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Soil Properties and their Measurement
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D . M . M ilovic Yugoslavia A. Belluigi Ita ly
B. A isenstein Israel M . E. Buisson France
F. L. Cassel U.K. A. J. L. Bolognesi an d  O. M oretto A rgen tina
T. K . C haplin U .K. W . Schaad Sw itzerlan d
A. G . S trm ac Yugoslavia P. Sliwa P o la nd

T. T h . R o senqu ist 

G enera l R e p o rte r , D iv ision  1 /  R a p p o rte u r  général, D iv ision  1

T he C h a irm an

Je déclare ouverte la prem ière réunion du congrès in ter 
national de m écanique des sols.

Je rem ercie le com ité d ’organisation  de m ’avoir fait l’honneur 
de m e confier la présidance de la prem ière séance.

Je donne la paro le  à  no tre  rap p o rteu r général, M onsieur 

Rosenquist.

T he G en era l R e p o rte r

W hen I received the invita tion  to ac t as G eneral R eporter for 
this D ivision it  was a  g reat h o n o u r and  pleasure to accept.

T he physical, chem ical and  m ineralogical p roperties o f  the 
m aterials dealt w ith in  soil m echanics are o f  extrem e im portance 
fo r the  fundam ental understand ing  o f  the subjects we are deal 
ing w ith in the scientific an d  in the engineering approach . The 
large num ber o f  papers presented in D ivision 1 is a p ro o f o f  the 
grow ing understand ing  o f  these subjects.

A lthough there have been changes in the subjects covered by 
D ivision 1 since the last conference in Zurich, the reduction  o f 
topics has n o t led to any reduction  in the num ber o f  papers. 
W e m ay anticipate th a t even if  the restriction o f  subjects is m ore 
severe fo r the  next conference, there m ay be an increasing 
n um ber o f  papers presented under the heading ‘F undam ental 
P ro p ertie s’.

In  m y G eneral R ep o rt presented in the Proceedings I have 
poin ted  ou t the necessity o f  com bining topics from  the extended 
field o f  the n a tu ra l science in o rd er to  elucidate the engineering 
problem s. W e shall welcome this developm ent w ith  the 
greatest pleasure.

I t  is n o t sufficient th a t we can  trea t sliding phenom ena, 
swelling, shrinkage an d  frost heave w ith a m asterly m athe 
m atical apparatus . O nly i f  we take up  the study o f  the fun da 
m ental factors will the science o f  soil m echanics pass from  the 
descriptive to  the exact state. T he necessity o f  correla ting 
different sciences in  o rd er to  understand  the m echanical 
properties o f  soils has raised  the sam e difficulties as in m any 
o lder sciences, such as chem istry, physics an d  biology; nam ely, 
the problem s o f  literature. M any valuable w orks have been
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presented in  papers w hich m ay have passed unnoticed  by the 
group  o f  applied scientists w ho should  p rim arily  be in terested 
in the  results. L anguage difficulties add  to  th is p roblem . F o r  
instance, a  general know ledge o f  Soviet litera tu re  is fairly low 
in  W est E urop ean  countries an d  in  A m erica and , I  presum e, 
vice versa . In  som e cases it  is fou nd  th a t au th o rs  o f  papers 
presented to  th is conference w ere unaw are o f  results ob tained  
in o ther countries by scientists w orking w ith  rela ted  problem s 
b u t in a different connection  an d  bearing a  very different title. 
I  believe th a t the  litera tu re  question  should  be considered as a  
very im p o rtan t one. I f  som e k ind  o f  in ternational litera tu re  
service could  be arranged  so th a t the  engineers an d  scientists 
w orking a t the  different geotechnical research centres could  be 
given notice as to  im p o rtan t results ob ta ined  in related  fields 
o f  science, it w ould  be a  very g reat help  fo r the  developm ent 
o f  o u r subjects. Indeed, I  w ould say th a t it  is absolutely 
necessary to  a rrange som e k in d  o f  litera tu re  service w ith 
abstracts, otherw ise o u r im p o rtan t branch  o f  applied  science 
m ay stagnate. T he  lack o f  know ledge o f  foreign languages 
depends upo n  the  education  in  th e  schools o f  the  different 
countries w hich can n o t be im proved by us. T ransla tions o f  
abstracts an d  papers in to  English an d  R ussian  will certainly  
m ake progress m ore easy an d  rap id .

W hen I  first received the  papers fo r D ivision 1 I  fo u n d  it 
im possible to  deal w ith  them  all as, due to  the g reat field covered, 
m any subjects w ere outside m y ow n field o f  research. T his 
m ade it  im possible fo r m e to  give all o f  them  fa ir treatm ent, 
therefore, the  D ivision has been m ade in to  tw o sub-D ivisions. 
F o r  D ivision l a  the  different subjects are fu rther divided under 
different headings, nam ely, the  geological an d  reg ional factors, 
the fundam ental properties, the swelling and  shrinkage, the 
hydraulic  properties, frost problem s and , finally, different 
m easuring devices.

T he m ajority  o f  the interesting papers invite discussion, bu t 
I  find th a t the  reg ional an d  geological factors a re  n o t o f  such  a 
type th a t could  concen tra te  the  discussion sufficiently: therefore, 
I  propose th a t the  discussion should concentra te  m ainly on  the 
com m on features show n by the rest o f  the  papers, nam ely, the 
behav iour o f  w ater in soils. T he extensive research w hich has 
been carried  ou t in a long series o f  laboratories all over the 
w orld  during  the last few years has given us a  be tte r pic ture  o f  
the  na tu re  o f  the forces acting betw een the clay m inerals and  
the  liquid phases in the  fine grained  soils. I t  is necessary to 
understand  the forces between the m inerals and  the w ater in 
o rd er to  understand  the static  problem s in soil m echanics. In  
the  sam e w ay it  is necessary to  understand  the  m ovem ent o f  
w ater in  o rd er to  understand  the  dynam ic problem s. In  a  
large p ro p o rtio n  o f  the papers p resented  to  th is conference the  
m obility  an d  tran sp o rt o f  w ater in one way o r  ano ther is a  
fundam ental fac to r. This holds in  the  case o f  swelling and  
shrinkage, in  frost investigations and  electro-osm otic properties. 
I t  seems m ost app rop ria te , therefore, to  discuss the  m obility 
o f  w ater in the  fine-grained soils.

In  m y rep o rt I  have distinguished betw een the following 
cases: (1) T he  flow  problem s o f  the  m ore o r  less fixed w ater 
w hen the hydraulic gradients are sm all, an d  fo r sm all shearing 
stresses in  soils. (2) T he  different k inds o f  w ater tran sp o rt 
caused by differences in  therm odynam ic poten tia l. (3) W ater 
tran sp o rt in frozen soils during  the  processes o f  freezing.
(4) T he tran sp o rt o f  w ater m olecules in com pletely frozen soils.

I  have suggested th a t  we m ight extend the discussion, i f  tim e 
perm its, to  the  consideration  o f  w ater m ovem ent in re la tion  to 
tw o im p o rtan t geotechnical phenom ena, nam ely, creep in 
n a tu ra l slopes a n d  long-term  settlem ent due to  secondary 
consolidation . I t  is a  fact th a t these processes involve a tran s 
p o r t o f  w ater w ithou t any m arked  hydraulic  gradients. I t  
seems as i f  som e lack o f  therm odynam ic equilibrium  causes 
diffusion phenom ena w hich m ove w ater m olecules from  highly

stressed zones to  zones o f  low er stress. Such a discussion 
shou ld  be d irected  to  the  fundam ental process in these two 
problem s ra th e r th an  to  the  consideration  o f  observations in 
practice o r  the  m athem atical trea tm en t o f  the  problem s, since 
the  la tte r will be covered by discussion in o th e r divisions. I f  
we could  bring  c larity  to  these problem s this conference w ould 
be o f  greater im portance to  soil m echanics th an  m ost o f  the 
previous conferences.

Som e B ritish  friends yesterday said  th a t I  was tu rn ing  this 
session in to  a  session o f  physics ra th e r th an  one o f  soil 
m echanics; I  adm it th a t it is true, b u t I find it  necessary in  o rd er 
to  understand  the m aterial.

T he great progress m ade in several b ranches o f  na tu ra l science 
an d  engineering during  the  last cen tu ry  is m ainly  due to  the 
co -operation  betw een som e people w orking  w ith  purely  theo 
retical problem s, w ithou t looking  u p o n  the possible application  
o r  value o f  th e ir research , an d  o thers w orking  on  the  engineer 
ing line, w here everything m ust be considered from  econom ic 
an d  technical po in ts o f  view. O u r field p rovides a  b rillian t 
oppo rtu n ity  fo r such research . B o th  types o f  w ork  are 
necessary, an d  I hope  th a t the  research  centres an d  govern 
m ents will rem em ber th a t seemingly useless results an d  pub li 
ca tions are  the  fou ndations fo r th e  engineering developm ent 
o f  tom orrow . I  p lead  m ost sincerely w ith  the  d irectors o f  
research  an d  the leaders o f  establishm ents to  perm it their 
colleagues an d  em ployees th e  h ighest degree o f  freedom  an d  
the  highest possible financial sup port, even i f  a t  the m om ent 
they can  find n o  use fo r the results obtained .

H . B. S e e d  (U .S .A .)

I  was m ost in terested  in the  investigation o f  streng th  loss due 
to  rem oulding  a  sensitive clay described by S. M u r a y a m a  an d  
S. H a t a  (la /1 9 ) an d  th e  ap p ara tu s  fo r applying repeated  defor 
m ations to  the clay. T his equ ipm ent is apparen tly  in tended  to  
stim ulate the  rep eated  effects o f  traffic on a  soil.

F o r  the p ast few years som ew hat sim ilar investigations have 
been conducted  a t  the  U niversity  o f  C alifo rn ia  and  it  m igh t be 
pertinen t to  m ake a  b rie f com m ent concerning the  effect o f  the 
frequency o f  repeated  stress applications on  soil strength. 
U nlike the  investigations o f  M u rayam a an d  H a ta , the  tests at 
the  U niversity o f  C alifo rn ia  have been conducted  on com pacted 
clays possessing n o  sensitivity due to  soil structure. H ow ever, 
after a period  o f  several weeks m any o f  the  specim ens do possess 
low  sensitivity due to  th ixo trop ic  streng th  gain a fte r com paction .

F o r  such soils frequency o f  load  applica tion  m ay have a 
significant effect on the resu lting  deform ation  characteristics o f  
the soil. Figs. 1 and  2 show  the results o f  a  series o f  tests con 
ducted  on a  silty clay (L L = 3 7 , P L = 2 3 ) com pacted  to  a  degree 
o f  sa tu ra tio n  o f  a b o u t 92 per cent. In  these tests specim ens 
w ere placed in triax ial com pression cells as fo r a  no rm al type 
o f  unconsolidated-undrained  test, the  confining pressure o f  
1 kg /cm 2 was applied , b u t instead  o f  gradually  increasing the 
deviato r stress to  failure, a  deviato r stress o f  0-8  kg /cm 2 was 
repeatedly applied an d  rem oved, each applica tion  having a 
du ra tio n  o f  0-2  sec.

F o r  the  test series show n in  F ig. 1 tw o identical specim ens 
w ere subjected to  repetitions o f  the  sam e deviato r stress a t  a  
frequency o f  20  applications p e r m in u te : on  one specim en the 
applications w ere con tinuous un til a b o u t 10,000  repetitions 
had  been applied ; on the  o ther, 10 repetitions o f  stress were 
applied an d  then  the  specim en was allow ed to  rest fo r one day 
before the  applications w ere continued. I t  will be seen th a t 
after th is period  o f  rest the  specim en deform ed very m uch less 
th an  did the specim en loaded  continuously ; th is effect w ould 
ap p ea r to  be due to  a  loss o f  th ixo trop ic  streng th  resulting from  
the initial deform ation  o f  the  specim en during  the first 10 appli 
cations o f  stress and  a  subsequent regain  o f  th is th ixotropic
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strength  during  the  one day period  o f  rest. A s a  result, the 
specim en possessed g rea ter resistance to  deform ation  th an  w hen 
the repeated  loading  was continuous.

Since there appears to  be a  significant streng th  regain  du ring  
periods o f  rest follow ing deform ation  o f  a  com pacted  clay
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F o r  sam ples o f  the  sam e clay possessing little o r  no  thixo- 
trop ic  characteristics, v aria tions in  frequency had  practically 
no  effect on the  results o f  sim ilar tests.

Such effects are n o t likely to  be observed on  sensitive clays 
such as th a t tested by M u rayam a an d  H a ta , since the effects o f  
structu ral b reakdow n are  likely to  overshadow  any effects o f  
th ixo trop ic  regain between stress applications. H ow ever, in 
assessing the  influence o f  traffic loading  on  the  deform ation  o f 
com pacted  clays the  frequency o f  stress applications m ay well 
be a  significant factor.

T -K . T a n  (China)

I  am  very glad to  see th a t in  the  last few years m uch progress 
has been m ade in the  applica tion  o f  rheology to  soil m echanics. 
W e are  indebted  to  the  R ussian  scientists fo r presenting m any 
valuable d a ta  on the Theological p roperties o f  soils.

