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Rheological Processes in Frozen Soils and Dense Clays

Procès Rhéologiques dans les Sols Gelés et les Argiles Denses

by S. S. V i a l o v , Candidate in Technical Sciences, Senior Research W orker, Frozen G round Research (Merzloto- 
vedenija) Institute of the U.S.S.R. Academy o f Sciences, Moscow 

and
A. M . Sk i b i t s k y , Civil Engineer, Research Division, Hydroproject, Moscow, U.S.S.R.

Summary

This report deals with the rheological laws of frozen soils and un- 
frozen dense clays. The laws were established experimentally. A 
hypothesis is given conceming the physical nature of the deformation 
of frozen soils and relationships are established between the stress, 
deformation and time for such soils; the condition for their limiting 
equilibrium is also considered. The creep of dense clays in shear is 
described and the deformation law of such soils in time is established.

P lastic soils, as is know n, are capable o f  changing their stress- 

strained State in  tim e. C ontinuous loads in such soils lead to  

creep and  loss o f  strength. T he present rep o rt deals w ith  the 

laws govem ing these rheological processes as applied to  frozen 

soils and  to  unfrozen dense clays. T he experim ental investi­

gations o f  frozen soils described in  §§ 1, 2  and  3 o f  the rep o rt 

(by S. S. V ialov) were carried  o u t a t  the F rozen  G round  R e­

search (M erzlotovedenija) Institu te  o f  the U .S .S .R . A cadem y 

o f  Sciences, while those o f dense clays, described in  §4 (by A. M . 

Skibitsky), were carried o u t a t the R esearch D ivision o f 

H ydroproject.

(1) Strain Characteristics o f Frozen Soils

Investigations o f  recent years (N . Tsytovich, M . G oldstein, 

V. Berezantsev, S. V ialov) have show n th a t rheological p ro ­

cesses a re  specially intense in frozen soils, due to  the presence 

o f  w ater in  the solid and  liquid phases.

V ery m any experim ents (over 1000) were carried o u t to  study 

these processes, including shear in  a  shearing appara tus, shear 

a long rods frozen in to  soil, rup tu re , com pression, and  inden ta­

tion  by spherical and  flat stam ps. The experim ents were 

carried  o u t w ith various soils, from  light sandy loam s to  heavy 

clays, a t différent tem pératures, w hich were, how ever, kept 

constan t during each experim ent.

T he results o f  som e o f the tests for creep in  shear (o f frozen 

in  rods) are  given in  Fig. la , w hich gives curves o f the defor­

m ation, y , tak ing  place in tim e, t, under constan t stresses, r .  

I t  can  be seen th a t depending on  the value o f  t  the  deform ations 

a re  o f  a  dam ping o r non-dam ping nature . D eform ations o f 

the la tte r type first develop a t  a  decelerating rate, passing after- 

w ards into a  stage o f  steady creep characterized  by a  constan t 

ra te  o f  deform ation  (plastic-viscous flow), represented by the 

linear section o f  the y / r  curve. F u rth e r developm ent o f  creep 

Ieads inevitably to  a  transition  to  the failure stage. The 

higher the stress, the sooner failure will occur. T he relation  

betw een the failure stress and  the tim e needed fo r failure to  

occur is show n in Fig. 1 b, w here r 0 is the instantaneous, and  

T® the continuous shear streng th . W ith  r  <  rœ  the strain  

practically  reaches a  lim it and  failure does n o t occur; w ith 

r  >  Too a non-dam ping  deform ation  arises, resulting  in failure.

A lthough  the classification o f  deform ations as dam ping and
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non-dam ping is som ew hat relative, slow  flow n o t being im­

possible even w ith  r  <  r œ, the u ltim ate  con tinuous strength 

m ay be regarded as a real characteristic  since such slow flow 

is o f  very little practical im portance. M oreover, this character­

istic should be accepted as the relevant one in  calculating the 

continuous load-carrying capacity  o f  soils.

T he reality  o f  the u ltim ate  con tinuous strength  w as con- 

firmed by rup tu re  tests, in  w hich ail loads <x, greater than 

0-085 <t0 (w here cr0 is th e  u ltim ate in stan taneous strength) re- 

sulted in  failure ; the load  «r =  0-085 cr0, how ever, d id  n o t result 

in  failure, though  the sam ple was u nder test fo r over 4 vears 

(Table 1).

