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The Investigation of Mechanical and Hydrological Properties 

of Soils Based on Surface Tension Forces Consideration

L’étude des propriétés physiques et hydrologiques des sols basée sur la considération des 

forces superficielles

by P rof. S. V. N e r p i n . D r o f  Technic. Sci., H ead o f  the C ha ir o f  the In stitu te  o f  W ater T ra n sp o rt 

and

Prof. B. V. D e r j a g u i n , C o rrespond ing  M em ber o f  the U SS R  A cad. Sci., D r o f C hem . Sci., H ead  o f  the L ab o ra­

to ry  o f  Surface P henom ena

Summary

The au th o rs  consider th a t the study  o f soil m echanics is 

inadequate:, and  that it is necessary to  m ake allowances fo r the 
m echanical properties o f soil and the m echanism  involved.

An account is given o f surface tension effects in con tact zones 

between the soil particles and in w ater film interfaces. The 
au tho rs try  to  relate chem ical and m orphological peculiarities 

of separate  soil particles to the behav iour o f the soil whilst 

under load, during  the period of unloading, under shear load 

and when w ater is percolating  th rough t it.
T he use o f scale m odel research on disc-shaped particles is 

considered.
R esults o f perco lation  studies on soils having different m oisture 

contents are given as well as an exp lanation  o f percolation  an o ­

malies observed during w ater filtration th rough  clay  stra ta .

Introduction

M odern experience in the build ing construction  indicates 

th a t the present study  o f soil m echanic is no t longer adequate 

and  tha t a  m ore detailed investigation  is necessary o f the 

m echanical properties o f soils and  of the m echanism  o f the 

processes w hich take place in them .

T he m echanical p roperties o f soils depend to  a considerable 

extent on the natu re  o f the particles, their shape and  size, 

bu t bo th  the degree and the na tu re  o f these differ substan tia lly  

in various soils.

This paper deals w ith highly dispersed system s, the p roper­

ties o f which depend m ainly  on surface phenom ena.

Interaction between solid particles immersed in a liquid

To give a correct estim ate o f the significance o f different 

factors in determ ining the various properties o f soils it is 

necessary to  exam ine the in teractions betw een separate  

particles which statistically  account for the m echanical p ro ­

perties o f the to ta l system.

The role o f various kinds o f forces acting in the zones o f 

con tac t between particles varies according to the distance 

between their surfaces. W hen the surfaces com e in to  direct 

contac t there will arise elastic forces o f resistance to tension, 

com pression and  shear. A t larger distances these forces d isap­

pear, but the effect o f the closeness o f the interphase surfaces 

m ay m ake itself felt up to  distances o f the order o f 10-5 to 

10 4 cm.

Sommaire

Ce rap p o rt signale l’insuffisance de la m éthode descriptive 

adop tée  dans certaines recherches de m écanique des sols et 
la nécessité d 'é tu d ie r l’origine de leurs p ropriétés m écaniques 
et les m écanism es correspondants.

Les auteurs m ontren t que l’analyse de l'action  des forces 
superficielles dans les zones de con tact des particules du sol 

entre  elles et en tre  les particules du sol et les filtres d ’eau inter­

posés perm et de relier les particu larités chim iques et m orpho­

logiques des particules au  com portem ent du sol lors de la charge, 
de la décharge, du glissement et de la filtration  de l’eau à travers 
ce sol.

Ils é tudient le processus de conso lidation  d ’un m odèle de sol 

constitué  pa r des particules en form e de p laques et de disques.

Ils donnent les résultats des recherches sur la filtration p o u r 

différentes teneurs en eau, de m êm e que l’explication  des anom alies 
de filtration à travers les sols argileux.

Closeness o f the boun d ary  surfaces changes the chemica. 

potential ji. in the th in  liquid layers separating  the particles, 

and it becomes unequal to  the chem ical po ten tia l in the liquid 

bulk :

F + P V

where F  is the free energy, P, the pressure, V, the volum e 

and N, the num ber o f gram -m olecules in th a t volume.