T he concept o f  th ick  b o u n d  w ater layers has fo r decades past

Fig. 1 E ffect o f  p e rio d  o f  rest on  d e fo rm a tio n  o f  silty clay u n d er 
rep ea ted  lo ad in g  

Effet d e  la  d u rée  du  rep o s  su r la  d é fo rm a tio n  d ’une argile 
lim oneuse sous ch arges répétées

possessing appreciable th ixo trop ic  characteristics, it w ould seem 
logical to  expect som e influence o f  frequency o f  stress appli 
ca tion  on  the  deform ation  o f  soils possessing th ixotropic 
streng th  w hen they a re  subjected to  repeated  loading. A  
com parison  o f  the deform ations o f  sam ples o f  the sam e silty

Number of stress applications 
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F ig . 3 S ch em atic  p ic tu re  o f  clay n e tw ork  

S chém a de la  s tru c tu re  d ’une  argile

influenced th e  w ay o f  th ink ing  in  soil m echanics. In  the last 
few years x-ray diffraction p a tte rn s have show n th a t the  th ick 
ness o f  the  adsorbed  b o u n d  w ater layers fo r m ontm orillon ite  
does n o t exceed 10Â  an d  fo r illites an d  kaolinites it m ay even 
be less. D eterm ination  o f  the  h ea t o f  w etting w hich is small 
an d  dependent on  the  n a tu re  an d  quan tity  o f  adsorbed  cations 
provides fu rth e r p ro o f  against the  concept o f  th ick  adsorbed  
layers. T he behav iour o f  soils tow ards electrolytes canno t 
adequately  be explained i f  only bound  w ater is considered.

Fig . 4

Fig. 2 Effect o f  frequency  o f  rep eated  stress ap p lica tio n  o n  d e fo rm a 
t io n  o f  silty  c lay  a t  h ig h  degree o f  sa tu ra tio n  

E ffet d e  la  fréquence des so llic ita tions su r la  dé fo rm a tio n  
d ’une  argile  lim oneuse à  u n  degré av ancé de sa tu ra tio n

clay w hen subjected to  repeated  applications o f  a  constan t 
stress o f  the  sam e m agnitude and  d u ra tion  bu t w ith frequencies 
o f  applica tion  o f  20  p er m inute an d  1 per tw o m inutes is show n 
in Fig. 2. I t  will be seen th a t fo r such a varia tion  in frequencies 
there is a  significant change in deform ation  characteristics.

T ypes o f  b o n d s  betw een clay partic les 

T ypes d ’ad h es io n  en tre  les g rains de l’argile

I  am  o f  the op in ion  th a t the clay particles form  a three- 
dim ensional netw ork  interconnected  a t several poin ts as in 
Fig. 3 and  th a t betw een th e  flat surfaces o f the particles m utual 
repulsion  exists.

T he m utual co n tac t betw een the clay particles m ay be sub 
d ivided in to  three groups as in F ig. 4 : first, co rner to  flat surface 
co n tac t; second, edge to  flat surface con tac t; and the  th ird , flat 
surface to  flat surface contact.
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In  add ition  to  the  excellent papers p resented  by N . J. a t  high w ater con ten ts (com er-flat surface) is w eak, as the 
Denisov an d  B. F . Rel t ov (la /5 ), an d  S. S. Via l ov an d  A. M . con tac t a rea  is very sm all. M oreover th e  flat surface is 
Skibit sky ( la /2 9 ) I  w ish to  s ta te  th a t the  bonding  forces strongly hydra ted  an d  the bonding  forces can n o t be strong  as 
between clay particles m ay be due t o : (1) C oulom b a ttrac tio n  the distance between the m utual particles in the  po in ts becom es 
forces betw een the positively charged edges a n d  negatively considerable an d  the C oulom b and  V an d er W aals-L o n d o n

forces decrease rapidly w ith  the  increase o f  the  d istance: there 
fore m ontm orillon ite  soils can  very easily be transferred  in to  
readily  flowing slurries. F o r  th is group  o f  soijs it  is know n 
th a t even the  th ird  type o f  co n tac t (flat to  flat surface) is w eak 
as a  resu lt o f  the th ick  w ater layers (10A).

D ue to  the geom etrical shape o f  th e ir particles, the  second 
type (edge-flat surface) bo n d  also m ay be form ed in  kaolin ites 
an d  illites; as the  flat surfaces are less h y d ra ted  th a n in m o n t-  
m orillonites the  bonds (here three types) are m uch stronger an d  
therefore these soil groups have be tte r m echanical p roperties 
th a n  m ontm orillonites.

Since I  presented th is hypothesis in 1953-54, fu rthe r experi 
m ental evidence has been given in the  litera tu re  concerning the 
positive charge o f  the edges o f  clay particles.

O n the basis o f  th is netw ork  hypothesis i t  is possible to  give 
an  in terp re ta tion  o f  the Theological behav iour o f  clays. A s was 
show n in 1953 by H aefeli, G euze a n d  myself, the  clay u n d er 
shear m ay show  instan taneous deform ation  follow ed by a 
re ta rded  deform ation  an d  u ltim ately  con tinuous flow. T he 
ap p ara tu s  fo r conducting  these experim ents is show n in 
F ig. 5 an d  th e  results in  Fig. 6 . F u rth er, it has been  found 
th a t flow occurs a lready a t very low  stresses exceeding a 
sm all yield value. T he in stan taneous deform ation  m ay be due 
to  a  bending o f  the th in  plate-like clay particles an d  to  an 
increase o f  repulsion  between the surfaces o f  the  clay particles. 
R eta rd ed  deform ation  m ay be due to  the  visco-elastic properties 
o f  the  clay particles them selves a n d  to  the  m igration  o f  w ater 

charged flat sides o f  the  clay particles form ing m utual con tacts; m olecules. I f  th e  stresses rem ain  sufficiently sm all— less th an
(2) long-range n o n -p o la r L o n d o n -V an  der W aals fo rces; a  certain  yield value f i — then n o  bonds will be b roken , an d  all
(3) bond ing  by ca tions; an d  (4) hydrogen  bridges. deform ations are  recoverable. I f  th is yield value is exceeded, 

In  m ontm orillonites the first and  th ird  type o f  contacts a re  then  the  bonds will be loosened b u t m ay be form ed again  a t
possible, w hereas the  second type o f  con tacts likely will n o t o ther places in the  netw ork . T his ‘jum ping  o f  b o n d s’ as it  is 
occur. T his is due to  the  geom etrical shape o f  the  m ontm orillo- called is accom panied  by a  transfer o f  stresses to  m ore  rigid 
n ite  particles. The first type o f  con tac t w hich m ainly occurs p a rts  o f  the  skeleton w hich, in  tu rn , will also yield; thus i t  is

Time d a y s

Fig. 6 D e fo rm a tio n /tim e  d iag ram
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Fig. 5 S chem atic  a rran g em en t o f  to rs io n  p la sto m ete r 

Schém a d ’u n  p lastic im étre  à  to rs io n
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possible th a t  th e  substances rem ain  statistically  equivalen t in 
spite o f  the change o f  spatial configuration  o f  the  clay particles. 
In  th is stage o f  the deform ation  process it is possible to  m easure 
reproducib le physical quantities, an d  the  stress-s tra in  re la tion 
ship can  be form ulated  in o p e ra to r form s an d  in tegral equations.

W hen the stresses becom e to o  large a n d  exceed a  certa in  
value, called / 3, then  stru c tu ra l d isin tegrations occur an d  m ay 
lead to  failure. In  this last stage o f  the  m echanical process a 
m athem atical descrip tion  becom es to o  in tricate .

Fig. 7 Scheme compression plastometer
Schéma d’un plasticimétre à compression

In  the  case o f  unfrozen  clays, S. S. V ialov an d  A. M . Skibitsky 
have m easured  decelerating creep. In  this respect I  w ish to  
rem ark  th a t these scientists have possibly m easured a com pli 
cated in ter-relationship  betw een the follow ing tim e effects: 
(1) tim e effect due to  shear; (2) tim e effect due to  consolidation  ;
(3) add itional tim e effects due to  the  change in sta te  o f  stress; 
and  (4) add itional tim e effects due to  harden ing  processes, 
which m ay have a  large influence in th e ir experim ents.

In  the  case o f  fa t clays con tinuous flow has been m easured by

Time min

Fig. 8 Relaxation of stresses
Relaxation des contraintes

Haefeli, G euze an d  myself, an d  in o rd er to  prov ide fu rther 
confirm ation o f  th is experim ental fact 1 have studied the 
relaxation o f  stresses o f  cylindrical sam ples u n d er constan t 
deform ation . T he phenom enon o f  con tinuous flow is sup 
po rted  by the fact th a t the  stresses relax and  even m ay decrease 
to  zero.

In  th e  ap p ara tu s  show n in  F ig. 7 th e  soil is given constan t 
deform ation  an d  the re laxation  o f the  in terna l stresses is 
m easured. T he  resu lt is given in  F ig. 8 , w hich shows th a t 
the stress decreases w ith tim e an d  m ay even decrease to  zero.

N o te :  For the significance of the yield-values fa , / j  see for 
instance: Geuze, E. C. W. A. and Tan Tjong-Kie (1953), Proc. 2nd 
Int. Congr. on Rheology, O xford, p. 247. London; Butterworth.

T . W . L a m b e  (U .S .A .)

F irs t I  should  like to  com plim ent I. Th. R osenquist on  an  
excellent jo b  o f  reporting . H e has em phasized the  im portance 
an d  requested th a t we discuss m oisture in fine-grain soils—the 
ro le o f  th is m oisture in soil behav iour an d  its m ovem ent. O ur 
Soils G ro u p  a t M .I.T . has studied the  na tu re  o f  m oisture in clay 
an d  I should  like to  sum m arize som e o f  ou r p resent thoughts.

O u r adso rp tion  d a ta  agree w ith th e  results o f  the  hea t o f  
w etting d a ta  cited by the  G eneral R eporter. These da ta  
indicate a  layer o f  o rien ta ted  w ater next to  th e  m ineral surface, 
th e  w ater m olecules being held  by strong  electrical forces from  
stray  charges in the  m ineral a n d  from  the exchangeable ions; 
the  adsorbed  layer is, how ever, very th in . F o r  exam ple, o u r 
results on  kaolin ite  show  this w ater layer to  be ab o u t 2 m ole 
cules th ick  and  a b o u t 1 to  2 p er cen t in w ater content. Beyond 
th is adsorbed  layer essentially all the  m oisture in a  n a tu ra l clay 
is w ith in  the  colloidal diffused double layer, an d  its behav iour 
follows th e  G o u y -C h ap m an  theory.

In  pure  clays I feel th a t shear streng th  is due to  attractive 
forces betw een m ineral particles; therefore, in  my opin ion  
there  is n o  fun dam ental difference from  the  po in t o f  view o f 
m echanism  betw een friction an d  cohesion. Since the  streng th  
appears to  be due to  a ttractive  forces it is directly related  to  the 
co n tac t a rea  between particles and , inversely, is related  to  the 
distance betw een these p a rtic les: b o th  depend on  in terg ranu lar 
pressure. I f  we increase th a t, we increase the  con tac t area  
betw een the particles; this increases th e  streng th  an d  we 
decrease in ter-partic le  spacing; this increases shear strength . 
I f  we change th e  in terg ranu lar pressure by reducing  it, I do no t 
believe th a t the  changes in o rien ta tion  are  reversible; therefore 
its con trib u tio n  to  shear streng th  is reasonably  perm anen t. 
Particle  spacing is I th in k  generally re la ted  to  in terg ranu lar 
p ressure an d  if  we relieve th a t its streng th  decreases.

Clays desire m oisture to  satisfy th e  ad so rp tion  tendency o f 
th is very th in  layer an d  to com plete th e  double layer; they will 
therefore suck in m oisture a n d  will fully develop th e ir double 
layer, which m eans a reduction  o f  the  ion  concen tra tion  in the 
double  layer. T he osm otic concept is in com plete agreem ent 
w ith  th is concept. As clays take  on m oisture by adsorp tion  
th e  particles m ove fa rth er ap a r t and  the  streng th  goes dow n.

I  question the  widely held concept o f  w ater bonding, th a t is, 
a ttrib u tin g  cohesion to  tension in th e  w ater. D uring  desicca 
t io n  I feel th a t w ater tension plays a  vital role, and  I do  no t 
question th a t;  I  do, how ever, question th a t the clay streng th  is 
due prim arily  to tension in th e  w ater film and  in su p p o rt o f  the 
con ten tion  th a t this concept is erroneous I  w ould raise tw o 
points. F irst, we have seen cohesion in clays even w here we 
have m easured positive pore  pressures and , secondly, the 
h ighest cohesion is w hen the clay is com pletely dry. The 
w ater con ten t is therefore zero an d  we canno t a ttribu te  
the  cohesion o f  the  strong  clay to  th e  water.

W ith  regard  to  m oisture in frozen soils, as the  soil freezes it 
takes m oisture from  the double layer. This results in an 
increase in ionic concen tra tion  an d  w ater flows in from  the 
bo tto m  to  satisfy this condition . I t  is osm otic pressure. I 
believe th a t m oisture transfer m echanism  in freezing soil is the 
sam e as th a t w hich occurs w hen soil swells.

J .  A . J. S a l a s  (S p a in )

I should like to  draw  yo u r a tten tion  to  the discrepancy 
betw een tw o conceptions w hich are  som etim es used as equiva 
lents o r as i f  directly related, nam ely, the  am oun t o f  fixed w ater 
an d  the  film o f  adsorbed  w ater.