Table 1

a (in % o f  

°o)
100 50 30 25 2 0 13

1

10 j 8-5

Time be- 
fore 
failure

9
sec

3
min

5
hours

4
hours

24
hours

140
hours

766 j No 
hours ' failure

I t  is characteristic  th a t the process o f  relaxation  takes quite 

a  long tim e, bu t the m ain  d rop  in  strength  occurs during the 

initial com paratively sh o rt period.

T he following hypothesis (V i a l o v , 1955) is given to  explain 

the physical na tu re  o f  the rheological processes in  frozen soils.

A ccording to  T s y t o v i c h  and  o thers (1937, 1954, 1955,1956) 

the streng th  o f  these soils depends on  their inner bonds, i.e. 

on  the forces o f  cohésion betw een the soil com ponents, viz. the 

m inerai particles, the ice and  the unfrozen (bound) water.

In  unfrozen soils, cohésion consists (according to  N . Denisov) 

o f: ( 1) in term olecular cohésion, due to  the forces o f  attraction 

betw een solid particles separated  by films o f  bound  w ater and 

depending on  the density o f the soil, and  (2 ) structu ral cohésion, 

w hich is a  resuit o f various processes tak ing  place in  the soil 

during its fo rm ation  and  is elim inated w hen the structure o f the 

soil is d isturbed. In  frozen soils a  th ird  type o f  cohésion is 

m ost im portan t, nam ely, cohésion due to  ice cementation. 

This com ponent o f  cohésion is the least stable, varying as it 

does in accordance w ith soil tem pérature  fluctuations, and dis- 

appearing w hen the soil thaw s.
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A  load applied to  a  frozen soil leads (T s y t o v i c h  and  S u m g i n , 

1937) to  a  concen tra tion  o f  stresses a t  th e  po in ts o f  con tac t 

between the solid particles, resulting in  a  d isturbance o f  the 

equilibrium betw een the film w ater an d  the ice, and  in the 

melting o f  the la tte r. U nder th e  action  o f  th e  stress gradient, 

the film m oisture, w hich increases due to  th e  thaw ing o f  the ice, 

migrâtes to  a  zone o f  low er stress, w here it freezes again. This 

is accom panied by a  squeezing o u t o f  the a ir and  plastic  flow o f 

the ice. These phenom ena have been established (V i a l o v , 

1955) experim entally (Fig. 2). T he m elting and  flow o f  ice is

l .

(«)

t .

Cb)

(V i a l o v , 1955), do  n o t obey the laws established fo r idéal elasto- 

plastic viscous bodies, particu larly  K elvin’s law  o f  after-effect 

an d  M axw ell’s law  o f  relaxation. T his discrepancy em anates 

from  th e  very physical na tu re  o f  the above phenom ena an d  is 

due to  volum e changes in  the soil and  to  variability  o f  its 

rheological p roperties. F o r  instance, the variability  o f  the 

relaxation  period  tr is evident from  the fact th a t w hen plo tted  

to  a  sem i-logarithm ic scale the experim ental po in ts clearly fall 

o n  a  curve, while according to  th e  relaxation  équation  ex- 

pressed as

loge
T q —  Too

these points should form  a straight line.

logef —♦  min

W

Fig. I Creep curves for frozen soil (a) and continuous strength 
curves in ordinary (b) and logarithmic (c) coordinates 

Courbes de fluage du sol gelé (a); courbes de résistance; 
coordonnées ordinaires (b) et coordonnées logarithmiques 

(c)

accom panied by a d isturbance o f  the structu ral bonds o f  the 

soil, i.e. by a  w eakening o f  the structu ral and  ice-cem entational 

cohésion. A t the sam e tim e the m olecular cohésion increases 

due to the d o se r  packing o f  the solid particles, and  the ice- 

cem entational bonds are renew ed as a  resuit o f  reconstruction  

of the ice structure.

If  the strengthening o f  the bonds prédom inâtes over their 

weakening, the deform ation  is o f a  dam ping natu re . If, how- 

ever, the w eakening is n o t com pensated  fo r by strengthening, a 

non-dam ping deform ation  develops, resulting in  failure. 

