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The Mechanical Properties of Montmorillonitic 
and Illitic Clays related to the Electrolytes of the Pore Water

Les propriétés mécaniques des argiles montmorillonitiques et illitiques dépendant des 
électrolytes de l ’eau interstitielle

by J . M o u m  a n d  I. T h . R o s e n q v is t

Summary

Artificially sedimented and consolidated clays derived from 
illitic and montmorillonitic raw materials prove that replacement 
of sodium by potassium under constant load involves im portant 
changes in mechanical properties. Two series of illitic and mont­
morillonitic artificial clay sediments were prepared by effective 
consolidation, loads from 6 to 12 tons per sq. m for one year. 
After completed consolidation, half of the samples were subjected 
to percolation by equimolecular potassium chloride solutions. 
After two years of percolation, about 60 per cent replacement had 
taken place in the montmorillonites and about 90 per cent in the 
illites. The following observations were m a d e :

1) the water content of the sediments was not affected by the 
replacement process ;

2) the undisturbed shear strength was increased by replacement 
in all samples ;

3) the remoulded shear strength increased in case of the illitic 
clays, but decreased in case of the montmorillonite clays. Thus 
the sensitivity of the illitic sodium clays dropped from 8 to 3-5, 
whereas the corresponding factor in the montmorillonite clays 
rose from 4-5 to 11. The basal plane distance of the consolidated 
montmorillonites dropped from 20-1 A  to 16-35 A , corresponding 
to an expulsion of one monomolecular layer of water per unit 
cell. As the total moisture content was unchanged, this means 
a transfer from intergranular water to pore water ;

4) the artificial K  illites had properties resembling those of 
the weathered crusts of marine illitic clays. The K  montmorillo­
nites are similar to the clays of Mexico City.

A t the F ou rth  In ternational C onference on  Soil M echanics 
(L ondon  1957) the liquid lim it o f m ontm orillon itic  and  illitic 
clays was discussed in relationship  to the polarizab ility  o f 
the exchangeable cations (R osenqvist). D a ta  were given for a 
H ungarian  ben ton ite  clay  and two N orw egian illitic clays. 
The H ungarian  ben ton ite  consisted m ainly o f m ontm orillonite 
and  quartz , and  had an  ionic exchange capacity  equal to 
110 m .e.q . per 100 gr.

The N orw egian  hydrous m ica clays, consisting of 90 per 
cent and  40 per cent illite respectively, had  ionic exchanging 
capacities o f 30 m .e.q. and  17 m .e.q. per 100 g. I t was dem ons­
trated  th a t the liquid lim it increases w ith increasing size o f the 
m onovalen t cations Li <  N a  <  R b <  Cs in the case o f the 
illitic clays. The g rad ien t o f increase was p ropo rtional to  the 
con ten t o f illite, o r the ionic exchange capacity .

In  the case o f  the m ontm orillon itic  clays it was found  tha t 
the liquid lim it d ropped  from  Li to N a  and from  N a to  K , 
bu t increased on passing from  K  to R b  and  from  R b to Cs. 
The gradient o f  increase from  K to Cs was regular in the

Sommaire

Dans les argiles artificiellement sédimentées et consolidées, 
provenant de matériaux bruts illitiques et montmorillonitiques, 
le remplacement, sous charge constante, du sodium par du potas­
sium, entraîne d’im portants changements des propriétés méca­
niques. Deux séries de sédiments artificiels argileux, illitiques 
et montmorillonitiques, ont été préparées et soumises pendant 
un an à des pressions effectives de consolidation variant de 6 à
12 t/m 2. Une fois la consolidation achevée, on a soumis la moitié 
des échantillons à une percolation par des solutions de chlorure 
de potassium équimoléculaires. Au bout de deux ans, le pourcen­
tage de remplacement du sodium par le potassium avait atteint 
environ 60 pour cent dans les montmorillonites et 90 pour cent 
dans les illites. On a fait les observations suivantes :

1) la teneur en eau des sédiments n’a pas été affectée par le 
processus de remplacement ;