T he expression ‘film o f  adsorbed  w a te r’ is often  em ployed 
in a  very loose fashion, confusing the  actual layer o f  adsorbed 
w ater, w hich is the external sheet o f  the  H elm holtz double layer, 
an d  the equivalent double layer. T he  first is diffuse an d  is
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liable to  give rise to  m isunderstanding  w hen speaking ab o u t its 
thickness. T he second is a  m ere convention— som etim es 
defined by the tangent to  the  G ouy  potential curve a t the po in t 
o f  in tersection w ith the surface o f  the particle. T he am o u n t o f 
fixed w ater is, on the o ther h and , related  to  the adsorp tion  
phenom enon; b u t it  is also related  to  the roughness o f  the 
particle surface, w ith  the terraced  p a tte rn  o f  its ends an d  w ith 
its irregularities o f  shape. These dead  spaces caused by the 
roughness o f  the surface o f  the  clay m ay quite possibly be one 
o f  the causes o f  the  secondary com pression, and  this leads us 
to  a  consideration  o f  the n a tu re  o f  the contacts between the 
particles o f  the clay.

D uring  the last few years there seem to have developed tw o 
lines o f  though t on  the  n a tu re  o f  these contacts. They are 
som etim es called the  ‘Effective C on tac t S choo l’ and  the ‘W ide 
Spacing S choo l’. In  m y op in ion  these definitions a re  com 
pletely inadequate. O n the one h an d  they suggest th a t those 
w ho defend the second school consider th a t there is no  effective 
con tac t between the particles. W ithou t any d o u b t there  exists 
an  effective co n tac t between the particles o f  clay as there exists 
transm ission o f  stresses. F o r  exam ple, the  con tac t betw een 
the crankshaft o f  an  engine an d  its bearings is effective—very 
effective, b u t n o t d irect: there exists between them  a  layer o f 
lub rican t to  be taken  in to  consideration .

F ro m  these deductions I  w ould propose th a t the  following 
definitions o f  ‘ d irect co n tac t ’ an d  ‘ effective gap  ’ m ight be m ore 
p roper, considering th a t the  second school characterizes itself 
by the  im portance i t  gives to  the  study  o f  the gaps believed by 
it to  exist betw een the particles. T his school is n o t sure 
they deserve the  designation wide o r narrow , b u t believes, 
althoug h  n o t being ‘as deep  as a  well o r  as w ide as a church  
d o o r ’, th a t they em body a m ajor p a r t o f  the  secret o f  the  
com pressibility o f  clay, also o f  its cohesion and  th a t o f  its 
shearing strength.

T hose w ho, until now , have w orked in  the dem onstra tion  o f  
th is idea have endeavoured  to  simplify the phenom enon to  the 
ex trem e: they m ust be excused fo r th a t as i t  is the reasonable 
way o f  the experim ental m ethod. N onetheless, they never 
pretended th a t the results o f  th e ir tests w ere representative 
except o f  only one p a rt o f  the behav iour o f  a  n a tu ra l so il: this 
assertion  is clearly show n in all th e ir studies. F o r  exam ple, 
to  take one o f  the m ost typical, G . M . B o lt’s article, published 
in G eotechnique  in  June 1956; the title itself states th a t the 
subject to  be discussed is ‘Physicochem ical analysis o f  the 
C om pressibility o f  Pure  C lay s’. In  the study w hich Serratosa 
an d  I m ade and  presented a t the Z urich  Conference, we em 
ployed pure and  hom oionic clays w hich had  previously been 
extracted and  electrodialysed so th a t the m axim um  size o f  the 
particles was 1 -2 fi . T he p roblem  o f  the  behav iour o f  na tu ra l 
soils is evidently different, b u t w hen studying this it is im 
p o r ta n t th a t we should have a know ledge o f  the behav iour o f  
the p u re  clays.

A  prom ising way fo r relating  one w ith the o ther was show n 
by K arl Terzaghi, in  a  letter to  the  E d ito r o f  G eotechnique  in  
D ecem ber 1956. I  daresay th a t in th is problem , as well as in 
th a t o f  the  perm eability  an d  o th er related  problem s, the 
observation  o f  the structu re  o f  the  soil can  be very usefully 
m ade w ith the techniques and  concepts o f  W . K ubiena, late 
Professor o f  the Landw irtschaftsschule o f  Vienna. T o  refer 
only to  an  essential division, K ubiena distinguishes between 
tw o types o f  structures, the  ‘p ec tic ’ and  the ‘p ep tic ’. In  the 
first the  clay is coagulated  and  form s clusters o f  the shape 
described by Terzaghi in his le tter to  G eotechnique. In  the 
second one the clay is peptized and  covers the coarse particles 
o f  soil w ith a  continuous film th rough  w hich they m ake con tact 
w ith each other. W ith in  each o f  these basic classes o f  structu re  
K ubiena m akes o ther subdivisions, the study o f  which can  be 
very im p o rtan t to  the subject o f  ou r discussion.

E. C . W . A . Geuze (N etherlands)

R eferring to  the  G eneral R eport, I  should  like to  m ake som e 
com m ents on  the  suggestions concerning the  m ovem ent o f  
w ater in re la tion  to  creep an d  the long-term  o r secular settle 
m ents. T he choice o f  b o th  subjects is significant, an d  it  tells 
us quite a  good deal ab o u t the G eneral R ep o rte r’s p o in t o f  view 
concerning the  im portance o f  physicochem ical properties o f  
fine-grained soils contain ing  clay m inerals. I t  m ay be o f  
in terest to  h im  to  know  the D u tch  a ttitude  tow ards th e  related  
m echanical properties o f  these soils as expressed by K everling 
B uism an in 1939, an d  I  should  like to  quo te  som e lines from  
his book  G ro n d m ech a n ic a :

M odem  clay research has led us to assum e the w ater molecules next 
to the clay m ineral particles to be directed tow ards these and to be bound 
to  these by electrical forces; those at greater distances w ould be less 
strongly bound than those next to  them . T he latter would be so rigidly 
fixed tha t this absorbed water w ould behave as a rigid o r a t least as a 
fluid o f extremely high viscosity. In trying to  visualize the process o f 
squeezing out water from  the pores, as will occur in a  loaded, saturated 
mass o f  clay or peat, the settlem ent diagram s (obtained from  consolidation 
tests) lead us to  the conviction tha t the highly viscous fluid is subject to 
a plastic deform ation and th a t the so-called ‘free w a ter’ is thereby 
expelled from  the pores, followed by a  slow creep with gradually decreasing 
speed. I t  is quite possible th a t free w ater will be enclosed by zones o f 
high viscosity and therefore will have to overcom e a high resistance before 
it  will be squeezed out.

In  th is way the la te  K everling B uism an was the  first investi 
g a to r to  study the rem arkab le  phenom enon  o f  the  secular 
consolidation  effect follow ing from  his long-term  consolida 
t io n  tests, an d  he  was also the  first w ho tried  to  explain  this 
phenom enon  a b o u t 20  years ago on  the  basis o f  the  m u tual 
forces acting between the soil particles an d  the  po re  w ater.

O n  the streng th  o f  th is hypothesis I  tried  an  indirect approach  
to  the  prob lem  by m easuring p o re  pressures a t  the  bo tto m  end 
o f  a  consolidation  sam ple, an  enclosed volum e o f  w ater being 
used as th e  pressure m edium . These m easurem ents w ere 
carried  o u t a t a  high precision an d  u tm ost care w as tak en  to 
p revent any m ovem ent o f  w ater from  o r in to  th e  b o tto m  o f  
the  sam ple. A  great num ber o f  these tests w ere carried  ou t 
an d  the results led to  the  follow ing conclusions: F irst, secular 
settlem ents will occur a fter the p o re  pressure built up  by a step 
load  has decreased to  the  low est m easurable lim it, th a t is, to  
a b o u t 0-2 p er cent o f  the applied vertical stress. Secondly, 
follow ing step-loads will build  up  m axim um  pore pressures o f  
decreasing m agnitude. Thirdly , the higher the  initial density, 
the m axim um  pore pressure will accordingly decrease. These 
findings ind icate th a t m ovem ent o f  w ater m ay occur a t ex 
trem ely low rates and  be m ain tained  fo r considerable periods 
o f  tim e, as fo r instance w hen m easured over 1 year a t hydraulic 
gradients, w hich could  hard ly  be realized in an  o rd inary  p er 
m eability test.

T he second p o in t, how ever, is even m ore significant. I f  the 
m axim um  pore  pressure rem ains below  the applied  stress, th is 
m eans th a t p a r t o f  the load  is n o t transm itted  to  the po re  w ater. 
T herefore I  had  to  assum e th a t e ither one o f  tw o m ain causes 
o r bo th  w ould be responsible fo r th is behav iour: (a) frictional 
forces activated between directly con tacting  coarse particles; 
an d  (b) viscous forces activated in an d  between conglom erates 
o f  clay m ineral particles.

A s the  m aterial used fo r the tests con tained  bo th  constituen ts, 
clay m ineral particles being present in a  quan tity  o f  ab o u t 20  p e r 
cent o f  the  d ry  weight, I  was led to  assum e th a t b o th  elem ents 
w ould be responsible fo r the  residual in ter-partic le  forces. 
Som e indication  as to  their respective effects could  be derived 
from  the build-up o f  p o re  pressure. A  sudden d ro p  o f  pressure 
w ould be reg istered directly a fter the  load h a d  been applied, 
followed by a  g radual increase o f  pressure lasting fo r m ore than  
one hour. T his behav iour could  well be ascribed to  th e  com 
bined effect o f th e  frictional and  viscous forces, activated by a
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re-arrangem ent o f particles a t a  relatively high ra te  during  the 
initial phase o f  com pression.

A t higher initial densities th is phenom enon becom es less 
p ronounced  as greater frictional an d  viscous forces are 
m obilized in o rd er to  re-arrange the  particles. H ow ever, it 
w ould be o f  considerable practical im portance i f  we were able 
to  determ ine the  n a tu re  o f  these residual stresses, considering 
their effect on  the  m echanical behav iour o f  na tu ra l deposits.

In  th is connection  the  G eneral R ep o rte r has raised  a  po in t 
o f  considerable in terest on  the  na tu re  o f  the  b o u n d  w ater. 
A ccording to  his view it  w ould behave as a  ‘pseudo-p lastic ’ 
m aterial, th a t is, as a  plastic m aterial w ithou t a  definite yield 
value. F ro m  the  findings o f  T an  T jong-K ie an d  myself, w hich 
w ere included in  m y G eneral R ep o rt a t  th e  Z urich  Conference, 
it w ould follow  th a t the  behav iour o f  th e  clay m aterial is 
characterized by a  yield value in so fa r as a  perfect elastic be 
h av iour is found  below  a certain  shearing stress o f som e ten ths 
o f g/cm 2 in  a  rem oulded  clay. T he elastic range is follow ed by 
one exhibiting increasing deform ation  a t  repeated  shear-stress 
loads, bu t still lacking viscous p roperties, and  finally a  purely 
viscous range. A s o u r tests w ere carried  o u t in such a  way th a t 
deform ation  occurred  u n d e r th e  influence o f a  pure shear-stress 
system, the  occurrence o f  a  perfectly elastic behav iour indicates 
the existence o f  bonds o f  an elastic natu re .

O n the  basis o f  the  concept p u t fo rw ard  by the  G eneral 
R eporter, the  num ber an d  streng th  o f  these bonds should 
increase w ith  increasing density. T he results obtained  by pore 
pressure m easurem ents in  consolidation  tests supply indirect 
p ro o f  o f  th is phenom enon, as less p ressure will be transferred  
to  the  ‘ free ’ p o re  w ater a t increasing densities. As an  increased 
n um ber o f  contacts between the coarse-grained particles may 
lead to  the  sam e effect, I  have sta rted  investigations in to  very 
fine-grained artificial m aterials, including th e  effects o f  the 
n a tu re  o f  th e  fluid and  its electrolytes. T he  usual consolidation  
tests a re  n o t suitable fo r this purpose, as shearing stresses will 
occur a t  zero-la teral deform ation , therefore, the tests a re  con 
ducted a t an  all-sided equal pressure.

W e have to  consider th e  fact th a t a lthough  we m ay exclude 
the occurrence o f  shearing  stresses fo r the  m aterial in  bulk, the 
resistance o f  the  m aterial to  pu re  com pression will still largely 
depend o n  the  shearing resistance o f  the  bonds betw een the 
particles. P ro o f  o f  the  fact th a t  shearing deform ations will 
occur in a consolidation  test as well as com pression in a  norm al 
shear-test was given in  my p ap er to  the  1948 Conference.

R . Par r y (U .K .)

Som e o f  th e  p roperties o f norm ally  consolidated  clay observed 
by P. L. Newl and an d  B. H . Al l el y (la /2 0 ) m ay be due to  
pore pressure behav iour. I f  a  sam ple is norm ally  consolidated 
in th e  lab o ra to ry  an d  tested  undra ined  in  th e  triax ial cell, an  
increase in p o re  pressure occurs. F o r  som e clays this pore 
pressure is still increasing a t  failure. T his is true  fo r L ondon  
clay w hich is an  active clay an d  has a  P L  o f  26, a  L L  o f  76 and  
a clay co n ten t o f  a b o u t 50 p er cen t; w hereas in the  case o f  
W eald clay, w hich has a  P L  o f  20, a L L  o f  46 an d  a  clay con ten t 
o f  ab o u t 40 p er cent, there is very little po re  pressure change 
a t failure.