A pparen tly  the condition  o f therm odynam ic equilibrium  

¡j. =  const can  be restored  by appling a certain  load of 

intensity  P (Fig. 1) to  the particles. In  this case the following

P

P

Fig. 1 The d isrup ting  pressure in a system  of parallel disk­

like particles.

Les pressions interfaciales dans un systèm e de particules 

lamellaires.
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cond ition  o f equality  between the chem ical potentials in the 

layer and  in the bulk [i0 can be w ritten :

V-+PV

N (¿o-

w hence :

P =
Ho

w here : Vm is the m olecu lar volum e.

W hen fi0 >  [X, the ex ternal load  m ust act in the direction 

indicated  in the figure to  secure equilibrium , and  therefore in 

th is case the system  o f particles is capable o f causing a swelling 

pressure based on the d isjo in ing action  o f th in  layers first 

d iscovered by one o f us [1] and  investigated in several stu ­

dies. [2],

It was subsequently  show n th a t the d isjo in ing  pressure 

is an  in terphasal pressure d rop  a t the b o u n d ary  o f a thin 

layer to  the L aplacian pressure d rop  on  an in terphasal sur­

face, bu t depending on  the layer thickness instead o f  the 

surface cu rvatu re  [3].

In  the general case the d isrupting  pressure is determ ined 

b y  forces o f a variable nature .

T he difference between the chem ical po ten tia l in the layer 

separating  the particles and  its value in the bulk  is due, first 

o f all, to  the existence o f d istan t ac tion  m olecular forces 

w hich com e in to  p lay w hen the tw o phases are separated  by  a 

layer o f  sm all thickness. A  stric t theo ry  o f m olecular in terac­

tion  betw een m acroscopic bodies was developed in recent 

years by  E. M. L i f s h i t z  [4], The au thors dem onstrated

[5] th a t the chem ical po ten tia l in a  layer separating  two 

bodies can  be expressed approxim ately  by the relationship  :

A
Ht =  HO +  ¿3 (2)

H = H o  —  k T ( C —  C0)Vm , (3)

sm all h —  value w ith respect to  the thickness o f  the ionic 

atm osphere [7]:

( 1) where
H =  Ho —  -B//'2

here, in  add ition  to  the previous no ta tions, z =  electrovalence 

o f coun ter io n ; D =  dielectric p e rm eab ility ; e =  e lectron 

c h a rg e ; ¡3 =  num erical coefficient depending on  the valency 

ra tio  o f the two ions.

T he th ird  factor determ ining inequality  o f the chem ical 

po ten tia ls in  the bulk  and  w ithin a th in  layer, is the specific 

physical state o f p o la r liquids near boundary  surfaces.

I t  has been dem onstrated  experim entally  [8] th a t the solvate 

layer, possessing a specific structure , has a sharp  boundary  

w ith the rest o f  the liquid, and  m ay  be regarded as a specific 

boundary  phase. A s phase equilibrium  occurs on ly  a t a  def­

inite thickness o f the boundary  layers, the chem ical poten tia ls 

a round  such a layer a t o ther thicknesses will be unequal to  

th a t in the bulk. T hus, when the particles are b rough t together 

to  distances less than  twice the thickness o f the b oundary  

layers there will arise a d isrup ting  effect analogous to  the 

action  o f an  adso rp tion  m onolayer o f surface-active substances 

T he value o f  the d isrup ting  pressure will then  be expressed by 

the relationsh ip  :

P, =
Ho — He

(4)

w here A  —  is a constan t depending on  the surface energies o f 

the approaching  bodies. F o r tw o identical bodies the constan t 

A  is p ropo rtiona l to  the surface energy value a  a t the in ter­

phasal boundary . F o r approaching  bodies o f various na tu re  

it is p ropo rtional to  the value Ztcr =  ct1_3 — (c1_2 +  ^ 2- 3) 

w hich m ay  be positive o r negative.

