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Elastic and Structural Deformations of Clayey Soils
Déformations Élastiques et Structurelles des Sols Argileux

by N . J. D e n is o v , Professor, Chief of the Chair o f Engineering Geology, Moscow Institute of Civil Engineering 

and
B. F. R e l t o v , Chief Research Engineer, the Laboratory for Physical and Chemical Investigations of Soils of the Ail- 
Union Scientific Research Institute o f Hydrotechnic, Leningrad, U.S.S.R.

Summary

Volumetric deformations of clayey soils may be divided into 
elastic, structural and structural-adsorptive deformations. Being of 
great importance in construction practice, the structural deformations 
manifest themselves as the result of stability failure at the contacts 
between particles, while the général stability of the soils remains 
unchanged.

Structural deformations are prolonged in the course of time, irre
spective of the fact of whether water is present or not in the pores of 
clayey soils.

Subsidence of loess soil is one of the most striking examples of 
structural deformation. The tendency to subside manifests itself 
at a limiting pressure which depends on the strength of the cementing 
bonds between particles.

The VNIIG apparatus described in this report was designed for 
studying the kinetics of the mechanical properties of clayey soils by 
the method of damped torsional oscillations. The application of this 
apparatus makes it possible to investigate the changes in the dynamic 
shear modulus with the changes of extemal load, moisture and other 
factors.

Clayey soils are complicated systems, their strength and 

stability depending on the strength of the bonds existing 

between their particles.
In  contradistinction to  the solids tha t are considered in 

mechanics, clay soils possess pores, the size o f which is com- 

mensurable with that o f their structural elements, that is, of 

their particles and aggregates.

Under the pressure of their own weight or of external load, 

tangential stresses appear a t the contacts o f the particles. 

Under the action of these stresses particle displacements in the 

direction of the pores may take place. I t is im portant to 

emphasize that these displacements may exist w ithout any 

violation of the général stability of the soil.

The ultimate condition a t the contacts o f structural elements 

may be generally expressed as follows :

t  =  Cx +  C2 . . . .  (1)

where t  represents the tangential stress at the contacts of 

particles, Q  represents cohésion at the contacts produced by 

the van der Waâls forces, C2 represents cohésion at the con

tacts conditioned by the influence of cementation as well as by 

the thixotropic strengthening.

Until the ultimate condition is reached at the contacts, only 

elastic deformation may occur in clay soils. The values of the 

modulus of elasticity and the shear modulus, obtained for soils 

in which the natural structure has been fully preserved, may 

serve to characterize the magnitude of the elastic deformation. 

By using data on the velocity of propagation of seismic waves 

it is possible to obtain such values as 20,000 to 30,000 kg/cm2 

for the modulus of elasticity.

The value of the dynamic modulus in shear may be used as a 

characteristic for mechanical and, in particular, for elastic
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Les déformations volumétriques des terrains argileux peuvent être 
classées en déformations élastiques, en déformations de la structure 
du sol et en déformations résultant de la variation de l’épaisseur des 
films d’eau liée entourant les particules. D ’une importance pratique 
particulière dans le domaine de la construction, les déformations de 
la structure du sol se caractérisent par des ruptures de liaisons entre 
particules qui laissent inchangé l’équilibre général du sol.

Ces déformations se prolongent dans le temps aussi bien dans le 
cas où il n’y a pas d’eau interstitielle que dans le cas d’un sol saturé.

Le tassement d’un loess est un des exemples les plus frappants de 
déformation de la structure du sol. Le début du tassement se mani
feste lorsque la pression atteint une valeur limite qui dépend de la 
résistance des liaisons dûes à la cimentation des grains.

L’appareil VNIIG décrit dans ce rapport a été mis au point pour 
l’étude cinétique des propriétés mécaniques des sols argileux au 
moyen de la méthode des oscillations de torsion amorties; il permet 
d’examiner les variations du module de cisaillement dynamique en 
fonction des variations de la charge appliquée, de la teneur en eau et 
d’autres facteurs.

properties of clayey soils, L a z a r e v  and D e r i a g i n  (1931) 

were the first to advance the principle of determining the shear 

modulus by the method of damped torsional oscillations. A t 

the Ail-Union Scientific Research Institute o f Hydrotechnic 

(Leningrad), under the guidance of B. F. Reltov, an apparatus 

for determining shear modulus has been designed and the 

investigations described below have been carried out. The 
apparatus is shown in Fig. 1.