I f  a  sam ple is isotropically  consolidated  u n d er external 
stresses a c' and  loaded undrained  to  failu re there is a  po re  
pressure increase o f  A u \ .  I f  it  is then  un loaded  there  is a  
fu rthe r p o re  pressure change A u 2 w hich is usually sm all and 
may be positive o r negative. A fter unload ing  the  external 
stress cond ition  is identical to  th a t a fte r consolidation . A t the 
sam e tim e, how ever, there is a  high positive p o re  pressure. I f  
fu rther conso lidation  is perm itted , th is pore  pressure will dis 
sipate giving a  low er w ater content. Therefore, by doing  an 
undrained  test in  th is way the sam ple can  becom e in  effect

over-consolidated. I f  on the  o ther hand , the  sam ple is reloaded 
to  failure directly after unloading , a  fu rther increase in pore 
p ressure occurs. I t  becom es greater th an  its previous failure 
value, as show n in F ig. 9. A  sim ilar d iagram  to  th is was given 
in  1953 by B ishop an d  H enkel.

I f  we consider the  M ohr-H vorslev  failu re criterion , the  com 
pressive streng th  fo r a  p articu lar w ater con ten t m ay be 
expressed

a  i —03 =  A  +  Ba-i
=  A + B(<jc'-Au)

w here A  is a  constan t con tain ing  the  true  cohesion and  friction 
param eters and  B  is a  co n s tan t contain ing  the true  friction 
param eter. A s the  po re  pressure is higher on  reloading, it 
follows from  this equatio n  th a t the streng th  will be lower. I t  is

Fig . 9

pro bab le  th a t each successive un load-reload  cycle gives a  sm all 
and  progressively decreasing increase in po re  pressure and 
hence a d rop  in  strength. A  d ro p  in streng th  is also observed 
i f  deform ation  o f  the sam ple is continued past failure during 
the first loading . T his is due to  the  progressive increase in 
p o re  pressure.

T he  process o f  rem ould ing  is one o f  repeated  loading  and 
unloading , so th a t a  progressive d ro p  in streng th  occurs. The 
sensitiv ity fo r a  com pletely rem oulded sam ple m ay be expressed 
as follow s:

A  + B (a c' - A u , )

A  + B (
r = a0

a c '~

w here A u r is the pore  pressure increase during any loading o r 
un loading . P robab ly  the  sam e reduction  in streng th  w ould 
occur i f  a sufficiently large shear stra in  was applied during  the 
first loading. A lthough  these principles have been illustrated  
fo r iso trop ic  consolidation  and  triax ial loading, they apply 
equally to  one-dim ensional consolidation  an d  vane testing.

H . M . Raedschel der s (Belgium)

I t  was w ith  m uch in terest th a t I  read  the  p ap er o f R. Gandahl  

an d  W . Ber gau ( l a /8) concerning th e  m easurem ent o f  the 
frozen zone in soil. I  th ink  th a t th e  principal m erit o f both  
proposed  m ethods is in the  sim plicity o f  th e  appara tus . In  th is 
connection  I should like to  discuss th e  m ethod used a t the  
B elgian G overnm ent’s In stitu te  o f Soil M echanics.
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T he observations com prise m easuring the  tem peratu re  in the 
soil a t  different depths w hich m akes it  possible to  follow  very 
closely the  ra te  o f  p enetra tio n  o f  the frost, a n d  to  determ ine a t 
each m om en t the 0° C. level. U se is m ade o f  sm all electrical 
carbon  resistances, w hich are  in  com m on use in rad io  practice. 
These resistances have a negative tem peratu re coefficient (high 
resistance a t low tem peratu re  an d  sm all resistance a t high

f
2 c m

J

tem peratu re). T he  resistances have to  be herm etically en 
closed in  a  brass tube  and  insulated  from  the tube an d  the 
surroundings by oiled p ap er and  b itum en (Fig. 10). The 
type used fo r o u r tests has a  resistance a t  20° C. o f  ab o u t
11,000 ohm s. A t —10° C. a  change o f  1 ° C. corresponds to  a 
change o f  electrical resistance o f  ab o u t 1100 ohm s, an d  a  change 
o f  1° C. a t a  tem peratu re  o f  + 2 0 °  C. corresponds to  a  change 
in electrical resistance o f  a b o u t 400 ohm s. Since the  m aker 
gives n o  in fo rm ation  on the subject each  gauge has to  be
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calibrated . T he varia tion  o f  resistance as a  function o f  tem 
peratu re  is indeed different fo r all gauges, bu t fo r each o f  them  
it is nevertheless strictly constan t w ith tim e.

A n exam ple o f  a  calib ration  curve is given in Fig. 11. In  
the  observed range o f - 1 0 °  C. to  + 3 0 °  C. we found  a linear 
relationship  betw een the logarithm  o f the  electrical resistance 
and  the  tem peratu re. The varia tion  in  resistance is m easured 
w ith a  sim ple W heatstone bridge and  a practical accuracy o f 
0 -10 C. is obtained . T he ap p ara tu s is very cheap, one electrical 
resistance costing only ab o u t 8d.

A n exam ple o f  an  observation perform ed by the G overn 
m ent In stitu te  o f Soil M echanics is given in Fig. 12. It 
represents the tem peratu re  o f  the subgrade u nder a  concrete

Fig. 10

slab on  the experim ental section o f  the  H ighw ay B russels- 
O stend a t  H ekelgem . T he  concrete has a  thickness o f  20 cm . 
C urve 31/1/1955 represen ts the tem peratu re  o f  the  subgrade 
before a  freezing period . T he curve 18/2/1955 show s the 
beginning o f  a  long period  o f  cold  w eather in w hich tem pera 
tures reached ab o u t -  4° C. u nder the  concrete show n by 
curve 24/2/1955. T he period  o f  thaw  began on  27/2/1955, and

°C

the curve 2/3/1955 show s the tem peratu re  in  the subgrade after
4  days.

I  th ink  th a t the  sim plicity o f  o u r m easuring m ethod  will p e r 
m it com plete in fo rm ation  to  be ob tained  concerning the  pene 
tra tio n  o f  fro st in to  the  soil as a  fun ction  o f  tim e an d  dep th , fo r 
som e very interesting problem s u n d er investigation.

N . A . Tsyt ovich (U .S .S .R .)

Experim ents have show n (Tsyt ovich, 1947; Ananyan, 1952; 
Rosa, 1952; C ollections 1, 2 and  3) th a t any  dispersed frozen 
soils, such as frozen clay, con tain  som e, an d  a t tim es consider 
able, am ounts o f  unfrozen w ater in dynam ical equilibrium  w ith 
external factors, e.g. tem peratu re , pressure, as show n in P aper 
la /2 8 .

T here  is a  quite  definite relationsh ip  between the am oun t o f  
unfrozen  w ater and  the  degree o f  negative tem peratu re , w hich 
can  be expressed by m eans o f  curves characteristic  fo r each type 
o f  soil (Fig. 1 in la /2 8 ). T he influence o f  the  negative tem pera 
tu re  can  be judged  from  the following. A ccording to  o u r 
experim ents (C ollections 1, 2 an d  3) p u re  sand  a t  — 0-2° C. 
contains only ab o u t 0-3 p er cent unfrozen  w ater, w hile sandy 
clay has 18 p er cent, an d  clay 42 p er cent. W ith  a  tem peratu re  
o f  —10° C. in the sam e soils there  was found  only one-half th a t 
am o u n t o f  unfrozen w ater. I t  should  be n o ted  th a t even w ith 
a  tem peratu re  o f  —10° C . frozen clay w as fou nd  to  con tain  
m ore th an  20  per cent o f  dry w eight o f  unfrozen w ater which 
is im p o rtan t w hen evaluating  the  physical an d  m echanical 
properties o f  th is type o f  soil. I t  should be also n o ted  th a t 
dispersed clay contains unfrozen w ater even a t the  tem peratu re 
o f  liquid  air.

As the  tem peratu re  increases the  am o u n t o f  unfrozen w ater 
con tained  also  increases. This is caused by the m elting o f  ice 
in the pores a t a  tem peratu re  below  freezing p o in t w hich is a 
very interesting and  im p o rtan t fact.
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T he m agnitude o f  the  ou tside pressure m anifests itse lf in  a 
p ronounced  w ay in the  region o f  intensive phase transfo rm ations 
o f  w ater in to  ice a t tem peratu res from  zero to  — 5° C . T hus, 
according  to  o u r experim ents (Tsyt ovich, 1947) a t  — 1-7°C . 
clay con tained  42 p e r cen t unfrozen w ater, b u t w hen subjected 
to  a  pressure o f  2 kg /cm 2 it held 58 per cen t a t the  sam e tem pera 
tu re. W ith  h igh  density soils th is effect decreases, w hich is 
explained by the  greater cohesion o f  po re  w ater in these soils.

A s th e  follow ing investigations have show n (C ollections 1, 
2 an d  3) the reasons why th e  w ater does n o t freeze in the  pores 
o f  dispersed soils are as fo llo w s: (a) electrom olecular a ttrac tio n  
between m ineral particles an d  w ater m olecules w hich increases 
the  th in n er the  layer o f  p o re  w ater; (b) ionic a ttrac tio n  o f  
w ater m olecules in  the  diffusion layer w hich appears only a t 
low tem peratu res o f  up  to  —0-5° C .; an d  partly  (c) capillary  
effects a t tem peratu res near zero  o f  the  o rd er o f  — 0-1 ° C. The 
m ost im p o rtan t o f  these is th e  o rien ta tion  an d  a ttrac tio n  o f 
w ater m olecules by m ineral particles o f  soil.

W hen the am o u n t o f  unfrozen  w ater in frozen soil an d  the 
external fac to rs a re  no  longer in  equilibrium  excess pressures 
are p ro duced  w hich cause m ovem ent o f  w ater. O ne cause o f  
the appearance o f  these excess pressures is the  tem peratu re  
g radien t governing th e  film  m echanism  o f  m ovem ent o f  u n 
frozen w ater tow ards the  freezing boundary  w here the  films o f  
w ater, as p a r t  o f  these tu rn  in to  ice, becom e th inner an d  have a 
greater force o f  a ttrac tio n . T he increase in  the  m oisture con 
ten t in  frozen soils on fu rth e r cooling has been established in 
o u r labo rato ries (Tsyt ovich, 1947) as well as in th e  field by 
Tyutyunov, according to  w hich the  m oisture con ten t fo r frozen 
sandy clay between D ecem ber a n d  A pril a t  a  dep th  o f  35 cm  
increased by 15-3 p er cent o f  the  to ta l weight.

T he p aper by o u r co llabo ra to rs la /2 9 , F ig. 2a, gives convinc 
ing d a ta  on the  displacem ent o f  w ater under the action  o f  
pressure gradients.

A s show n by Ananyan (1952) and  Ivanov (C ollections 1, 2 
an d  3) the  m ovem ent o f  unfrozen  w ater takes place under the 
action  o f  the  difference o f  p o ten tia l o f  an  electric field, w hich 
m ay be utilized in  electro-osm otic dew atering o f  frozen soils. 
E xperim ents fu rther show  th a t w ater m ovem ent takes place a t 
a  definite m agnitude o f  the  acting pressure o r  o f  g rad ien t o f  
pressures w hich we shall call the  ‘in itia l’ gradient. I f  the 
gradient, be it  o f  tem peratu re , pressure o r  electro-osm osis, is 
less th an  the  ‘in itia l’ g rad ien t then  there will be no  w ater 
m ovem ent.

The im portance o f  the in itial g radient o f  pressure in unfrozen 
soils was first noticed by N . Pusyrevski in  1934 and  la te r by 
Rosa (1952). Investigations concerning frozen  soils were 
carried  ou t in  o u r labo rato ries (Tsyt ovich, 1947; Ananyan, 
1952; C ollections 1, 2 an d  3). A ccording to  o u r experim ents 
it  appeared , fo r instance, th a t w hen freezing dense K IN E L  clays 
with a  tem peratu re  g rad ien t o f  — l° /c m  there was no  w ater 
m ovem ent, w hile w ith  a  tem peratu re  g rad ien t above — 5°/cm  
there was intensive m ovem ent tow ards the  freezing boundary  
producing  frost agglom erations o f  soil.

I t shou ld  be n o ted  th a t fo r light soils the m agnitude o f  the 
initial tem peratu re  g rad ien t causing w ater m ovem ent is very 
small. F u rtherm ore , electro-osm otic m ovem ent o f  w ater in 
frozen soils also com es ab o u t only w ith  a  certa in  in itia l value 
o f the electric field g radien t (Ananyan, 1952; C ollections 1,
2 and  3).

Such experim ents show  th a t the velocity o f  w ater m ovem ent 
is very sm all, and  the coefficient o f  w ater p enetra tio n  o r filtration 
is o f  the  o rd er o f  10-12 cm /sec.

T he results now  being developed have a very im portan t 
practical applica tion  in  the estim ation  o f  the depth  o f  the 
frozen soil a n d  o f  its thaw ing o u t w hen the transfo rm ation  o f 
w ater in the  w hole volum e o f  soil m asses being frozen o r 
thaw ed o u t m ust be taken  in to  account, as well as in the

evaluation  o f  m echanical properties o f frozen  soil w ith  special 
reference to  its liability to  sliding under load.
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N o . 3

D . M . M i l o v i c  (Y u g o s la v ia )

I  should like to  com pare th e  findings o f  A . J. L. Bol ognesi 
an d  O. Mor et t o ( la /3 ) w ith som e o f  my ow n results, obtained  
on Y ugoslav loess.