Rheological processes in  soils, as experim ental da ta  show

Cb)

Fig. 2 Pressing a plate into frozen soil : (a) visible ice inclusions 
formed at the boundary of the stressed zone as a resuit of 
melting and squeezing out of the ice ; (b) puncture of the 
ice layer by the dense core 

Pénétration du coin dans le sol gelé: (a) inclusions de glace 
visibles formées à la limite de la zone contrainte en con­
séquence de la fusiori et du serrage de la glace; (b) en­
foncement d’une couche glaciale par le noyau consolidé

(2) R elation between the Stress, S train  and R ate  o f Flow of 

Frozen Soils

T he deform ation  o f frozen soils a t  a  given m om ent o f  tim e 

is the sum  o f the recoverable and  unrecoverable parts  (Fig. 3a). 

T he form er is directly p ropo rtiona l to  the stress; the la tte r is 

related to  the stress by a pow er dependence (V i a l o v , 1956).

=  —  +  [ — 
G(t) ^  [A '(t)

I/o'
. . . .  (1)

Since b o th  the unrecoverable and  the recoverable deform a­

tions develop in  tim e, the shape o f the y /t  curves will also depend 

on  the d u ra tion  (A i) o f the loads (Fig. 3a), w hich is reflected 

in  the variability  in  tim e o f  the param eters A ' and  G: w ith 

0 <  t <  oo, A 0 >  A '( t) >  Aco and  G0 >  G(t) >  Gœ.
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T he effect o f  the recoverable deform ation  on  the shape o f  the 

to ta l deform ation  curve is relatively small, and  therefore it m ay 

be accepted th a t

r  =  A (t)y“ ----- (2)

where the coefficients A  and  a  differ num erically from  A ' and  a ' 

in  équation  1 .

F o r  a  num ber o f  soils (especially a t low  tem pératures) 

a  =  1 and  the équation  becom es r  =  Gx(/)y, where 

(j v =  G +  A.

T he tru th  o f  équation  2 is confirm ed by the fact th a t the curves 

straighten  o u t if  p lo tted  in  logarithm ic coordinates (Fig. 3b). 

H ow ever, w ith stresses exceeding the yield po in t t s  this rela tion  

loses its validity, as is proved by the bend in  the y / r  curves in 

the logarithm ic graph. I t  can  be seen from  Fig. 3b th a t each 

t  has its ow n p o in t o f  inflection; hence, the yield p o in t is a  

variable depending on  the tim e o f  loading o r action . T he lim it 

values are lim  t s =  r 0 and  lim  t s =  t& .
r - *  o  f — î- c o

(a)

(W

Fig. 3 Stress versus deformation : (a) division of the total deforma­
tion (S) into recoverable (1) and unrecoverable (2) deforma­
tions; (b) stress/strain curves with At equal to: (J) 1 min, 
(2) 1 h, ( i)  24 h, (4) 120 h, f5) 240 h 

Rapport entre l’effort et la déformation : (a) division de la 
déformation totale en déformation irréversible et la 
deformation réversible; (b) courbes effort/déformation 
pour At égal à: (J) 1 min, (2) lh , (3) 24 h, (4) 120 h, 
(J) 240 h

F o r r  >  Tœ plastic  viscous flow occurs; the relation  betw een 

the ra te  o f  th is flow and  the stress (w ithin a definite range o f  the 

latter) is given (V i a l o v , 1956) by the équation

- • • • « >

F o r plastic soils the param eter jS =  1, and  then  équation  3 

becom es the B ingham -Schw edoff équation  (Fig. 4).

R e tum ing  to  Fig. 3b, it should be no ted  th a t the poin ts o f 

inflection o f  the y / r  curves fo r ail t lie on  a  com m on vertical. 

T his m eans th a t th e  flow is in itiated  n o t by the m agnitude o f  

the stress, inasm uch as t s  =  f(r), b u t by the deform ation  reach- 

ing a  certa in  critical value y i  n o t depending on  the tim e factor. 

T aking in to  considération  th a t developm ent o f  the flow leads 

to  failure, the above condition  y  =  y 1 =  constan t m ay be 

regarded as the first criterion  o f strength.