T he second factor causing the inequality  o f chem ical po ­

ten tia ls is the existence o f equilibrium  ionic atm ospheres a t 

the partic le  surfaces.

As was show n a t an  earlier date [6], the disjo in ing  pressure 

effects arising due to this factor m ay  be o f different signs. 

B ut if the charges on  the approaching  surfaces are equal 

th e  effect is alw ays th a t o f repulsion. In  this case the fo llo­

wing expression m ay  be w ritten  for the chem ical po ten tia l 

o f the solvent m olecules in  the layer :

where fi0 and  [ic are the chem ical potentia ls in the bulk an d  in 

the boundary  solvate  layer, respectively.

U nfortunate ly , the presen t-day  theo ry  o f the liquid  state 

does n o t yet allow  quan tita tive  determ ination  o f the value \ic.
T he na tu re  o f the forces o f in teraction  betw een the particles 

is show n in Fig. 2 ;  section a-b characterizes elastic forces. 

Fig. 3. shows the curves o f in terac tion  betw een particles.

w here : \j. is the chem ical po ten tia l o f  the solvent molecules 

in  the bulk  o f the liq u id ; ¡j l 0 , the ionic concen tra tion  in  the 

b u lk ; C0, the ionic concen tra tion  in the p lane o f  sym m etry 

o f  the layer (a t this po in t the cond ition  E  =  0 is fulfilled, 

E  being the electric f ie ld ); T, the absolute tem p e ra tu re ; k, 

the  B oltzm an constant.

In  the above expression C  =  — , w here nn and  n are res-
n

pectively the ionic and  m olecular concen trations o f the sol­

ven t in the so lu tion , in  molecules per cubic centim eter.

In  the general case the factor \±{h) can  be found  in the p a ra ­

m etric form  ; how ever, for several cases the chem ical po ten tia l 

in the layer can  be expressed directly  th rough  the layer 

thickness [2]. F o r  exam ple, w ith relatively  large values o f the 

potential a t the boundary  surface (41 >  100 mv) and  a

Fig. 2 The particle interaction :
1) Molecular forces ;
2) The forces of electrostatic interaction of ions ;
3) Forces due to the interaction of solvate layers.

Interactions mutuelles des particules :
1) Forces moléculaires ;
2) Forces provenant des interactions électrostatiques

des ions ;
3) Forces provenant des interactions des couches

de solvation.

C urve I corresponds to  the case w here after d isappearance 

o f  the forces o f  elastic repulsion the po lecular and  ionic 

e lectrostatic forces give rise a t all d istances h to  an  a ttrac tion  

effect betw een the particles. Such particles are in  an aggregated 

sta te  and  on ly  a change o f the dispersion m edium  (including 

such a  change due to  the in troduction  o f exchange ions into 

the solu tion) can a lter their state.

C urve I I  refers to the case w here repulsion forces acting 

a t large distances pass, w ith decreasing distance, in to  a ttrac tion  

forces, up to  the appearance o f elastic repulsion forces. T his 

case m ay  be considered to  include a system  consisting  o f 

kaolin ite particles, w hich possesses lim ited swelling pow er.
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Fig. 3 T he C urves o f ré su ltan t in teraction  o f particles. 

In teractions m utuelles des particules.

C u rv e s  I I I  a n d  IV  c h a ra c te riz e  sy s tem s in  w h ich  v a rio u s  

k in d s  o f  re p u ls io n  fo rces p re v a il  a t  a ll d is tan ces . C u rv e  IV  

refers to  th e  case  w h ere  th e  re p u ls io n  effect c au sed  n o t  o n ly  

b y  io n o -e lec tro s ta tic  in te ra c tio n  fo rces, b u t  in  a d d itio n  b y  

forces o f  m o le c u la r  in te ra c tio n  in  th e  d isp e rs io n  m ed iu m .