P aper la /3  con tribu tes to  b e tte r know ledge o f  loess properties, 
show ing th a t  there can  be very different characteristics, 
especially concerning its s treng th  an d  p o ten tia l possibility fo r 
settlem ent.

In  Y ugoslavia there  a re  also a  g reat deal o f  such loess 
m ateria ls w ith different p roperties as regards th e ir streng th  and  
settlem ent, caused by different geological conditions u nder

0 1-0 20 3-0 4-0 5-0 60 7-0

Principal stresses kg/cm 2

Fig. 13 M o h r d iagram s fo r triax ia l d ra in ed  co nso lida ted  com pression  
test— B elgrade lan d  loess 

G rap h iq u e s  de M o h r  p o u r  u n  essai de com pressio n  triaxia le 
avec d ra in ag e  e t co nso lida tion

w hich they were tran sp o rted  and  deposited— such as ‘ land loess ’ 
an d  ‘sw am p lo ess’.

A ccording to  m y research on Y ugoslav loess, w hich has 
sim ilar o r even the  sam e properties as the loess m entioned in 
P aper la /3  (w ith con ten t o f  ab o u t 10 p er cent o f  fine sand 
particles and  10 p er cen t o f  clay particles, w ith  n a tu ra l m oisture 
o f ab o u t 20 to  22 per cent, L L  30 to  40 an d  na tu ra l porosity  1 -05 
to  0-98), the  follow ing values w ere ob ta ined : (1) angle o f 
in te rn a l fric tion  <f> =  20° an d  cohesion c = 0-10  kg /cm 2 on  an 
und istu rbed  sam ple in n a tu ra l m oisture state , consolidated and 
d ra in ed ; (2) the angle 4>= 18° and  cohesion c = 0-10  kg /cm 2 on 
an  und istu rbed  sam ple in sa tu ra ted  state, consolidated and 
drained .

In  C asagrande’s shear box the angles are som ew hat bigger 
while the cohesion is practically  the sam e (Fig. 13).
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Angle of internal friction j  =18° 
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C onso lidation  tests carried  o u t on o u r loess in  the Institu te  
fo r T esting M ateria ls an d  C onstructions in Belgrade have 
show n a good agreem ent w ith the  results ob tained  by Bolognesi 
an d  M o retto , i.e. th a t even a t  considerably g reat n a tu ra l 
m oisture ( w = 23 to  24) b u t a t m inor porosity  in  the  na tu ra l 
s ta te  (0-77 to  0-81), settlem ents a re  n o t to o  high (Fig. 14, 
curve 2).

G enerally  speaking, one m ay conclude th a t th e  settlem ents 
o f  the  loess, under the  tw o sim ultaneously  fulfilled conditions, 
th a t is, bo th  a t low density, in  o th er w ords a t high porosity , 
an d  a t sa tu ra tion , have considerably  g reat values.

O n the o ther hand , I  shou ld  like to  stress the  necessity o f  
distinguishing loess m ateria ls w hich are  and  w hich are n o t 
dangerous w ith  reg ard  to  settlem ent, an d  to  share the  au th o rs’

P r e s s u r e ,  O kg /cm 2
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F ig . 14 R esu lts o f  co n so lid a tio n  tests fo r tw o  d ifferent k ind s o f  
loess (B elgrade a n d  Z ren jan im  loess)

R ésu lta ts  des essais d e  co n so lid a tio n  p o u r  deux types de 
loess d ifférents (B elgrade e t Z ren jan im )

opin ion  th a t, fo r som e kinds o f  loess m aterials the  allow able 
pressure appears to  depend only on the ultim ate bearing 
capacity , settlem ents being u n im p o rtan t w hen the load  is 
lim ited by the  in tro duction  o f  the fac to r o f  safety.
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B. Aisenst ein (Israël)

D an s leur article su r le loess en A rgentine ( la /3 ) , les au teurs 
écrivent que la  d im ension des grains é ta it à  peu p rès la m êm e 
p o u r le loess éolien e t le loess rem anié. O r, nous avons aussi 
dans le N eguev qu i est situé au  sud  d ’Israël deux espèces de 
loess: le loess éolien e t le loess rem anié e t déposés p a r  des 
to rren ts. N ous avons rem arqué que la coupe g ranulom étrique 
a une form e différente p o u r chacune des deux espèces; elle est 
du  type sim ple p o u r le loess ap p o rté  p a r  le vent e t du type 
com posé p o u r le loess rem anié. D ans ce dern ier cas on  a  
m êm e pu  calculer, d ’une m anière approchée les p ro portions 
relatives de loess prim aire  e t d ’argile alluviale qui y  a  été 
apportée.

Il sem ble en plus que les m inéraux argileux ne son t pas les

m êm es dans les deux cas; l’illite prédom ine dans le loess éolien 
tand is que la p ro p o rtio n  de m ontm orillon ite  augm ente dans le 
loess rem anié.

I l serait in téressan t de savoir si des observations analogues 
o n t été faites p o u r les loess d ’A rgentine, ou de to u t au tre  pays. 
D e cette m anière on  p o u rra it vo ir s’il existe une re la tion  en tre  
l’origine géologique du loess, sa-structu re  m inéralogique e t ses 
proprié tés m écaniques.

F . L. Cassel  (U .K .)

I have a few rem arks to  m ake on the physical and  engineering 
properties o f  chalk. A s the  au th o rs o f  P aper la /1 6  say, very 
little  has been published on  the geotechnical p roperties o f  the 
chalk o f  sou thern  E ngland. T his is n o t so surprising as m ost 
o f  the chalk  a t ou tcrops o r a t the dep th  o f  fou ndation  occurs 
in  the form  o f  a rock , though  a  relatively soft rock. H ow ever, 
the  safe bearing  capacity  o f  this chalk fo r the  usual m ethods o f  
construction  is never m uch in d o u b t or, indeed, the  fac to r o f  
safety is very high.

F ro m  the engineer’s p o in t o f  view the varia tions w hich are 
due to  the  transfo rm ation  o f  th is soft rock  in to  o ther types 
are, how ever, o f  the greatest in terest, an d  they certainly  m erit 
m ore a tten tio n  th an  has been given to  them  in the past. The 
hypothesis a b o u t the  genesis o f  som e o f  them  (I suppose the 
explanations given in the p ap er fo r the  fo rm ation  o f  the pu tty  
chalk are  p u t fo rw ard  as a hypothesis) m ay be correct o r  n o t : 
I  do n o t feel com petent to p ro nounce  on this aspect, b u t there 
a re  certain  po in ts w hich, in my opin ion , a re  against it.

There is a  th ird  well distinguished type o f  chalk  w hich is 
frequently  encountered  above the  chalk  rock . I t  is the  rubb le  
chalk , a loose accum ulation  o f  hard , w ell-rounded chalk  
particles o f  gravel size. These are  p ro bab ly  re-deposited p ro 
ducts o f  erosion  o f  p u tty  chalk, from  w hich the  clay-like m atrix  
has been w ashed aw ay.

T he m ost in teresting varia tion  how ever, w ithou t doub t, is the 
p u tty  chalk . Its  thickness is by no  m eans lim ited  to  the  30 ft. 
m entioned  in the paper. I  described in  a  discussion a t  the 
Z urich  Conference (Vol. I l l ,  p . 173) tw o occurrences w here the 
thickness o f  th is fo rm ation  over a  large area  exceeded 60 ft. 
an d  70 ft., and  the sound chalk  rock  h a d  n o t been reached a t 
th a t depth . W hether this can  be b ro ught in to  agreem ent w ith 
the  frost-and-thaw  theory  or, alternatively , the pressure theory 
appears to  be doubtfu l to  me. U sually  the  thickness o f  the 
pu tty  chalk is o f  course m uch sm aller.

A . C. Meigh an d  K . R . Ea r l y (la /1 6 ) have om itted  to  m en 
tio n  in their p ap er th e  index properties o f  th e  plastic m atrix, 
w hich form s, in cases o f  my experience, between 70 an d  90 per 
cent o f  the  to ta l m ass. G u th lac  W ilson has given values for 
the  pu tty  chalk  o f  L L =  27-28 an d  P L = 2 1 -2 4  p er cent. I  have 
found  sim ilar values a fte r so rting  o u t all large h ard  particles 
as LL  =  29-34 per cent, P L  =  25-29 per cent, P I =  2-5. A  
characteristic  fea tu re  o f  the  soil is th a t th e  w ater con ten t o f 
the  h ard  rock-like particles, w hich ap p ea r dry, is nearly  always 
higher by ab o u t 3 to  6 per cent th an  th a t o f  the soft, w et ap p ea r 
ing  m atrix. T he description in the  p ap er as cohesionless cal- 
citic silt is quite significant b u t n o t  qu ite  correct. I  had  
com pared  it w ith a  sa tu ra ted  loam y sand. In  any case, in spite 
o f  the  clay-like appearance and feel, it has very little cohesion 
an d  a high angle o f  shearing resistance.

I t  is always fully satu ra ted , as is m ost o f  the chalk  rock. I 
have described the com pressibility as very low. T he com pressi 
bility  o f  the  pu tty  chalk was, how ever, a b o u t ten  tim es th a t o f 
the  rock  tested by the  au th o rs  (m ean M v =  0-0044 sq. ft. per 
ton) while G u th lac  W ilson’s values w ere again ten tim es higher 
(m ean M „ =  0-04). I  have proved the low com pressibility 
once on  an  ou tcrop  near R ead ing  by a loading  test up  to
6 tons p er sq. ft. T he settlem ent a fter a  first elastic o r plastic
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ad ap ta tio n  a t 2 tons per sq. ft. was nil. T here is one feature 
w hich is very im p o rtan t, an d  is actually the reason I described 
th is type o f  soil in Z urich  and  fo r my com m ents today. Piles 
driven in to  the  pu tty  chalk  are liable to  settle fo r an  indefinite 
tim e u nder v ib ra to ry  loads due to  plastic  deform ation  and  dis 
location  o f  the  m atrix . F o r  th is reason  it  w ould  seem  th a t 
fou ndations on  this fo rm ation  should  always be considered 
from  the p o in t o f  view o f  ra ft construction  i f  the  solid rock  is 
o u t o f  reach.

A s the sam e chalk  fo rm ation  covers a  large region o f  no rthern  
F rance, I  suppose o u r F rench  neighbours m ust have had  sim ilar 
experiences w hen exploring the properties o f  th is stra tum . I t 
w ould be o f  the  g reatest in terest i f  som e com m ent on  the  con 
ten t o f  the  p ap er a n d  on the  properties o f  p u tty  chalk  m entioned 
by m e cou ld  com e from  th eir side.

T. K . Chapl in (U .K .)

A s the  G eneral R ep o rte r has classed L ondon  clay as being 
o f  special geotechnical in terest, m ay I  discuss som e poin ts 
ab o u t its streng th  in  re la tio n  to  Papers la /2 5  an d  l a / 18 by 
A. W . Skempt on an d  D . J. Henkel  and  J. Moum and  I. T h . 
Rosenquist .

First, a t  th e  sites w here gravel overlies the clay, nam ely, 
V ictoria, Sou th  B ank and  St. P au l’s in central L ondon , and  
W alton , M iddlesex (Bishop, 1948a and b), the  effects o f  soften 
ing by unload ing  an d  possibly w eathering persist fo r roughly

30, 30, 30 and  13 ft. o f  clay respectively. T he streng th  o f  the 
clay is low under the  gravel a n d  only increases slightly w ith 
depth . Moum and  the G eneral R ep o rte r in P ap er la /1 8  show  
th a t w eathering (oxidation) m ay actually  streng then  clay by 
increasing its LL  and  P L  a t constan t m oisture content. C ould 
this apply to  the L ondon  clay? Since visible w eathering—  
brow n d iscoloration— is only visible a t any o f  the sites fo r a  few 
inches in the clay under the gravel, one suspects th a t w eathering 
m ay perhaps n o t be very im p o rtan t; b u t could  there be any 
o ther reason  why the streng th  a t  W alton , only, rises so rap id ly  
to  a  notably  high value? In  the  low er reaches o f  the R iver 
Tham es, as a t V ictoria, Sou th  B ank and  St. P au l’s, flooding 
during  each w inter w ould have lasted fo r a  m uch longer period 
th an  higher up  the valley as a t W alton , an d  so there w ould have 
been som e opp o rtu n ity  fo r softening to  penetra te  deeply. 
This w ould occur while the erosion  surface o f  the L ondon  clay 
was exposed before the  flood p lain  and  terrace gravels w ere 
laid dow n. T he depth  o f  soften ing is unlikely to  be rela ted  to 
the  present dep th  o f  gravel, w hich is very variable locally.

Secondly, the  effect o f  sam pling d istu rbance has n o t been 
m entioned  in  P aper la /25  by A . W. Skempt on and  D . J. 
Henkel , although  Tat t er sal l , Wakel ing an d  War d (1955)* 
have show n th a t block sam ples from  a  tunnel m ay give three 
tim es th e  streng th  o f bore hole sam ples from  the sam e depth . 
Such clay m ay have a failure stra in  o f  l i  to  2 per cent, and  if the  

* See list o f references
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bore hole sam pling causes as little stra in  as th a t, no  im agination  
is needed to  see why bore hole sam ples are m uch w eaker than  
block sam ples.