T he second criterion  o f  strength, w hich characterizes the 

beginning o f  th e  failure stage, is the atta inm en t by the deform a­

tion  o f  a new  lim it value y  =  y 2 =  constant.

(3) Deformation and Strength Loss of Frozen Soils upon 
Continuous Shearing

T he developm ent o f  deform ation  w ith tim e m ay be described 

by the intégral équation  o f  V o lterra-B o ltzm an  as interpreted 

by Y . R abo tnov  and  M . Rosovsky, w hich m akes it possible to 

take  in to  account the non-linearity  o f  the y / r  re la tion  and  the 

variability  o f  the relaxation  tim e.

A  dam ping deform ation  is the sum  o f  the instantaneous 

deform ation  and  th a t developing in  tim e. F ro m  Fig. 3b it 

follows th a t the in stan taneous defo rm ation  obeys H o o k e’s law, 

while th a t developing in  tim e obeys the pow er law  (T s y t o v i c h  

and  S u m g i n , 1937), the y / r  curves fo r ail values o f  t  except 

t ->  0  being sim ilar (the stra igh t lines loge y/loge t  a re  parallel). 

H ence the deform ation  a t  any  m om ent o f  tim e is p roportional 

to  a  fonction  o f the stress <j>(r) =  Tx>a.

O n th e  basis o f  the above, the defo rm ation  a t the m om ent of 

tim e t, caused by a  stress varying in tim e according to  the law 

r(z ), will be equal to

y  =  r/G 0 +  f  K (t -  z)<f>[r(z)]dz -----  (4)
J o

Fig. 4 Stress versus rate of plastic-viscous flow in frozen soils

Rapport entre l’effort et la vitesse de l’écoulement plastique- 
visqueux pour les sols gelés

With a constant stress the équation takes the form

y  =  yo +  t 1/” f K (t)d t —  (5)
J  o

where

m  =  [lM (r)](dy/dO  

is a function of the creep, i.e. of the rate of deformation with 
r  =  1 .

For soils the above function is of a hyperbolic character. 
Its simplest form is (after Boltzmann) : K (t) =  B jt. As will be 
shown in §4, this relation also describes well the time deforma­
tion of dense unfrozen clay. For frozen soils a more général 
expression may be employed

K{t) =

where B, m , n are parameters equal to m  =  0-3 and n =  0-2 hr_1 
for one of the soils investigated (sandy loam at a température
e = -  o-4° c.).

A comparison of the experimental data with the results of 
calculations made by the formula accepted for the experiment 
mentioned is given in Table 2.

Non-damping deformation can be expressed by means of 
équation 4 if we add a term for the plastic-viscous flow.

When r  =  constant we get

y  =  y 0 +  rV» \ tlK (t)d t +  - { r  -  roo)P(? - h )  . . . .  (6) 
J o V

where is the time required for the deformation to attain its
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Table 2

Rate of seulement ( V mm/hours) of a loaded plate 

Vitesse de tassement ( V mm/heure) d'une plaque chargée

/ £  h o u r s

0-25 0-51 1-0 2-0 3 0 4-0 | 5-0 6-0 7-0

Theory
Experiment

0-223
0-250

0-132
0-140

0-073
0-075

0-037
0-035

0-023
0 -0 2 2

0-015 0-0 1 0  

0-015 0-013
0-008
0-011

0-006
0-008

limiting value y t ; this tim e is as high as 100 to  500 hours for 

frozen soils.

For a  num ber o f cases it m ay be assum ed th a t a  =  /? =  1.

Now let us consider the law  governing the strength  loss o f 

frozen soils. F ro m  Fig. le  it  can  be seen th a t continuous 

strength curves straighten  ou t if  plo tted  in  the form  1/ r  against 

l o g e H e n c e ,  the re la tion  betw een the failure stress and  the 

duration o f its action  can be expressed by the form ula

T */r =  loge tlt*  . . . .  (7)

where r*  and  t* are param eters, an d  fo r one o f  the exam ples 

in question (Fig. le) r*  =  31-9 kg/cm 2 and  t* =  6-5 x  10-6  

hours.