A ll th e  c u rv es  be tw een  I I I  a n d  IV  c h a ra c te riz e  m in e ra ls  o f  

th e  m o n tm o rillo n ite  ty p e , c a p a b le  o f  u n lim ite d  sw elling , u p  

to  b re a k d o w n  in to  e le m e n ta ry  p ack e ts .

T h e  s ta tis tica l d is tr ib u tio n  o f  p a rtic le s  in  so ils  a cc o rd in g  

to  m in e ra lo g ica l c o m p o s itio n  m a y  lead  to  s im u lta n eo u s  

ex is ten ce  o f  a ll th e  fo rm s  o f  in te ra c tio n  in d ic a te d  a b o v e  ; b u t  

th e  p ro p e rtie s  o f  a n y  g iv en  soil m u s t d e p en d  o n  th e ir  in te r ­

re la tio n .

A lo n g  w ith  th e  ac tio n  o f  th e  su rface  fo rces d iscussed  

ab o v e , cem en tin g  o f  th e  p a rtic le s  m a y  o c cu r d u e  to  th e  p las tic  

p ro p e rtie s  o f  th e  lay e rs  se p a ra tin g  th em . F o r  th e  case  o f  flat 

p a rtic le s  th e  a d h e s io n  fo rce  p e r  u n i t  a re a  is ex p ressed  b y  [9]:

C
P t  =  -  (5)

h

w here  C  is a  c o n s ta n t  d e p en d in g  o n  th e  fo rm  o f  th e  c o n ta c t 

a re a  a n d  th e  u ltim a te  sh e a r  s tre n g th  t 0 o f  th e  liq u id  in  th e  

lay e r se p a ra tin g  th e  p a rtic le s .

T h e  c a p illa ry  fo rces ac tin g  b e tw een  p a rtic le s  h a v e  been  

s tu d ied  b y  m a n y  a u th o rs . F o r  th e  case  o f  tw o  sp h e rica l p a r ­

ticles o f  e q u a l size, th e  fo rce  a c tin g  a t  a  single  c o n ta c t g row s 

w ith  d ec reas in g  m o is tu re  c o n te n t,  ten d in g  to w a rd s  th e  v a lu e  :

/  =  I t z gR  (6)

w here  a is th e  su rface  e n e rg y  a t  th e  w a te r-a ir  in te rface  a n d  R  

is th e  ra d iu s  o f  th e  sp h e rica l p a rtic le s .

C o n sid e rin g  th e  p ro je c tio n s  o f  a ll th e  in te ra c tio n  fo rces 

o n  a  n o rm a l to  th e  c ro ss  sec tio n , a n d  re fe rrin g  th em  to  1 c m 3 
o f  its a rea , w e c an  w rite  th e  e q u ilib riu m  c o n d itio n  as :

? + 9« + 9» + ?t i  = ® ’ • • • • (7)

w here  q e x te rn a l l o a d ; q m =  m o le c u la r  e la s tic ity  f o r c e s ; 

qv =  lo n g  ra n g e  a c tio n  forces ( in c lu d in g  th o se  o f  m o lecu la r 

o r ig in ) ; qc =  c a p illa ry  f o r c e s ; q~c — p las tic  re s is tan ce  to  

a p p ro a c h m e n t ( + )  a n d  d e p a r tu re  (— ) o f  th e  p a rtic le s .

T h e  c o n d itio n  o f  sh e a r s tre n g th  o f  th e  soil c an  be w ritte n  as :

t  <  (?  +  gm,c +  ?„  +  +  etf "0 tg  9  (8)

H e re , b esides th e  a b o v e  n o ta t io n s , t  is th e  sh e a rin g  s t r e s s ; 

qnuc is th e  m o le c u la r  tensile  s tre n g th  o f  th e  c o n ta c ts  ; cp is th e  

ang le  o f  in te rn a l fr ic tio n  in  th e  s o i l ; e is a  co-efficient sm alle r 

th a n  u n ity , ta k in g  in to  a c c o u n t th e  p o ss ib ility  o f  sh e a rin g  to  

fu ll d e v e lo p m en t o f  p las tic  a d h e s io n  forces.