C om paring  the strengths a t sites m entioned  by Skem pton 
an d  H enkel w ith o ther sites a t  W alton , Southall, B am et and  
K ensal G reen, I  have fou nd  th a t the  streng th  a t a b o u t 35 ft. 
below g round  level increases steadily w ith  greater distance 
aw ay from  central L ondon , th a t is, V ictoria, Sou th  B ank and 
St. P au l’s, th rough  In n er L ondon— P add ing ton  an d  K ensal 
G reen, tow ards the n o rth  and  w estern ou tsk irts o f  L ondon— 
B am et, Southall an d  W alton . T he reloading  an d  absence o f  
w eathering associated w ith gravel terraces appear n o t to  affect 
the order.

Thirdly , the  m easured strengths o f  locally weak zones a t 
certain  depths in central L ondon  are  only ju s t over the cal 
culated c /p  =  0-3 values fo r norm ally  consolidated  clay. I t 
m ay be no ted  here th a t the  low er p a r t o f  the P addington , 
V ictoria an d  T hatched  B am  curves roughly  correspond  to  an 
increase parallel to  the c jp  =  0-3 line from  a  shear streng th  o f  
perhaps 1-7 to n /sq . ft. a t  25 ft. depth . T his last, by coin 
cidence, happens to  be the average streng th  fo r the  fou r sites 
w here no  gravel overlies the L ondon  clay, i.e. Southall, T hatched  
B am , P add ing ton  and  K ensal G reen.

Fourth ly , the d ro p  in streng th  w hich occurs a t fou r sites ou t 
o f  seven w hen a shear streng th  o f  2 to  2 }  to n /sq . ft. is reached, 
and w hen ab o u t 1^  ton /sq . ft. is reached a t the o ther two.

F ifthly, a t  Padd ing ton , V ictoria an d  South B ank, a  sudden 
d rop  in shear streng th  occurs between abou t 80 and  85 ft. depth . 
F o r V ictoria an d  South  B ank this is the sam e feature as is noted  
in the  previous paragraph .

Finally, the  com paratively  even increase in  shear streng th  
un til the  first peak  is reached. This reflects the  w eathering 
(which is alm ost absent u nder the  gravel terraces) and  softening, 
perhaps also the  in filtration  o f  surface w ater an d  w ater from  
the chalk  below  under artesian pressures. I t  is rem arkab le  
th a t, a lthough the V ictoria an d  South  B ank borings showed 
very little brow n (w eathered) clay overlying the  ‘b lu e ’ (un 
w eathered) clay, the streng th  there near the clay surface is still 
low. Evidently the influence o f  w eathering as such is still 
sm all by com parison  w ith the  hysteresis loop fo r streng th  on 
loading  an d  unloading , dem onstrated  by Bishop (1948a, 
F ig. 2) and  again by Skem pton and  H enkel.

M ay I also draw  a tten tion  to  the close re la tion  between 
P aper la/11 by P. B. Heidema and  P aper 6/6  by L. Ber nel l . 
They bo th  agree th a t m easuring shrinkage is better th an  
m easuring th e  P I directly in rou tine  tests on  soils o f  low PI. 
Such tests are suggested as m ost suitable to  soils o f P I below 30, 
w hich corresponds to  a  bar-linear shrinkage o f  ab o u t 16 per 
cent. Even w ithou t a  correla tion  fo r an  individual soil, 
H eidem a’s results show  th a t over h a lf  the  sites give m ean PL  
w ithin ±  4 per cent o f the  equation

nT _  B ar-linear shrinkage 

0 1 5

th a t is, w ithin  a PL  e rro r o f  ±  1 a t P I o f  a ro und  25. O f course, 
there is a  correspondingly low er e rro r a t low er PI.
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A . G . St r mac (Y ugoslavia)

I  should like to  com m ent on  P aper la /9  by H . J. Gibbs and  
W . G. Hol t z and  to  congratu la te  the  au th o rs  on  th e ir valuable 
an d  practical con tribu tion  w hich has helped to  fill a  gap  w hich 
has existed fo r qu ite  a  long tim e.

W e have ourselves experienced the deficiency o f  the stan d ard  
p enetra tio n  test while w orking, th a t is, testing s tra ta  alm ost 
devoid o f  any overburden pressure. T his w as particu larly  
true  in one case w here we w ere called in  to  give o u r op in ion  on 
the  fou ndation  o f  a pavilion on  the new  fairg round  a t Z agreb . 
T he building had  to  be erected on  a  layer o f  fine to  m edium  
sand  w hich was som e 3 to  4 m  thick, an d  in som e places thicker. 
W e considered the stan d ard  penetra tio n  test to  be th e  m ost 
ap p ro p ria te  and  fastest m ethod  o f  obta in ing  results, a n d  to  
ob ta in  the  desired in fo rm ation  w hich w ould provide som e 
quan tita tive  results to  be used  in  the  determ ination  o f  the 
allow able p re ssu res.

W e carried  o u t the  stan d ard  penetra tio n  test from  the 
excavation, w hich m ean t th a t there  was practically  no  over 
b u rden  pressure present. A lthough  we considered the sand 
layer to  be in a fairly dense state , according to  o u r visual in 
spection, the  num ber o f  blow s o f  the stan d ard  p en etra tio n  test 
was very low— som e 2 to 5 blow s p er foo t, indicating a  layer in 
a  very loose to  loose state . Judging  these results to  be illogical, 
we m ade a  few plate bearing tests w hich p ro duced  m oduli o f  
elasticity o f  250 to  400 kg /cm 2. Since these results w ere in 
agreem ent w ith  th a t w hich we could see an d  judge, we relied 
on  them  an d  based o u r final rep o rt on  them .

In  Fig. 7 o f  their rep o rt Gibbs and  Hol t z have clearly show n 
th a t th e  overburden pressure plays a  very im portan t role 
indeed, an d  considerably influences the results. T he Terzaghi 
an d  Peck curve gives very conservative results fo r layers w ithout 
o r w ith  a  sm all overburden  pressure. O u r p la te  bearing  tests 
have also show n and  proved the tested sand layer to  be in a 
m uch denser state  th an  th a t indicated  by the stan d ard  p en e tra 
tion  test.

T he new  rela tionship  betw een penetra tio n  resistance and  
relative density fo r cohesionless sands established by the 
au th o rs  will certainly  help an d  con tribu te  to  the  be tte r and 
m ore realistic applica tion  o f  the stan d ard  penetra tio n  test.

J. K . Al derman (U .K .)

I  w ant to  direct m y com m ents to  P aper la /9  by H . J. Gibbs and  
W . G. Hol t z on th e  ca lib ra tion  o f  the  stan d ard  penetrom eter.

T his p ap er is valuable in  indicating  w hat variables affect o u r 
resu lts; b u t it is ra th e r surprising to  find such a great d isagree 
m en t between the no rm al curves given by T erzaghi a n d  Peck 
an d  those derived by the  au tho rs , particu larly  fo r very low 
overburden  pressures. I  wish, therefore, to  bring  to  the notice 
o f  the m eeting the results ob tained  from  tw o recent field 
investigations.

F ro m  a num ber o f  field tests on a sand an d  fine gravel 
stra tum  it was found  th a t w ithin  5 ft. o f  the surface values o f  N  
g reater th an  35 w ere obtained . A ccording to  the  figures given 
by G ibbs and  H oltz , how ever, th is is im possible, as the value 
o f  N  fo r a  sand  o f  m axim um  density is given as 20 a t the  surface 
rising to  35 a t a  dep th  o f  15 ft. W e have, therefore, an  exam ple 
w here the  curves by G ibbs and  H o ltz  do n o t apply.

In  a  second investigation, w hen studying the relative density 
o f  a  sand a t a  depth  o f  10 to  15 ft., values o f  TV greater th a n  100 
w ere ob ta ined ; th is sand had  a grading  sim ilar to  the  one used 
by the  au thors. These results are in com plete disagreem ent 
w ith  those given in the paper, an d  in view o f  this discrepancy 
it is as well to  exam ine th e  variables in tro duced  by the au thors, 
to  see w hether som e o ther p o in t has been m issed.

A  large percentage o f  o u r sands and  sand  deposits have been 
over-consolidated during  their geological h isto ry, and  therefore 
th e  p resent overburden is m uch low er th an  a t previous tim es. 
T his p o in t has n o t been studied by the  au tho rs , an d  I suggest 
th a t it  is a  possible exp lanation  o f  the  difference betw een the 
lab o ra to ry  tests and  the  field results. Before any value fo r N  
can  be reasonably  estim ated we should  know  the over-consoli-
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da tio n  ra tio . T his fact has been confirm ed by a num ber o f  tests 
carried  o u t a t M anchester during  w hich we calib rated  a slightly 
sm aller type o f  dynam ic sam pling tube. I t  was fou nd  th a t n o t 
only did  N  value vary w ith  overburden pressure, bu t it also 
varied  w ith  the over-consolidation ra tio .

A . J. da  Cost a Nunes (Brazil)

M onsieur le Président, M essieurs: nous avons entendu, 
au jo u rd ’hui, une série de com m unications à  p ro pos de la 
résistance à  la pénétra tio n  norm alisée de l’échan tillonneur qui 
a  déjà été étudiée d ’une façon assez com plète p a r  M essieurs 
T erzaghi e t Peck.

A u Brésil, nous avons fa it p rocéder à  des sondages p a r  des 
firm es spécialisées e t, avec les m êm es équipem ents, on  trouve 
quelquefois, dans les m êmes terra ins, des résu lta ts discordants. 
N o u s avons constaté , à  plusieurs reprises, que la façon d ’exé 
cu ter les essais de p énétra tio n  avait une im portance assez con 
sidérable. N ous avons m êm e trouvé des différences d ’environ 
50 po u r cent dans la résistance à la pénétra tio n  suivant la vitesse 
de l’essai. Si on  com m ence à com pter les coups après avoir 
pénétré à  une certaine p ro fondeur ou si on com m ence to u t de 
suite, on  ob tien t des différences de résistance à la  pénétra tion  
assez m arquées.

N o tre  expérience nous perm et donc d ’affirm er que les essais 
de p énétra tio n  norm alisés ne son t pas encore assez norm alisés. 
Je vous rem ercie.

D . Cr oney (U .K .)

I  w ould like to  reply to  one p o in t m ade by T . W . Lam be. 
H e said  th a t he doub ted  i f  there was any relationship  between 
shear streng th  and  soil suction  o r tension, and  he added th a t 
the  fac t th a t an  oven-dry soil w ithou t any m oisture con ten t had  
a  very h igh  shear streng th  sup ported  th is view.

I  am  sure th a t L am be is fully aw are th a t the  tension o r suction 
o f  soil w ater increases rap id ly  as th a t soil dries, a n d  has a  very 
high  value a t oven-dryness, w hich could  well account fo r the 
high  shear strength . A  soil dried arb itrarily  a t 100° to  110° C. 
con ta ins sufficient w ater to  provide these high suction forces.

G . St efanoff  (Bulgaria) (read b y  the  G eneral R eporter)

In  m ost countries th e  LL  is being determ ined according  to  
A tterberg’s m ethod  by m eans o f A . C asagrande’s apparatus . 
This m ethod  has proved to  have essential advan tages: (1) p re 
cision, (2) sim plicity o f  ap p ara tu s an d  m anipu lation , and  
(3) results a re  little dependen t on  hu m an  errors. T here are, 
how ever, certa in  disadvantages.

F irst, it is inconvenient an d  even unfit fo r exceedingly sandy 
soils. W ith  th e  la tter, in  o rd er to  cu t a  groove, the  spattle  has 
to  overcom e a  shearing resistance in  the  soil w hich is g reater 
th an  th e  adhesion  an d  friction  betw een th e  soil and  the  m etal 
surface o f  the  b rass cup, so th a t it  carries aw ay the w hole soil 
sam ple. In  th is case th e  L L  can n o t be determ ined. I t  is 
usually accepted equal to  the  P L , th a t is to  say, the  P I 7,„ =  0. 
In  m ost o f  these cases the  P I is indeed sm all, a lthough  n o t 
necessarily equal to  zero. I  have established th a t due to  the 
above-m entioned reason  the  L L  o f  6-3 p e r cent o f  nearly  3000 
successive sam ples (Br ennecke an d  Lohmeyer , 1938) has n o t 
been determ ined. O nly in the  case o f  36 p er cen t o f  the  sandy 
loam s (w ith 10 to  30 p er cen t clay fraction  u nder 5 /¿) and
12 p er cent o f  the loam y sands (w ith 3 to  10 per cent clay fraction  
u n d er 5 /j.) cou ld  the  L L  be determ ined (St efanoff , 1955).

Secondly, a fter long service the  spa ttle  and  the brass cup 
becom e w orn, w hich leads to  a  change in the  s tan d ard  dim en 
sions. I f  the  height o f  the  spa ttle  is w orn  by 1 m m , the  w idth  
o f  the groove increases from  2 to  4-1 m m . Experim ents have

show n th a t th is leads to  an  ap p aren t increase o f the  L L  by 
15 p er cent w ater content.

Thirdly , the  closing o f the  groove and therefore the  L L  itself, 
as is well know n, depends on the  stiffness o f the  base (hard  
ru b b e r p la te  on  telephone d irectory  an d  others).