I t should be noted  th a t the above relation  (o f G la th a rd  and  

Preston) corresponds ( N a d a , 1950) to  the second strength  

criterion considered above.

The ultim ate  con tinuous streng th  corresponds to  a  certain  

sufficiently large tim e value f„, a fter w hich the loss in  strength 

is so small th a t it m ay be neglected in  practice.

Too =  T*/l0ge (t„lt*)

For instance, in  the above exam ple (Fig. le ) the experi- 

ment gave tco =  1-35 kg/cm 2, w hich corresponds to  

tn =  115,000 hours. I f  we take tn =  50 o r 100 years, the value 

of t  falls only to  r ^0 =  1 -28 and  t i 00 =  1 -26 kg /cm 2 respec- 

tively.

The cond ition  o f  lim iting equilibrium  o f  frozen soils, w hich 

détermines the ir stability  under local load , is characterized 

(T s y t o v i c h  et al., 1954, 1955, 1956) by the relation

t , =  c, +  a  tan  <f>, . . . .  (8)

which differs from  the C oulom b équation  in  the variability o f 

the param eters c =  fi(r) and  <f> =  f2(f). T he m axim um  values, 

c0 and <j>o, correspond  to  the instan taneous shearing strength, 

and the m inim um  values, e® and  4>œ, to  the continuous shearing 

strength. I t  is the la tte r strength  param eters th a t determ ine 

the stability o f  frozen soils under local load.

Experim ents have show n th a t the failure o f  frozen soils w hen 

a plate is pressed in to  them  is n o t due to  upheaval o f  the soil, 

but to  its being pushed ap a rt by the densified core under the 

plate (Fig. 2b) and  to  the appearance o f  plastic viscous flow. 

The load w hich causes this is the u ltim ate load. Its value can 

be determined (V i a l o v  and  T s y t o v i c h , 1956) by th e  form ulae 

of the theory o f  plasticity if  allowance is m ade for the relaxation  

properties o f  soils*.

(4) Shear Deformation of Unfrozen Dense Clay with Time

Rheological processes, as is know n, take place also in u n ­

frozen plastic soils. In  th is case investigations show th a t the 

type o f deform ation  varies appreciably, depending on  the soil 

density.

For weak clay w ith a  h igh  m oisture content, the m ain  type o f 

deformation is plastic-viscous flow and, according to  G e u z e  

(1953), this stage is observed as early  as flve hours after app li­

cation o f the load. In  the case o f  dense clay, how ever, which

* For more détails see report b y  N. A. T s y t o v i c h  in this volume.

has a m uch higher cohésion and  contains w ater only in  a 

bound state, experim ents w hich will be described below  have 

show n a  différent relationship  to  exist. Creep a t a  decreasing 

rate, w hich is fairly im portan t in  frozen soils, is a  factor o f  con­

sidérable significance in  unfrozen dense clay.

D irect shear tests were m ade on  T ertiary  clay o f  natu ral 

structure taken  from  a  dep th  o f  ab o u t 50 m ; the thickness o f 

overlying form ations was as large as 2 0 0  m  in  the geological 

past.

T he clay was o f  the beidellite-m ontm orillom te type w ith C a 

predom inating  am ong the absorbed  cations. T he con ten t o f 

chlorides and  sulphates was up  to  0 -6  per cent, carbonates up  

to  0-5 per cent, and  am orphous silicic acid ab o u t 1 per cent. 

T he granulom etric com position  was : sand up  to  1 per cent, silt 

37 per cent, clay 62 per cent. U p  to  70 per cent o f  the clay 

com ponent consists o f  colloidal particles (diam eter less th an  

0-22 m icron). T he m oisture con ten t o f  the clay in  its na tu ra l 

condition  was w =  34-0 ±  1 per cen t; L L  =  73-5 per cent; 

P L  =  34-5 per cent. T he degree o f  w ater sa tu ra tion  S„ =  0-98.

The shear stresses used in  the experim ents were 0-3, 0-5, 0-7 

and  0-9 o f  th e  standard  streng th  t j  o f  the clay as m easured by 

conventional sho rt du ra tio n  tests, w ith an  average shear load 

incrém ent tim e o f  ab o u t 1 h ou r. W ith  a  norm al stress o f 

7 kg/cm 2 the average streng th  w as 2-75 kg/cm 2.