Compression properties of clay soils

I f  o n  re d u c tio n  o f  lo a d , th e  d is ru p tin g  p re ssu re  ten d s  to  

re tu rn  th e  sy s tem  to  its in itia l s ta te  * th e  m o le c u la r  b o n d s  

a t  th e  p o in ts  o f  d irec t c o n ta c t be tw een  th e  p a rtic le s  (cu rv es  I 

a n d  I I  in  F ig . 3), as w ell as th e  p las tic  ad h es io n  fo rces, w ill 

h in d e r  sw elling  o f  th e  so il w hen  th e  lo ad  is red u ced .

C o n s id e rin g  th e  in te ra c tio n s  be tw een  in d iv id u a l p a r tic le s  

w h ich  m ak e  u p  s ta tis tica lly  th e  p ro p e rtie s  o f  th e  b u lk  sy s tem , 

it is in te re s tin g  to  n o te  th e  ex is ten ce  o f  tw o  b a rrie rs , a  r ig h t-  

h a n d  a n d  a  le f t-h a n d  o n e , o n  th e  cu rv es o f  th e  I I  ty p e . A s 

lo n g  as th e  e x te rn a l fo rce  ac tin g  o n  th e  c o n ta c t  d o es n o t  

ex ceed  th e  v a lu e  o f  th e  firs t r ig h t-h a n d  b a rrie r , re v e rs ib le  

in c rease  o f  th e  d is tan c e  be tw een  th e  p a rtic le s  is p o ss ib le  

a f te r  th e  lo ad  h a s  b een  re m o v e d  o r  re d u ce d  **.

I f  th e  fo rce  a c tin g  o n  th e  c o n ta c t  reach es th e  v a lu e  o f  th e  

r ig h t-h a n d  b a rr ie r  P c;I th e  p a rtic le s  w ill a p p ro a c h  each  o th e r  

sp o n ta n e o u s ly  to  a v a lu é  o f  A h  c o rre sp o n d in g  to  th e  d is tan ce  

a lo n g  th e  c o -o rd in a te  h f ro m  th e  r ig h t-h a n d  b a r r ie r  to  th e  

lo w er p a r t  o f  th e  c u rv e , c h a ra c te riz in g  th e  e lastic  rep u ls io n  

fo rces. I f  a f te r  th is , th e  lo a d  is n o t  m ere ly  red u ced  b u t  c o m p le ­

te ly  re m o v e d , th e  d is tan c e  ch an g e  w ill n o  lo n g er be  d e te rm in ed  

b y  th e  p a r t  o f  th e  c u rv e  a b o v e  th e  r ig h t h a n d  b a rrie r ,  b u t  

b y  its lo w er e la stic  p a r t.  O n ly  a f te r  a  ten s ile  fo rce  e q u a l to  

th e  v a lu e  o f  th e  le ft-h an d  lo w er b a rrie r  PcA1 is ap p lie d , w ill 

th e  d is tan c e  b e tw een  th e  p a rtic le s  in crease  to  in fin ity .

T h u s , if  o n  c o m p re ss io n  o f  th e  sy s tem  th e  c o n ta c t s tre sses 

ex ceed  th e  first b a rrie r ,  th e  p a rtic le s  fa ll, a s  i t  w ere, in to  a  

“ m o le c u la r  t r a p ” w h ich  g ives rise  to  m o le c u la r c o h es io n , 

m ak in g  th e  sy s tem  re s is ta n t to  ru p tu re  a n d  m an ifes tin g  itse lf  

w h en  th e  la t te r  sw ells.