The main part of the apparatus consists of a cylindrical con

tainer (1) made of organic glass with a  diameter o f 150 mm. 

A grating is set (2) on the lower flange of the cylinder. In the 

centre of the grating a thrust-bearing (3) is fixed which serves as 

a centring support for the oscillation system, when the container 

is filled with soil. The oscillation system consists o f a  cylindri- 

cal stemoscillator bearing (4) and a horizontal balance beam (5).

The upper end of the oscillator is fixed by means o f a radial 

thrust bail bearing (6) in a bracket (7) and is terminated by a 

screw head (S) which allows the oscillator to be lifted (by 

10-2 mm incréments) when filling the container with soil. 

This is necessary for reducing the friction between the oscillator 

and the thrust bearing. In  this case the oscillator hangs on the 

bracket and moves with a minimum of friction. The vertical 

position of the oscillator is secured by three setting screws (9) 
installed on the base.

The oscillating impulse is transm itted to the system by means 

of two electromagnets (11) placed on both sides of the upper 

flange of the container. The electromagnets are secured in 

spécial holders, which allows the distance between the bracket 

and the holders to be measured. Two uniform magnets (12) 

are also fixed on the upper flange between which coils are set 

(13). These coils are fixed to  the bracket and serve as a mea- 

suring device of induction type.
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On the top of the specimen is put a grating stamp (14) which 

is equipped with a table (15) by means of which the required 
pressure is transm itted to the soil.

Boundary conditions guaranteeing the reproducibility of 

results are: the choice o f a reciprocal height o f the thrust 

bearing by means of which the influence of the lower grating 

is excluded and by placing oiled paper between the upper 

grating and the soil specimen. F or better conjunction of the 

oscillator and the soil the side surface of the working part of 

the former (height =  100 mm)»is supplied by a longitudinal 

rolling. The tests were carried on with oscillators o f 15 to 

20 mm diameter.

The natural frequency of the complété oscillating system with 

rigid fastening of the oscillator’s working part was much larger 

than the oscillation frequency observed in soil tests, therefore 

it had practically no influence on the results o f the tests.

The electric currents generated in the inductive measuring 

device, when torsion oscillations of the system occurred, were

Fig. 1 The scheme of the laboratory test apparatus (VNIIG) for 
the investigation of mechanical properties of clayey soils 
by the method of damped torsional oscillation 

Schéma de l’appareil de laboratoire VNIIG pour l’étude des 
propriétés mécaniques des sols argileux à l’aide de la 
méthode des oscillations de torsions amorties

transmitted by an electronic amplifier to the loop o f the oscillo- 

graph, which fixed the attenuated oscillation process on a 

photofilm. Short endurance of the current impulse o f the 

electromagnet was achieved by means of the discharge o f a 

condenser charged from  an electronic rectifier and then con- 

nected to the electromagnets by way of an electromagnetic relay.

The period of the current in our tests occupied 30 miUisecs 

which was less than the period o f oscillation o f the system in the 

soil medium.
The period of the attenuated oscillation of the oscillator was 

determined from  the photofilm data. F rom  the period T, the 

moment of inertia o f the system I  and the geometrical size of 

the container (radius R ) and of the oscillator (the radius o f the 

oscillator r, and the height o f the working part h) it is possible 

to  determine the dynamic shear modulus for the specimen 

under test. The following équation is used

G =
2t t I  

hr2T 2( > - i )

The greatest angle of torsion </>max of the oscillator (expressed 

in radians) was also determined in the first half-period o f the 

torsion oscillations. When is determined it is possible 

to compute the corresponding mean shearing stress on the 

surface of the oscillator r max =  G<̂>max.

To find the value of 4>max it is necessary to find experimentally 

a constant param eter o f the device, which permits us to relate 

the ordinates of the oscillation curves on the oscillogram with 

the angle of torsion of the oscillograph.