Time, l day

Fig. 5 Creep curves of dense (unfrozen) clays

Courbes de fluage pour d’argiles denses, non gelées

T he graph  in  Fig. 5 shows th e  observed displacem ents w ith 

tim e. T he displacem ents were m easured from  the sta te  o f 

deform ation  reached a t the end o f  the incrém ent period o f  the 

shearing load.

In  the course o f  the 2-5 m onths’ observations show n on  the 

graph  the deform ation  o f  the test specim ens e ither stabilized 

(0-3 Tf, 0-5 T f  and  0-7 t / )  o r  resulted in  failure (0-9 t j ).

T he to ta l displacem ent a tta ined  a t the end o f  the experim ent 

fo r 0-7 Tf,  including the displacem ent during the tim e o f  apply- 

ing the shear load, was 0-735 mm , com pared to  1-470 m m  in 

the experim ent w ith 0-9 17-, w hich caused failure o f  the sam ple. 

F ailu re  w as observed a t 0-9 ry  in the o th er T ertiary  clays which 

have been investigated.

T he results o f  the experim ent show, therefore, th a t there 

exists a  certain  shearing stress Too <  ry, which, under given 

conditions o f  loading, m ay be called the u ltim ate  continuous 

résistance o f  dense clay. W ith r  <  rœ  the deform ation 

stabilizes and  w ith t  >  r œ the deform ation  leads to  failure.

I t  is a  characteristic feature th a t b o th  stabilization o f  the 

deform ation  and  failure o f the specimens were preceded alike 

by decelerated creep w hich did n o t change into continuous flow.

I f  the creep curves ob tained  are p lo tted  on  a  sem i-logarithm ic 

coord inate  system  (Fig. 6 ), it can  easily be seen th a t they are 

quite satisfactorily described by an  équation  o f the type

y  =  a +  b Iog10 t  -----  (9)
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i.e. they obey the logarithm ic relationship  established by 

K e v e r l i n g  B u i s m a n ’s  ‘secular law ’ (1936).

F ig. 6  also show s the vertical settlem ent observed in  the 

specim ens studied. I t  can  be seen th a t these settlem ents were 

insignificant and  stabilized quickly. H ence it is concluded th a t 

th e  settlem ents have little effect on  the horizon ta l displacem ents.

T he la tte r circum stance, as well as the failure o f  the dense 

clay specim ens in  th e  process o f  deform ation  described by 

éq ua tion  9 , justify  the extension o f  B uism an’s law  to  shearing 

deform ations in  the absence o f  densification. Such an  ex ten­

sion  was h in ted  a t by G e u z e  (1 9 4 8 ).

Time day Time day

Fig. 6  Creep curves of dense clays in y versus logio t coordinates 

Courbes de fluage d’argiles denses

E q ua tion  9 m ay be regarded as a  particu lar case o f  th e  m ore 

général équa tion  4. The conditions o f  creep corresponding to 

équation  9 are  characterized by the follow ing relations :

d y  b 1 j  v2 b ̂
v =  t : =  ;------and  =  — i------ t k  =  C onst.

d f loge 10  t dv/dt  loge 10

w hich describe the core o f  équation  4.

T able 3 show s the values o f the coefficient b in équation  9, 

according to  the results o f  o u r experim ents.

Table 3

t / t / b TlTf b

0-3 35 p 0-7 35[i.

0-5 40|i. 0-9 55|z

T he d a ta  o f  this table do n o t confirm  the idea o f  the propor- 

tionality  o f  the coefficient b to  the applied load, and  the 

question  o f the na tu re  o f  th is coefficient requires fu rth er study.

I t  should  be m entioned th a t in  the ir tim e P o k r o v s k y  and 

N e k r a s o v  (1934) suggested an  équa tion  o f  the form: 

e =  ix loge (pt  +  1) t 0  describe secular settlem ent. In  this 

équation , the déduction  o f  w hich is based on  the enthropy 

principle, the coefficients /jl and  p depend entirely o n  the initial 

ra te  o f  deform ation, i.e. n o t so m uch o n  the m agnitude o f  the 

load as on  the conditions u nder w hich it is increased.
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