T h o u g h  th e  m ech an ism  o f  p a r tic le  in te ra c tio n  d u rin g  th e  

c o m p a c tio n  a n d  sw elling  o f  so ils in d ic a te s  th e  n a tu re  o f  th e  

o b se rv ed  h y ste res is , th e  d ifference  be tw een  th e  c o m p re ss io n  

a n d  d eco m p ress io n  c u rv es  m u s t b e  d u e  n o t  o n ly  to  th is.

F lo c c u la tio n  p ro cesses d u rin g  th e  p e rio d  o f  so il fo rm a tio n , 

a n d  su b seq u e n t p ro cesses in ev itab ly  re su lt in  p o re -s ize  h e te ro ­

geneity , a n d  th e re fo re  in h e te ro g en e ity  o f  th e  w h o le  sy s tem .

In c o n s is ta n c y  o f  sy s tem  rig id ity  resu lts , in  its tu rn ,  in d e v ia ­

tio n s  o f  th e  n o rm a l stress  v a lu es f ro m  th e  a v e ra g e  v a lu e  

a n d  to  th e  a p p e a ra n c e  o f  sh e a r stresses in  th e  sy s tem  a lo n g  

its m ic ro p la tfo rm s  e v en  in th e  case  o f  c o m p ress io n  o f  th e  so il 

u n d e r  a  c o n s ta n t  p re ssu re  ***. W ith  each  new  step  o f  th e  lo ad , 

b o th  th e  c o n d itio n  o f  in s ta n ta n e o u s  so il s tre n g th  o n  its m ic ro ­

p la tfo rm s  d e te rm in e d  b y  e q u a tio n  (8) m ay  b e  d is tu rb e d , a n d  

th e  th re sh o ld  o f  c reep  m ay  be exceeded .

In  th e  first case  re la tiv e ly  ra p id  m ic ro sh ifts  m a y  arise . In  

th e  seco n d  case  th ey  m a y  o c cu r o v e r  a  c o n s id e ra b le  p e rio d  

o f  tim e. S h e a r d e fo rm a tio n s  sh o u ld  cease  a t  th e  m o m e n t 

w h en  as a  re su lt o f  a  new , m o re  u n ifo rm  pore-size  d is tr ib u tio n  

a n d  s tre n g th e n in g  o f  th e  so il d u e  to  th e  p a rtic le s  c o m in g  

c lo se r to  each  o th e r , th e  c o n d itio n  o f  s tre n g th  w ill n o t  o n ly  

b e  o b se rv ed  a lo n g  th e  m ic ro p la tfo rm s , b u t th e  c reep  th re sh o ld  

w ill n o t  be ex ceed ed .

T h e  co m p le x ity  o f  th e  a b o v e  m ech an ism  o f  c o m p a c tio n  

a n d  sw elling  o f  a  so il a n d  th e  ex ceed in g ly  co m p le x  n a tu re  

o f  th e  s ta tis tic s  o f  th e  p a rtic le s  a n d  p o re s  m ak es it im po ssib le , 

a t  lea s t a t  p re sen t, to  b u ild  u p  a  th e o ry  o f  c o m p a c tio n  o n  th e  

basis o f  q u a n ti ta t iv e  a c c o u n tin g  o f  p a rtic le  in te ra c tio n  in  

c o m b in a tio n  w ith  th e  s ta tis tic a l c h a ra c te ris tic s  o f  th e  system .

I t  is m u ch  eas ie r to  c a r ry  o u t  ca lcu la tio n s  fo r  a  sim plified  

m o d e l sy s tem , a n d  th e n , re g a rd in g  th is so lu tio n  a s  a  m e th o d  

o f  a p p ro x im a tio n , to  a p p ly  th e  re la tio n sh ip s  o b ta in e d  to  

p ra c tic a l system s.

