties.

(3) The most effective method for the élimination of the 
settling properties of loess soils is mechanical com paction with 
stabilized soil piles, or, for thin layers, by heavy tampers.

Fig. 4 Lowering of the explosive charge into drilled hole
Abaissement d’une charge d’explosif dans les trous du forage

every 1 0 m. Fig. 6 shows the settlement rate o f the foundation 
on reinforced concrete friction piles. It can be seen that after 
the mill had been in opération for several months the founda
tion had settled considerably, at a rate of 12 to  15 mm per day, 
finally reaching 250 mm. After carrying out spécial remedial 
measures, settlement was actually stabilized and its rate was 
lowered to  20 mm per year, and after 8 years amounted to 
420 mm.

Fig. 7 shows the settlement rate o f a  similar foundation built 
on stabilized soil piles with a compaction depth of 11 to 12 m. 
The settlement of this foundation reached complété stabiliza- 
tion after a to tal settlement o f 75 mm.

These results o f research, confirmed by experience during 
construction, are also effective for compacting water saturated 
soils. They are compacted with the use of drainage materials 
according to  a spécial technique of construction.

Fig. 6 Time-settlement curves for foundation erected on re
inforced concrete friction piles, 12 m long

Graphique des affaissements des fondations sur pieux 
suspendus en béton armé en fonction du facteur temps

(4) Final com paction ensures uniform compressibility of soil 
in the foundation-bed, excluding the necessity of laboratory 
détermination of soil density.
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Time

Fig. 7 Time-settlement curves for foundation erected on stabilized soil piles, 11-12 m long
Graphique des affaissements des fondation sur pieux en terre en fonction du facteur temps

(5) Consolidation of soil by means of explosives is more 
effective than consolidation by pile-drivers with the aid of 
cores, as the former does not require heavy equipment and 
permits the arrangement of stabilized soil piles inside buildings 
in  restricted conditions, ensuring uniform soil com paction for 
the whole depth.

Stabilization of Loess Soil by means of Sodium Silicate Solution

A  m ethod of stabilization of loess soils under the founda
tions of structures consists o f injection into the soil o f a  sodium 
silicate solution. As the resuit o f interaction o f the solution 
with the soil a silicate gel film is immediately formed imparting 
the following properties to  the soil: résistance to water, in- 
creased strength, incompressibilitÿ and impermeability.

The physical and chemical process o f consolidation is based 
on thorough pénétration of a  weak silica solution o f low

Time of observation hours

Fig. 8 Settlement of specimen during testing of silicified loess under 
test loads

Affaissement de l’emboutissoir (poinçon) sous l’effet des 
charges d’essais durant les essais des loess silicatisés

(1) Loess soils, after their imprégnation with a 1-0 to 1-5 n  

sodium silicate solution lose their ability to  take up water.
(2) Increase in the concentration of sodium silicate solution 

above the value mentioned does not increase the stability of 
loess, when being tested in water, as the increase of concentra
tion leads to  lower solubility and exchange capacity.

(3) The optim um modulus (S i0 2/N a20 )  of sodium silicate 
solution is 2-5 to  3-5.

(4) The addition of 2-5 per cent NaCl, N a2C 0 3 salts to the 
sodium silicate solution is useful, as it lowers the viscosity of the 
solution, increases solubility o f salts in the soil and gives the 
solution higher fluidity.

Fig. 9 Diagram showing arrangement of injection holes 
Schéma de distribution des trous de forage d’injection

viscosity into a soil with a well developed net of macro- 
capillaries, and secondly, on coagulation of the solution by the 
soil, which serves as the secondary coagulant.

Tests on stabilization o f loess soils by silica solutions have 
been carried out on soil specimens from  various régions—the 
Ukraine, Central Asia, Western Siberia, etc., with plastic 
indices from 4-5 to 18 per cent, and with varied salinity.

F or détermination o f the optimum concentration of the solu
tion and the évaluation of the properties of loess soils after their 
silicification, tests have been carried out on soil specimens, on 
their saturation swelling, compressibility, strength and p er- 
meability characteristics. Results o f saturation tests have 
shown the following:

A study o f the swelling value with no external load has shown 
that silicification of loess soils markedly reduces it many times.

Checking the stability o f stabilized soil by means of wetting 
was carried out with loading plates having an area of 5000 cm2. 
The results o f these tests are given in Fig. 8. I t will be seen 
that the settlement o f stabilized loess type loam, after being 
moistened in water, is equal to  about 3 mm and is very graduai, 
while non-stabilized soil settled 67 mm, being of the so-called 
‘collapsed’ type. The compressive strength of sodium silicate- 
treated loess depends to  a great degree on the physical and 
mechanical properties of the original soil. Specimens of loess- 
type loam from the city o f Odessa, containing sand particles, 
have shown an ultimate compressive strength equal to  20 to 25
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kg/cm2 1 m onth after being treated with sodium silicate. 
Specimens of loess-type loam with a large am ount o f silty-sandy 
particles, from  the city of Zaporozhye, under the same con
ditions, have shown 6 to 10 kg/cm2.

The permeability o f stabilized loess in the mass is practically 
equal to zéro. This method may be used above the ground 
water table in  soils with a permeability coefficient over 0 1 m  
per day. The m ethod consists of: (a) driving in the injectors;
(b) injection of solution; and (c) extraction of injectors.

This method was used under practical conditions at four 
sites, where about 25,000 m 3 of soil were stabilized. This 
method was used for the first time in 1949 during the building 
of the large works in the city o f Zaporozhye for stabilizing the 
loess soil foundations under chimneys 120 and 80 m high.

The second large project where loess soil foundations were 
treated with sodium silicate was the Odessa Opéra Theatre, in 
1954-56. Highly compressible loess deposits having a porosity 
of 44 to  49 per cent were under the foundations of the theatre 
building at a depth of 8 to  12 m. The coefficient o f relative 
compressibility varied in the range of from  0-02 to  0-06, the 
permeability coefficient being about 0-3 to  0-5 m per day. 
Ten years after building the theatre large deformations were 
observed, especially in the right side, settlement o f the walls 
reaching 17 cm. This settlement was caused by wetting o f the 
soil by defective water and sewerage mains. Even though 
preventative measures were taken by replacing the ceramic 
pipes by métal ones, as well as by the construction of a concrete 
retaining wall 70 m long to  the right o f the building, during the 
following years new cracks were repeatedly formed. To 
stabilize the settlement, the entire layer o f loess soil under the 
two strip foundations of the extemal and internai supporting 
walls was treated with sodium silicate down to the reddish- 
brown com pact clay layer underneath. The total am ount o f 
stabilized soil was equal to  15,400 m 3, through 2250 injection 
holes. The injectors for supply of the solution were driven in

directly beside the edge of the foundation and spaced a t a 
distance of 1 m  apart from  each other. The arrangement of 
these injection points is given in Fig. 9. A bout half of the in
jectors were driven from  the basements.

The soil was stabilized in layers of 1 m. Trial pits showed 
complété stabilization of the soil throughout its entire depth. 
The compressive strengih varied from  15 to 25 kg/cm2. Settle
ment observations carried out from 1954 onwards have shown 
a cessation o f settlement from the time the work was completed. 
Silicification was carried out without interfering with per
formances a t the theatre.

Conclusion—The m ethod o f silicification of loess soils may 
be used as a precautionary measure when erecting new buildings 
or, in emergencies, when it is necessary to  stabilize settlement 
o f existing buildings and structures without interrupting their 
use. Simple equipment and operational processes allow this 
m ethod to be used in  any conditions, even in restricted places.
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