The structural-mechanical properties of the soil may be 

characterized by a curve giving the relation between the shear 

modulus G and the shear stress r max. This curve permits the 

détermination of the zones o f the elastic, elastic-plastic and 

plastic state o f the soil (Fig. 3). The limits o f elasticity t k  and 

plasticity r„ dividing these zones are one of the main character- 

istics of soil. F or plotting this curve, tests with soil specimens 

are carried on with différent values of the angle of torsion </>max 

in the first half-period. F or that purpose the distance between 

the electromagnet and the bracket was measured and conse- 

quently the force of the magnetic adherence of the bracket is 

measured also.

By means o f the described device the effect o f différent factors 

on the value of the shear modulus of soils was studied. I t was 

found that the shear modulus depends essentially on the

Fig. 2 The relationship of the shear modulus G and the stress rmax 
on the surface of the oscillator at the first half-period of 
oscillation under différent moisture contents w for the 
kaolinite clay. The point where the straight section of the 
curve turns into the curved one corresponds to the limit of 
elasticity tk , and the point on the bend of the curve corre
sponds to the limit of plasticity t„

Relation entre le module de cisaillement G et les tensions 
rmax sur la surface de l’oscillateur pendant la première 
demi-période d’oscillation pour de l’argile kaolinique à des 
teneurs en eau différentes. Le sommet de la partie 
rectiligne de la courbe correspond à la limite élastique t k  et 
le maximum de la courbe à la limite de plasticité r„

moisture content and mineralogical composition of the soil. 

Fig. 2 illustrâtes the dependence. I t can be seen that the shear 

modulus sharply decreases with the increase of moisture con

tent, and approximately follows the exponential law. F or 

instance, in a hydromicaceous clay a change of moisture con

tent from  27 to 40 per cent reduces the shear modulus by a 

factor o f 8. W hen compared to  the hydromicaceous clay a 

porcelain clay with the same moisture content had a greater 

shear modulus. This phenomena can be explained by the 

great dispersiveness (a higher number of contacts between the 

particles in the unit volume of soil). The simultaneous decrease 

of the modulus of shear with the increase of the moisture 

content o f soil is evidently explained by the decrease of the 

num ber of the contacts as the density of the soil becomes less. 

The tests performed dem onstrate also that the moisture 

content o f soils influences the elastic limit t k  and the plastic 

limit t „. The last phenomenon is illustrated by the expéri

mental data for porcelain clay given in Fig. 2. We see that the
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elastic and plastic limits are sharply reduced with the increase 

of moisture content.
The strength of the bonds between the particles and between 

their aggregates in clayey soils is not the same. Under natural 

conditions tangential stresses at the contacts are usually less 

than the résistance offered by cohésion. W hen a small addi- 

tional pressure is applied, the ultim ate condition is reached at 

the beginning only a t a few particular points. As the pressure 

increases these points form  planes cutting the strained mass into 

blocks, the num ber of which increases with the growth of 

pressure, whereas their diameters da decrease accordingly. In 

this way the process proceeds and it may be considered under 

the name of mechanical peptization. W hen as a resuit of 

peptization the condition

da < d n . . . .  (2) 

is met (where da is the diameter of aggregates developed in the 

process of the mechanical peptization, and d„ is the diameter of 

pores), structural deformation then occurs. There is no defor

mation analogous to this among solids.

W ith the displacement o f particles and of their aggregates, 

the résistance caused by interacting forces between them is

V
<!

2 '

— •

0-01 0-1 1-0 10-0 100-0

log time h

Fig. 3 Curves of rate of consolidation for paste and powder made 
of Jurassic clay 

Courbes montrant l’évolution dans le temps de la consoli
dation de pâte (courbe 1) et de poudre (courbe 2) d’argile 
du Jurassique

being overcome. Therefore structural deformations are pro- 

longed in time. The duration of adjustment may be considér

able even when the pores are incompletely filled with water, 

and even in the case when the water content is quite small (see 

Fig. 3). Fig. 3 has been drawn in accordance with the results 

of investigations carried out in oedometers : curve 1 illustrâtes 

the rate of consolidation of the prepared paste of Jurassic clay 

(liquid limit =  65, plastic limit =  30), and curve 2 illustrâtes 

the rate of consolidation of the powder with the moisture 

content 2 to 3 per cent.

Structural deformations may come to an end either as a result 

of the cohésion increase between particles due to  their getting 

doser to each other or because of the violation of condition 2. 