In  som e countries (the U .S .S .R . an d  others) recently, in 
o rd er to  elim inate these d isadvantages, L L  is being determ ined 
by m eans o f  a  standard  cone. T his m ethod  is sim ilar to  th a t 
o f  the  Swedish cone, the  difference being th a t the  w eight is 
fixed a t 76 g, an d  the  angle o f  the  cone a t 30° (Vassil iev, 
1949, 1953). T he  device was in troduced  by Vassiliev a n d  its 
o peration  has since been im proved. In  the  B ulgarian  soil 
m echanics laborato ries the  cone show n in Fig. 16 is being 
used (St efanoff, 1955): w ith  th is device all the defects o f  the 
classical m ethod  are rem oved. T he basic disadvan tage o f  this 
m ethod  how ever is th a t it changes A tterberg’s well know n 
definition o f  the  L L : the LL  obtained  w ith the cone being low er 
th an  th a t ob tained  by the classical m ethod. I t  is necessary to

Fig . 16

know  the exact relationsh ip  existing between the L L  obtained  
w ith the  tw o m ethods in  o rd er to  be able to  com pare the  results 
o f  the  labora to ry  tests in different countries.

I  have show n (St efanoff, 1955) th a t the  relationship  between 
w ater con ten t and  penetra tio n  o f  the  cone is a  logarithm ic one, 
ju s t  as the  relationship  between w ater con ten t an d  the num ber 
o f  blows. T he  result is th a t the relationship  betw een L L  
determ ined according to  th e  tw o m ethods is linear. T his has 
been confirm ed by 84 tests w here the  L L  are  betw een 28 an d  
90 p e r cent. A n  extrem ely close correla tion  between the results 
o b tained  according to  the  tw o m ethods has been established 
(Pearson’s co rrela tion  coefficient (Smit h an d  Duncan, 1944) 
is t-= 0-964±  0 024). T he equatio n  o f the  stra igh t line w hich 
expresses the  re la tionship  betw een the tw o L L ’s i s :

L $  x  1-449 £¡¡¡ — 7-4 . . . .  (1)
o r

a  0-690 £ ¿  +  5-1 . . . .  ( la )

w here L £  is the  L L  according  to  A tterberg,
XS is the  L L  ob tained  w ith the  stan d ard  cone.

W hen we know  one L L  the o ther can  be determ ined w ith an 
average e rro r o f  2 to  3 p e r cent w ater content.
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G e n e ra l R e p o r te r

In  m y opening address I  said th a t if  we could  bring  clarity  to 
the problem s concerning  the tran sp o rt o f  w ater and  the na tu re  
o f  w ater in the  soils, this conference w ould  be o f  greater im 
po rtance to  soil m echanics th an  m ost o f  the  previous con 
ferences. H ow ever, a t  the end  o f  th e  discussion we have to 
conclude th a t there  is still a  g reat uncerta in ty  ab o u t how  w ater 
behaves. T he discussion has given the  im pression th a t we do 
n o t know  sufficient a b o u t the  physical basis o f  this subject. 
T here are  g reat sim ilarities b u t also som e differences between 
th e  views held  by T -K . T an  an d  E . C. W . A . G euze an d  those 
contained  in m y general rep o rt. I t  seems obvious th a t fu rther 
research  is necessary and  we can n o t expect to  reach  a  con 
clusion today. I  hope, how ever, th a t w hat has been presented 
here will p ro m ote  in itiative a t different laborato ries, and  th a t in 
the  fu ture  we shall have fu rth e r results in this respect. I  th ink  
th a t the officers o f  the  next conference will have a very difficult 
jo b  in picking o u t the  papers to  be presented under the  heading 
o f  ‘F und am en ta l P ro p ertie s’.

I  should like to  th an k  all those w ho have taken  p a r t in  the 
discussion, an d  look fo rw ard  to  reading  those con tribu tions 
w hen they are printed.

K . Ter zaghi, President (U .S.A .)

I  have follow ed the discussions o f  th is m orn ing  w ith g reat 
in terest. T he G eneral R ep o rte r h ad  expressed the  hope th a t 
the  discussions m ay lead  to  a  c learer understand ing  o f  the 
physical properties o f  the  w ater occupying very sm all voids. 
H ow ever, sum m arizing the discussion, he arrived  a t the  con 
clusion th a t o u r know ledge o f  the perform ance o f  w ater in small 
voids is still in  a  ra th e r hopelessly controversial state. This 
fact is by no  m eans surprising, because the  m olecu lar in ter 
ac tion  between w ater an d  a  solid a t the  boundaries between 
these tw o substances is n o t yet clearly understood .

W hen I  m ade the  first consolidation  tests on  clay in  1921 I 
w as im pressed by the  fac t th a t the  ra te  o f  flow o f  th e  w ater 
th rough  the voids o f  the clay decreased m uch m ore rap id ly  w ith 
decreasing porosity  th an  D arcy ’s law w ould lead one to 
an ticipate. In  o rd er to  account fo r th is phenom enon  I  was 
com pelled to  assum e th a t each m ineral partic le  is su rrounded  
by a  layer o f  adsorbed  w ater w ith a  thickness o f  0-2  ¡x, the 
viscosity o f  w hich increases rap id ly  from  th a t o f  norm al w ater 
a t the ou ter bound ary  o f  the  layer to  th a t o f  h a rd  asp halt a t 
the  co n tac t w ith  the  solid . T he observed phenom ena an d  my 
tentative explanation  o f  their causes w ere published  in  1924 in 
the  Z e itsc h r ift f i i r  A ngew andte M a th e m a tik  un d M echa n ik  
(Vol. 4, pp . 107-133). In  a  p ap er w hich I p resented  in  1926 
a t  the  F o u r th  C olloid  Sym posium  in C am bridge, M ass., I 
expressed the  opin ion  th a t the abnorm ally  high viscosity o f  the 
bound ary  layer m ay be the  result o f  th e  dam pening effect o f 
th e  a ttrac tio n  o f  the m olecules o f  the  solid phase on  the m ove 
m ents o f  th e  adjacent w ater m olecules, com parab le  to  the  effect 
o f  low ering the  tem peratu re. W ith  increasing distance from  
the interface the intensity o f  the  dam pening effect decreases and  
a t a  d istance o f  0-2  /i. from  the in terface it becom es im per 
ceptible. T his hypothesis appeared  to  be co rrobora ted  by the 
observation  published by W. D . H ark ins in 1921, th a t the

density o f  w ater contained  in the voids o f  charcoal is very m uch 
h igher th an  th a t o f  norm al w ater. D u rin g  the  m eeting w hich 
w as a ttended  by m ost o f  the  leading colloid  chem ists o f  the  
U n ited  States o f  A m erica, the  p ap er was discussed, b u t n o  
objections against my explanation  o f  the  observed phenom ena 
w ere raised.

D u rin g  the  follow ing three decades, concepts concerning  the 
constitu tion  o f  the adsorbed  layer have changed several tim es. 
W e know  today  th a t the  in teraction  between solid an d  w ater is 
fa r  m ore com plex th an  I assum ed in  1924, b u t a  convincing 
explanation  o f  the  abnorm al p roperties o f  the  w ater con tained  
in  very narrow  voids is n o t yet in sight. T herefore we have to  
postpone final conclusions concerning this subject, a t  least un til 
the  next In tern a tional Conference.

A. Bel l uigi (Italy)

M y co n trib u tio n  deals w ith  the  non-steady  case o f  electro- 
osm otic dew atering an d  conso lidation  o f  soils.

In  a  sa tu ra ted  iso trop ic  an d  hom ogeneous soil m ass a  direct 
electric cu rren t I  is applied , w hich causes th e  w ater flow  q. 
D u rin g  consolidation , a  w ater loss Q p er u n it o f  volum e takes 
place (zero in  the  case o f  the steady state).

In  the  succeeding deductions th e  sym bols m ean :

1 =  electric cu rren t density 
q =  discharge p e r u n it o f  area  

Q  =  w ater loss p er u n it o f  volum e 
k  =  perm eability  coefficient (D arcy) 

k e =  electro-osm otic flow coefficient (Schaad-H aefeli) 
u = hydrau lic  pressure 

y w=  specific w eight o f  w ater 
p  =  specific resistance o f  sa tu ra ted  soil 
/= t im e

Anode A (0) Cathode C(a)

h u

Fig . 17 E lectro -geo-osm otic  d ra in ag e  (d iagram m atic) 

D ra in a g e  e lec tro -g eo -o sm o tiq u e  (g raph iq ues)

A ssum ing the follow ing expressions to  be valid :

q =  — Æ .grad — + /a . / ,  f i  =  k e.p 
7w

Q  = d \y  q, div 7 = 0

Q  =  — —  c„ =  T erzaghi’s coefficient o f  consolidation
CvYw St

there will be:

W e consider the  ‘linear ca se ’ w ith  tw o vertical parallel 
electrodes, w here -¿(0) =  anode a n d  C(o) =  cathode  (see 
F ig. 17).

A t the  beginning o f  the  electro-osm otic process hu is every 
w here equal to  h0 (hydraulic head) an d  u = u0, a n d  if  Q c

Ground w ater level
_X ______________________ _ _

_________a_____

X
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(cathodic discharge) will m ain ta in  steady hydraulic head  h0 
then:

Qc = / * ./
I f  h  =  h u - h a

k d h
q  = ------ —  + H ..I

y w 8 x

Q  =  - k . c ^

1 4 = 1 . ^  w ith  the  follow ing bou n d ary  conditions:
9 x 2 c„ S t

K ±  co, /) =  o

h ( + o ,  t) =  h ( - o ,  t)

/8 h \  id h \  _  f jJ  

\ S x ! +0 \ d x / _ 0 k

Qc = qa-o-^o  =

T he pro b lem  can  be solved by the  Laplace transfo rm ation  
m ethod an d  we will m ark  th e  transfo rm ation  o f  all the m agni 
tudes considered by a  b ar:

f i x ,  s) =  f  e~ uf ( x ,  t)d t 
•'o

Fig . 18 R ed u c tio n  o f  e lec tro -osm otic  d ra in ag e  ra te

D im in u tio n  de la  vitesse d e  d ra in a g e  e lec tro -osm otique

T here results :

h " (x )  =  - - h
C

a differential equatio n  w ith  well know n solu tion . T hus we 

ob ta in  all the  h ’s fo r x < o ,  0 < x < a  an d  fo r x > a .  A pplying 
the  tran sfo rm atio n  to  Q c a n d  successively the  inverse tran s 
fo rm ation , the  follow ing expression results:

(T/0*

(7 7 ) i

w herein: r =  (a2/4c„) m eans the  tim e param eter. T he  result 
shows th a t the  ca thodic  w ater expelled p e r u n it o f  tim e 
dim inishes w ith  respect to  its sta tionary  value in  the  ra tio  
<j>(jlt) =  le ~ U2d U  (well know n G auss function) th e  m ore  r / t  
increases (see Fig. 18).

A t first the  dew atering process is sim ilar to  the  stationary  
case, w here Q c = f i . I .  Conversely fo r large values o f  t  w ith 
regard  to  r  there re su lts :

j i . I . a
Qc

w ith ra th e r slow decrease.

7 r ( / . c „ ) i

In trod ucing  </>= f Q d t, T = I .  t the to ta l quan tity  <¡> o f  w ater
Jn

expelled w ith  re la tion  to  T  shows sim ilar behav iour to  Q c as a 
function  o f  I . F u rth e r i/r is independen t o f  th e  coefficient o f  
consolidation .

T he exam ination  o f  the  space d istribu tion  o f  i¡j (w ith relation  
to  the abscissa x )  shows th a t the  cathod ic  w ater discharge partly  
com es from  the space beyond the anode — oo <  x <  o, an d  partly  
from  the space between the electrodes o < x < a .

W hen t < T ,  Q c flows equally from  these tw o regions and  a t 
first shows a  d istinct m axim um  a t the  anode.

W hen t > r ,  the  w ater ex traction  takes place in the  zones fa r  
from  th e  electrodes.

In  p ractice the electro-osm otic drainage occurs w ithin  the 
electrodic zone w hen t does n o t exceed t  by som e m ultiple.

F u rth e r theoretical deductions allow  the lim its o f  drainage 
to  be determ ined w ith re la tion  to  a given electric cu rren t and  
to  given physical characteristics o f  the soil like resistivity, 
coefficient o f  consolidation  an d  others.

T he  a u th o r is indebted  to  D ipl. Ing. W. Schaad, C onsulting 
Eng., Z urich, for his advice.

M . E. Buisson (France)

D ans leurs com m unication , S. Mur ayama et S. Hat a (la /1 9 ) 
exposent les résu ltats q u ’ils on t obtenus en  rem an ian t le sol 
dans une seule d irection e t en rép é tan t les rem aniem ents. Il 
serait in téressan t que cette déterm ination  se fasse d ’une façon 
com parab le  dans les divers laborato ires p o u r déterm iner la 
sensibilité de l’argile. C ette no tion  est en effet pleine d ’intérêt 
e t perm et de com prendre  bien des phénom ènes d ’abaissem ent 
de résistance de l’argile p a r  cisaillem ent.

E n  ce qui nous concerne, e t après l’avo ir m is approxim ative 
m en t sous form e cubique, nous plaçons l ’échan tillon  à rem anier 
sous une m achine de com pression, e t nous aplatissons le cube 
de façon que sa h au teu r soit dim inuée d ’environ  15 p o u r cent. 
N ous to u rnons l’échan tillon  à 90° e t nous recom m ençons dans 
les deux autres directions principales du  cube. O n  opère 
rap idem ent p o u r em pêcher l’évaporation .

U ne au tre  m éthode consiste à  m alaxer le sol à  la  m ain en lui 
inco rpo ran t éventuellem ent le m inim um  d ’eau. O n prélève 
un  échan tillon  cylindrique après m alaxage e t on m esure sa 
teneur en eau. Le rem aniem ent après m alaxage, sans ajoute, 
condu it à  une teneur en eau  inférieure. L a résistance est alors 
obtenue p a r  in terpo lation .