* Which corresponds to a tendency of the free energy of the system 
to decrease to its initial level.

** In this reasoning we make no allowance for adhesion of the 
particles due to the plastic properties of the liquid, which is determined 
by the dependence (5) given above.

*** This fact was also indicated by Prof. G. M. Lomisé in his works.
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I t  w as sh o w n  [10] th a t  fo r  a  sy s te m  c o n s is tin g  o f  d isc ­

sh a p e d  p la te s  th e  fo llo w in g  e x p re ss io n  c an  b e  o b ta in e d  :

2 t 0 3 t] dh 
=  ....................... (9)

H e re , besides th e  p re v io u s  n o ta t io n s ,  r  is th e  p la te  ra d iu s  a n d  t] 

is th e  v iscosity .

E x p ress io n  (9) is in te re s tin g  b ecau se  its  r ig h t sid e  c o n ta in s  

b o th  te rm s d e p en d in g  o n  th e  ra te  o f  c o m p a c tio n  a n d  term s 

w h ich  d o  n o t  d e p en d  o n  it, i.e., in  th e  g en era l fo rm  th is  e x p re s ­

sio n  m ay  be w ritte n  as :

q =  / ( A )  +  cp ^h, ------ ( 10)

b u t  w ith  ^  =  0 , q =  / ( h ) .  T h ere fo re , th e  v a lu e  /  ( / j )  is th e  
dt

c o m p re ss io n  fa c to r  q(/i) c o n s id e re d  a b o v e .

W ith  sm all v a r ia tio n s  o f  h th e  c o m p re ss io n  e q u a tio n  m ay  

b e  w ritte n  as fo llo w s :

ad 3

d8  , ,  i \ 

q ~ 9o =  d h {‘ °)-

C dh 

h * d t = a k  +  A

w h ere  C =  -  tj r2 a n d  A =  —  ahQ —  q0 +  q .

Cdh
W ritin g  (13) as ^  +  ^  

to  h a n d  fro m  0 to  t, w e  find

£ A  

A 3 L \ A V r,o

+  a 2h
A +  ah

A  +  ah,

A V I

J h\

=  k ; g ra d  0 =  J ; — 2- g r a d ^  =  J0 ,

( 11)

H e re  q0 a n d  h0 a re  th e  in itia l lo ad  a n d  th ick n ess  o f  th e  lay e r. 

dq
D e n o tin g  — b y  a, we w rite  : 

dh

q{h) =  -  ah +  ah0 +  q0 ------ (12)

S u b s titu tin g  (12) in to  (9), w e g e t :

r)S2 " ’ ~ ’ ad2

w e c an  w rite  fo r  th e  flow  o f  a  liq u id  a  fo rm u la  o f  th e  fo llo w in g  

ty p e  :

q — k  ( J —  /„ )  . . . .  (16)

A n  e m p irica l e x p ress io n  fo r  f i ltra tio n  o f  a  liq u id  th ro u g h  

c lay  soil.

I t  fo llow s fro m  th is  e x p ress io n  th a t  th e  a n o m a lie s  o b se rv ed  

in  f i ltra tio n  th ro u g h  c lay  so il m a y  be  a ttr ib u te d  to  effects 

o f  b o u n d a ry  slip , th e  th e o ry  o f  w hich  w as g iv en  in  e a rlie r  

p a p e rs  [12]. In  th is  case  th e  c o n d itio n  q  =  0  is a  s ta te  o f  q u a s i­

eq u ilib riu m , u n d e r  w h ich  th e re  ex is t tw o  m u tu a lly  c o m p e n ­

sa tin g  flow s : o n e  m o v in g  u n d e r  th e  in flu en ce  o f  th e  m o is tu re  

p o te n tia l  g ra d ie n t, a n d  th e  o th e r , a  c o u n te rflo w , m o v in g  

u n d e r  th e  a c tio n  o f  slip  o f  th e  liq u id  in  re la tio n  to  th e  su rfaces 

o f  th e  pa rtic les .