In the first case the strengthening of the soil takes place. 

As mentioned in the technical literature, both the absence of 

the increase of soil strength with increase of pressure (S e r g e e v , 

1951), and strength fall ( F o s t e r , 1953) as a  resuit o f cementing 

bonds failure, may be explained by the cessation of structural 

deformations that occurs because o f the violation o f condition 2.

The changes in the thickness of the films of bound water 

which take place due to the pressure changes are the cause of 

structural-adsorptive deformations. The possibility o f their 

appearance and their character (swelling or consolidation) are 

conditioned by the relationship between pressure at the contacts

and the adsorptive forces. In order to characterize quantita- 

tively elastic, structural and structural-adsorptive deformations 

the modulus of common deformation may be used ( Z i t o v i c h , 

1951). For unconsolidated clayey soils o r those which are soft 

the value of this modulus does not exceed a few tens of kg/cm2 

(moist loess). F or more heavily Consolidated clayey soils its 

value reaches some thousands kg/cm2 (argillites).

From  the facts stated above we can see that structural defor

mation can manifest itself if the following three conditions are 

observed simultaneously :

(a) The mass as a whole must be stable. This requires the

following expression to hold :

ci — < 2c ----- (3)

where and <r3 are the maximum and minimum principal

normal stresses and c is the soil cohésion.

(b) The second expression which must be observed is

t  > ci +  c2 ----- (4)

(c) Expression 2 must also be satisfied.

If  conditions 3 and 4 are satisfied but condition 2 is not 

observed then only elastic deformations are possible.

(r-0-25 kg/cm2 ir = /-0kg/cm2

o'-Okg/cm2 <r=0-75 kg/cm2 ir = 0kg/cm2

t h

Fig. 4 The change in the shear modulus G in the course of time t 
(hours) for a paste made of Cambrian clay, under stepped 
loading

Evolution dans le temps (heures) du module de cissaillement 
G d’une pâte d’argile du Cambien pour des charges 
appliquées par palier successifs

The détermination of the modulus in shear by means of the 

V N IIG  device allows the possibility of establishing the changes 

in the structural and mechanical properties of clayey soils 

which take place under increasing or decreasing extemal load

ing. The data given in Figs. 4 and 5 show that the shear 

modulus of clay pastes decreases at the beginning o f the loading 

period and then subsequently increases. The réduction of the 

modulus in shear is due to a thixotropic cause which is character- 

istic of coagulated structures in général ( M i k h a i l o v  and 

R e b i n d e r , 1955). The increase of the shear modulus in time 

may be due to the influence of thixotropic processes as well as 

to the increase of the cohésion

A substantial decrease in the shear modulus is observed when 

the load is removed; this is illustrated in Figs. 4 and 5. This 

proves the mechanical heterogeneity of clayey soils and pastes 

by virtue of which the adjacent particles experience unequal 

expansion when being unloaded. This is the cause of the rise 
of destructive stresses at particle contacts.

The breach of condition a necessary for the occurrence of 

structural deformation may be brought about by the pressure 

increase experienced by the soil as well as by the influence of a 

decrease of the cementing bonds.
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If  these bonds are made up of non-waterproof chemical 

compounds, as in loess soils, their destruction takes place with 

the increase of soil moisture. In  frozen clayey soils the ice 

plays the rôle of cernent and its thawing may lead to  structural 

deformations. Structural deformations (compaction or con

solidation) o f clayey soils and of loess in particular proceed 

with the simultaneous influence o f ail peptizing factors— 

pressure, water, etc. U nder these conditions the consolidation 

o f specimens in oedometers is illustrated by a concave curve in 

Fig. 6, curve 1, having a form of a hyperbola.

Com paction under incomplète influence of peptizing factors 

as, for example, the com paction of a  loess specimen of small 

natural moisture is illustrated by a convex curve, Fig 6, curve 2. 

The first curve begins somewhat above the second because the 

water saturation of loess specimens under low pressure is 

accom panied by some swelling. W ith the increase of pressure 

curves 1 and 2 intersect a t the point corresponding to  the 

pressure aa. W ith a further increase o f pressure the curves 

diverge, and under a pressure crb the distance between those 

curves becomes a  maximum.