I l sem ble q u ’en vérité, e t su ivant les ouvrages, on  puisse se 
con ten ter d ’un  rem aniem ent su ivant une seule direction  de 
com pression, ou  su ivant plusieurs directions. D e toutes 
façons, l’intensité du  rem aniem ent n ’est pas précisée. Les 
résu ltats différent quelque peu, m ais pas d ’une façon  régulière.
Il serait donc in téressan t d ’é tudier de près le m ode opérato ire  
e t de le norm aliser.

A . J. L. Bol ognesi and  O. Mor et t o (A rgentina)

In  answ er to B. A isenstein’s com m ents on o u r p ap er (1 a/3), 
we wish to  po in t o u t th a t th is p ap er was purposely  entitled  
P roperties an d  B ehaviour o f  Silty Soils O riginated from  Loess 
F orm ation s because we lim ited it  to  the  types o f  re-deposited 
m odified loess th a t belong to  the M L  group. W e do  n o t 
question the existence o f  o th e r types o f  soils derived from  loess 
w ith  a  larger percentage o f  clay particles th an  the ones described. 
O n the contrary , we state  specifically th a t the area  we have 
studied  is covered by very th ick  deposits o f  m aterials ranging 
from  true  w ind-blow n loess to  very active clays.

W . Schaad (Sw itzerland)

The con tribu tions to  the  conference in  the  field o f  electro- 
osm otic trea tm en t o f  soils reveal a  steadily increasing interest
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in  the range o f  practical application  o f  these m ethods. A t the 
sam e tim e this in terest stim ulates the im provem ent o f  theoretical 
bases.

T he publication o f  G . M . Lomizé, A . V. Net ushil  and  B. A. 
Rzha nit zin ( la /1 5 ) represents a  valuable con trib u tio n  to 
electro-osm otic drainage o f  soils.

T heir expressions 5 to  9 give a  new derivation  o f  the  electro- 
osm otic perm eability  coefficient k e treating  the  relationship  
between porosity , grain  size and th is coefficient. O ne m ay 
sta te  th a t the basic form  o f  these expressions is o f  the  sam e 
form  as the  H elm holtz form ula from  w hich m ay be derived:

I
k ,  ~  c o n s t -

V

£ =  electrokinetic particle poten tial

Tj =  viscosity

Since the  electrokinetic particle potential is directly p ro 
po rtional to  the cation  charge a o f  the double layer the above 
expression m ay be replaced by :

CT
k e ~  const. -

V

and  the basic type o f form ulae developed by Lom izé is obtained.
T he electro-osm otic activity as defined by Lom izé is identical 

w ith the specific electro-osm otic pressure height :

£
h e =  {k  =  hydraulic  perm eability  coefficient)

defined by Schaad and  Haefel i, 1947 an d  1948, in add ition  the 
expressions 14 and  15 have already been published  (S chaad - 
H aefeli) an d  are  n o t new. A t th e  sam e tim e the Laplace 
equation  fo r com bined hydrau lic  an d  electro-osm otic g round  
w ater flow was also published  by the la tte r au th o rs:

kA<j>h + D s A<f>e =  —47re

w here :

=  hydraulic potential 
<j>e =  electric po ten tia l 

D b =  dielectric constan t o f  sa tu ra ted  soil 
e =  electrical charge density p e r u n it volum e

I t  w as then  sta ted  th a t on the basis o f  this equatio n  the 
theoretical trea tm en t o f  electro-osm otic perco lation  m ay be 
undertak en  in  the  sam e m anner an d  the  sam e m ethods are 
applicable as fo r hydraulic g round  w ater flow, since bo th  show  
the sam e type o f  differential equatio n  (Laplace).

This fact enables trea tm en t o f  electro-osm otic flow in  porous 
m edia by m eans o f  analogy, e.g. electric m odel test m ethod  as 
in the  field o f  hydraulic g round  w ater flow.

T he analogue studies o f  Net ushil  represen t an  in teresting 
con tribu tion  to  the  com bination  o f  vacuum  well p o in t system  
w ith electro-osm otic treatm ent, an d  are  illustra ted  by the 
practical application  fo r building an d  trench excavations 
described by Rzha nit zin .

T he publica tion  dem onstrates th a t electro-osm otic trea tm en t 
an d  com bination  o f  well p o in t system s w ith  electro-osm otic 
dew atering m ethods represents effective m eans fo r the drainage 
o f  fine-grained soils.

T he coulom etric coefficient treated  by A . Pia skowski ( la /2 2 ) 
is o f  the  sam e form  as the  old  Wiedemann’s coefficient (1852-56). 
In  the  case o f  the  hydraulic coefficient being zero the  cou lo 
m etric  coefficient represents the  inverse o f  W iedem ann’s 
coefficient :

w h ere : Q =  electro-osm otic discharge 
J =  cu rren t streng th  
f= tim e

p  =  resistivity o f  soil

These coefficients a re  very useful fo r checking the effective 
ness o f  practical applications o f  electro-osm otic drainage.

T he fu rth e r statem ents o f  influence o f  the change o f  cation  
charges confirm  the fo rm er observations o f  Per r in (1904) 
show ing th a t the particle po ten tia ls o f  double layers depend 
in  a  high degree on  the  ionic na tu re  o f  liquid phase. Since the 
electro-osm otic perm eability  coefficient k e is p ro p o rtio n a l to  
the  electrokinetic particle po ten tia l £ respectively to  the  cation  
charge <r the p ro p o rtio n  o f  the influences o f  base exchange on 
k e is the sam e as to  the influence on  £.

T he in ter-re la tion  o f  the electro-osm otic flow  coefficient k e 
and  the soil p roperties on the one hand , as well as the  connection  
betw een the classic laws o f  electro-osm osis (H e lm h o ltz -P errin - 
Sm oluchow ski) an d  the  law  published  in  1946-48 (S chaad - 
H aefeli) on  the  o ther h an d  represents a  central p o in t o f  in terest 
in research  an d  has been trea ted  by the a u th o r in  a p ap e r th a t 
appeared  in  A n n a li d i  G eofisica .

Starting  from  the H elm holtz fo rm ula  th e  a u th o r form erly 
m entioned (1948) th a t regarding  the bou n d ary  cond itions o f  
this law  the fo rm u la  leads to  results con trary  to  experience. 
In  the p as t ten years an  analysis o f  th is fo rm u la :

r  D  r
u‘ =  w

uc =  capillary  speed 
£ = electrokinetic partic le  poten tial 

D =  dielectric constan t o f  fluid 
Tj =  viscosity
¿ ^ e le c tr ic a l  field strength

has been undertak en , considering n o t only the electro-osm otic 
flow, b u t also the  electrolytic p a r t  o f  cu rren t tran sp o rted  
sim ultaneously and  in  com bin ation  w ith  the  electro-osm otic 
phenom enon  a n d  causing ca tion  exchange.

By m eans o f  special considerations one m ay show  th a t  the 
H elm holtz  fo rm u la  can  be transfo rm ed  to  the  expression:

P L-V'  
n  =  porosity
A =  transfo rm ation  fac to r from  c.g.s. to  p ract. units
S =  thickness o f  doub le  layer 
a = capillary  rad ius 

Pl =specific resistance o f  fluid

T he electrokinetic  particle p o ten tia l £ results from  this 
co n s id era tio n :

P L

w hich shows th a t the  partic le  po ten tia l £ as defined by H elm 
ho ltz  w ould depend o n  the  capillary  size, incom patib le w ith its 
original definition.

In trod ucing  the  electrolytic action  com bined w ith the  electro- 
osm otic phenom enon  an o th er partic le  p o ten tia l £ was in tro 
duced. A s expected, it is independen t o f  geom etric m agnitudes 
o f  capillary :

T he curren t J w tran sp o rted  by electro-osm osis is o b ta in e d :

c ~  j ~ j . t ~  k e p
fj, (Belluigi, see w ritten  con tribu tion)

Jyf —
a

, 2tt / i 7 \ i  a

1 + F 7 d ( ^ : )  •a  2S
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w here m eans a  coefficient o f  electro-osm otic action  an d  J  the 
to ta l cu rren t tran sp o rted  by electro-osm osis an d  electrolysis. 
T h e  expression dem onstrates th a t  by increasing the  po re  d ia 
m eter 2a  the  electro-osm otic tran sp o rt dim inishes to  zero  and  
by decreasing the  d iam eter to  zero theoretically  the  w hole 
am o u n t o f  cu rren t is tran sp o rted  by electro-osm osis.

T he  analysis leads to  the  follow ing conclusions:
By considering th e  electro-osm otic flow as a partia l electric 

surface cu rren t always com bined  w ith  electrolytic curren t, the 
con trad ictions resulting  from  application  o f  the  classical theory, 
w hen applied to  special problem s, e.g. the  electro-osm otic rise 
as a  fun ction  o f  capillary  diam eter, disappear. W ith  increase 
o f  capillary  diam eter, th e  electro-osm otic effect decreases in 
accordance w ith  experience, while from  the classical theory  the 
opposite  effect results.

T ak ing  in to  consideration  the  electrolytic p a r t o f  the  curren t 
th e  m odified electrokinetic particle  po ten tia l becom es constan t, 
a  real physical m agnitude independen t o f  the  capillary  diam eter 
as m ust be expected from  the original definition o f  the  particle 
po ten tia l.

A ssum ing the electro-osm otic p a r t  o f  flow to  be som e so rt 
o f  film  m otion , the m odified electrokinetic potentia ls show  an 
o rd er o f  m agnitude o f  volts an d  seem  to  rep resen t sim ple 
co n tac t po ten tia ls sim ilar to  galvanic p o ten tia l differences, an d  
w ith these results the inconsistencies o f  the classical theory  seem 
to  vanish.

I t  m ust be em phasized th a t fo r the  range o f  p ra c tic a l app li 
ca tio n  o f  electro-osm otic procedures the  in ter-relations o f  the  
diverse influences on  electro-osm otic perm eability  coefficient 
like ca tion  exchange, porosity , etc., do  n o t affect very m uch the 
relevant m agnitudes, since o th e r influences like cavities, fissures 
an d  heterogeneities o f  soils influence th e  electro-osm otic p er 
m eability m uch m ore th an  these in ter-relations, in  th e  sam e 
w ay as fo r the  hydraulic  perm eability  o f  g ro u n d  w ater flow.

F o r  th is reason  in a  practical case the  electro-osm otic 
perm eability  coefficient, the  electro-osm otic p ressure height 
(activity) o r  the  coulom etric  coefficient m ust be determ ined on 
sam ples, i f  possib le und istu rbed  ones, and  can n o t be checked 
fro m  th e  g ra in  size o r  o ther soil coefficients. Even know 
ledge o f  coefficients determ ined on  sam ples does n o t guarantee 
a  successful resu lt o f  applica tion , since influences o f  na tu ra l 
heterogeneities o f  large soil m asses a re  n o t included. T here 
fore practical applications necessitate p relim inary  field tests. 
T h e  experience shows th a t fo r electro-osm otic action  th e  sam e 
ho lds as fo r hydrau lic  perco lation , i.e. th e  fact th a t  only orders  
o f  m agnitudes o f  w ater expelled, drainage ra te , energy con 
sum ption , drainage tim e, etc., can  be determ ined, an d  i f  this 
check  o f  the  o rd er is confirm ed by applica tion , one m ust be 
satisfied an d  the result is a  very good one.
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P. Sl iwa  (Poland)

I  have analysed the  results o f  a b o u t 10,000 physical and  
m echanical investigations o n  cohesive soils from  several soil 
m echanics laborato ries. A dvantage has also been taken  o f  all 
m a tte r availab le in the  literature.

I t  has been ascerta ined  th a t there  a re  statistical relationships 
am ong all p ro perties o f  soils w hich m ay be classified in to  tw o 
types:

(1) C onform ities, practically  speaking, s tra igh t lined: fo r 
exam ple the  connection  betw een the A tterberg  lim its a n d  the 
con ten t o f  clay fraction , betw een u n it weight, po rosity  and  
w ater con ten t, betw een p lasticity  index and  com pressibility, 
etc.

(2) C onform ities determ ined by the  eq u atio n  o f  the  loga 
rithm ic  curve: fo r instance the  connection  betw een shearing 
resistance and  w ater con ten t (the angle o f  friction , cohesion 
an d  w ater content), com pressibility  an d  w ater con ten t, etc.

In  all these connections there ap p ea r th ree  param eters o f  
physical and  m echanical p ro perties o f  cohesive soils w hich are 
fun dam ental from  a  practical p o in t o f  view. These are : the 
m ineralogical character, grain-size characteristics an d  n a tu ra l 
w ater content.

These connections m ay be explained by the  theo ry  o f  the 
s truc tu re  o f  clay soils, an d  m ay be fou nd  useful in  determ ining 
soil properties fo r  p ractical purposes. T he three above-m en 
tioned  fun dam ental p a ram eters : m ineralogical character, 
grain-size characteristics an d  n a tu ra l w ater con ten t m ay in 
p ractice be estim ated  by m eans o f  the  sim plest m ethods, which 
can  be carried  o u t in  field as well as in labo ra to ry  investigations. 
In  th is w ay it  is possible to  sim plify to  a  large degree the 
lab o ra to ry  investigation o f  soils to  a  m ethod  w hich am ounts 
to  tak ing  advan tage o f  established graphical o r analytical 
relationships.
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