S ev era l p a p e rs  a ssu m ed  [13] th a t  a  se c o n d  re a so n  fo r  th e  

a n o m a lie s  o f  f i ltra tio n  o f  a  liq u id  th ro u g h  n a rro w -p o re  filte rs 

m a y  b e  its p las tic  p ro p e rtie s  c h a ra c te riz ed  b y  a n  u ltim a te  

sh e a r s tre n g th  t 0 o f  th e  o rd e r  o f  3 x  10~2 d y n e  x  c m 2, th e  

a p p e a ra n c e  o f  w hich  m ay  be d u e , fo r  ex am p le , to  c o n ta m in a ­

tio n  o f  th e  w a te r  w ith  c o llo id a l p a rtic le s  [14]. In  th is  case, 

th e  th e o ry  o f  f i ltra tio n  sh o u ld  n o t  be  based  o n  th e  N e w to n ia n  

law  o f  f r ic tio n  in liq u id s, b u t  o n  th e  S h v e d o v -B in g h am  law  :

d V

T o + ' ^ -

F o r  m o is tu re  flow  th ro u g h  u n s a tu ra te d  so ils, w h en  its 

m ag n itu d e  is d e te rm in e d  b y  th e  c o n d u c tiv ity  o f  th e  film s o n  

th e  p a r tic le  su rfaces, a n d  th e  so lu te  c o n c e n tra t io n  is c o n s ta n t  

a lo n g  th e  flow , w e m a y  w rite  th e  fo llo w in g  e x p re ss io n  :

(13)
aSh3 /  bQ dw  50 ba  b T \

9 7) y d iv  bx ba  b T  bx  /

3 Sh2 ba  b T  b T

------  v r  V ” +  YS v h ^ -b T  o x  ox

.. (17)

=  d t a n d  in te g ra tin g  fro m  h0

. . . .  (14)

The resulting expression is the equation of compaction as a 

function of time, not connected with the filtration resistance 
of the system to compression, but taking into account only of 
its compressive characteristics and the properties of the films 

separating the particles.

Filtration properties of soils

The flow of a liquid through completely saturated soils 

can be expressed by formula [11] :

Q =  c)3 grad 0 +  s(3c) g ra d ^1 ------ (15)
rls

where /) =  viscosity of liqu id ; S  =  “kinetic” specific surface 
a re a ; & =  active po ro sity ; 0 =  moisture po ten tia l; a  =  num ­

erical co-efficient; s =  pore tortuosity fac to r; ^  =  any of 
the three values : temperature, solute concentration, electric 

field potential; (3 =  corresponding factor : thermoosmotic, 
capillary-osmotic or electro-osmotic.

Introducing the notations :

H ere , in  a d d it io n  to  p re v io u s  n o ta tio n s , h =  film  th ic k n e s s ; 

W =  p e rcen tag e  m o is tu re  c o n te n t ; a =  su rface  te n s io n ; 

T  =  t e m p e ra tu re ; a ,  p , y  =  n u m erica l c o e ff ic ie n ts ; v =  th e r ­

m o o sm o tic  fac to r.

T h e  a u th o rs  h a v e  d e a lt o n ly  w ith  sev era l p ro b lem s  c o n ce r­

n in g  th e  n a tu re  o f  th e  m ech an ica l p ro p e rtie s  o f  so ils, b u t  

in v es tig a tio n  o f  su rface  fo rces m ak es it p o ss ib le  to  ex am in e  

m a n y  o th e r  p ro b lem s as w ell, fo r  ex am p le , th e  fu n c tio n  o r  

th e  sh ap e  a n d  size o f  th e  p a rtic le s , th e  in fluence  o f  sa ltin g  o f  

d e sa ltin g  o f  so ils o n  th e ir  p ro p e rtie s , a n d  o th ers .
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