The divergence of the curves shows the différence in the degree 

o f soil peptization which is considérable under the simultaneous

&-0-2 kg/cm2 cr=0-2 kg/cm2

<7ï0kg/cm2 tf^Okg/cm2 ^ O k g / c m 2

t — -  min.

Fig. 5 The change in the shear modulus G in the course of time t 
(minutes) for a paste made of Cambrian clay underloading 
and unloading periodically 

Evolution dans le temps (minutes) du module de cisaillement 
G d’une pâte d’argile du Cambien dans le cas de charges et 
décharges périodiques

action of pressure and water (heat) and rather small under the 

action of pressure alone.
U nder a  pressure less than ab its peptizing influence on soils 

o f low moisture is rather small and the initial part o f curve 2 

is very flat. A n increase of pressure above ab induces a greater 

peptization which makes curve 1 steeper.

Thus with the pressure increase the différence in compacting 

intensity of low moisture content and w ater-saturated loess 

soils decreases considerably and under a certain pressure ac 

curves 1 and 2 coincide.
The drawing together o f the compaction curves with pressure 

increase under différent moisture conditions, which is 

characteristic o f loess soils, fully conforms to that established 

for clayey soils. The influence of structure has been discussed 

by S c h m e r t m a n n  (1953) and the effect o f interchangeable 

kations by S a l a s  and S e r r a t o s a  (1953).

W ithin the range o f pressures A u =  ac — aa loess soils are 

under-compacted and on account o f this they are liable to 

subside. The under-compacted State is common with loess 

soils formed in a dry climate; frozen soils can also be in the 

same condition. The élimination of the influence o f the

cementing bonds by the action of water (in loess soils) o r o f 

heat (frozen soils) is the cause of subsidence.

The range of pressure A u  depends upon the absolute and 

relative mechanical strength o f the non-resistant-to-water bonds 

between the particles o f loess soils and upon the hydrophylic 

capacity of those particles. If  the mechanical strength of the 

bonds between particles is no t great, and is alm ost uniform 

within the volume of soil being deformed, then under a com- 

paratively small pressure nearly ail the bonds will be broken. 

The degree of peptization even under a small pressure will be 

a t a  maximum. A further increase o f moisture in such a soil 

cannot be the cause of increase in peptizing intensity and o f the 

appearance of subsidence. When the soil consists mostly of 

minerais with low hydrophylic capacity (quartz, feldspars, etc.) 

water cannot cause a réduction in friction between the particles. 

As a resuit, the value of A u  for similar soils may not be higher 

than 0-5 to 1-0 kg/cm2. The loess soils, where the cementing 

bonds between particles possess sometimes considérable 

strength, have quite différent properties. D uring an increase 

of pressure the peptizing intensity of such a soil will rise without

Pressu re , f f  - — »-

Fig. 6 The changes in the amount of compaction for loess speci
mens of différent moisture content 

Variation de la compacité en fonction de la charge pour deux 
échantillons de loess de teneurs en eau différentes

reaching the ultim ate value even under a rather high pressure 

(3 to  5 kg/cm2 and higher). U nder these conditions the in

crease of soil moisture will produce a  higher degree o f peptizing 

and additional compaction. In  the presence of hydrophylic 

minerais (illites, montmorillonite, etc.) a  réduction of friction 

will take place on account of water influence.

The range of pressures Au, within which the State o f under- 

compactness remains and the peptizing influence of water mani- 

fests itself, may be very large for such loess soils.

Until recently only the following types of loess soil were 

known in which ua is equal to 0-1 to 1-0 kg/cm 2; ab equal to 

3 to  5 kg/cm2 and <j c is above 8 to 10 kg/cm2. The looseness 

o f such soils, when serving as foundations for structures with a 

pressure 2 to 2-5 kg/cm2, is often close to the maximum and the 

subsidence of such structures with an increase of moisture is 

measured in tens and hundreds of mm. Quite recently some 

loess soils were discovered in which ua was close to zéro, ub 

was not more than 0-3 to 0-5 kg/cm2 and uc did not exceed 

1 kg/cm2.

The moisture increase of such soils may be the cause of 

additional subsidence of the structures built on them only
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when the pressure is less than 0-75 to 1-0 kg/cm2. Under 

greater pressures the peptizing action of water is not dis- 

played.
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