2) la résistance au cisaillement de l’argile non remaniée a 
augmenté dans tous les échantillons ;

3) lorsque des argiles ont été remaniées, la résistance au 
cisaillement des argiles illitiques a augmenté, tandis que celle 
des argiles montmorillonitiques a diminué. Ainsi, la sensibilité 
des argiles illitiques sodiques est tombée de 8 à 3.5, tandis que 
celle des argiles montmorillonitiques a augmenté de 4,5 à 11. 
Dans les montmorillonites consolidées l’épaisseur des feuillets 
a diminué de 20,1 Â  à 16,35 Â, ce qui correspond à l’expulsion 
d’une seule couche monomoléculaire d’eau par feuillet. Puisque 
la teneur totale en eau est restée la même, cela veut dire que 
de l’eau absorbée a été transformée en eau interstitielle ;

4) les illites potassiques artificielles ont des propriétés 
ressemblant à celles des croûtes d’altération des argiles illitiques 
marines. Les montmorillonites potassiques présentent une grande 
ressemblance avec les argiles de Mexico.

sam e w ay as for the hydrous m ica and  p ropo rtiona l to the 
ion exchange capacity . In  a discussion in the A m erican 
Society o f Civil Engineers (1959), the variations in the absorb- 
tion  o f the in terstratified  w ater were suggested to  be a function 
o f the ionic state o f the system . T he force o f abso rb tion  is 
higher w ith Li than  w ith N a, and  still low er w ith K , whereas 
it seems to rem ain constan t in the case o f  K , R b an d  Cs. 
The force o f abso rp tion  in the three la tte r cases is sm all in 
com parison  w ith the force o f abso rp tion  o f the sm aller alkali 
ions. As the liquid limit o f  a  clay  expresses the difference in 
m oisture con ten t betw een a c lay /w ater m ix ture  o f low shear 
strength  and the m aterial dried a t 110° C , intercrystalline as 
well as infracrystalline w ater is involved in the case o f  the 
m ontm orillonites. As the am oun t o f  in tercrystalline w ater 
a t the liquid lim it depends upon  the bonding  strength  between 
the m inerals, this am oun t will increase in  the follow ing m an­
ner ; Li <  N a  <  K  <  R b  <  Cs, w hereas the am oun t o f  infra- 
crystalline w ater, being a function  o f  the abso rb tion  force, 
varies in the m anner Li >  N a  >  K  =  R b =  C. W hen these
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tw o curves are sum m ed up, the varia tion  in the liquid limit 
indicated above, is obtained  (Fig. 1).

In the case o f the illites we have no interstratified w ater 
w hich is driven off a t 110°C , so only  the bonds betw een the

I N C R EA SI N G  PO L A R1 SA BI L I T Y  O F A D SO RBED  CA TION

Fig. 1 D iagram  showing the nature of water present in alkali 
montmorillonites as the function of adsorbed cations.

Diagramme m ontrant la nature de l’eau existant dans 
les montmorillonites alcalines en fonction des cations 
absorbés.

The da ta  ob tained  are  show n in the attached  table. The 
m ain results are included in Fig. 2 and  3, from  w hich it is 
seen how  the shear strength  in the und istu rbed  and  rem oulded

I L U T E  CL A Y

W a t e r  c o n t e n t  

45 46 47 40 49 50 % w

m inerals and  the hydra tion , o f the ions them selves contro l 
the liquid  limit. This seems to  he the reason w hy a regular 
increase in the liquid lim it occurs in the w hole series from  
Li to  Cs. In  order to  investigate the im portance o f infra 
an d  in tercrystalline w ater upon  the shear strength  properties 
o f  m ontm orillonitic and  illitic clays, a  series o f sedim entation  
and  conso lidation  tests has been carried  out. T he equipm ent 
used is the sam e as th a t described by B jerrum  and  R osenqvist 
in 1957. Sedim entation was carried  ou t in cylinders having 
a  cross sectional area o f 140 cm 2. N a tu ra l illitic clay  from  
A srum  and  the sam e m ontm orillon ite  as referred to  above 
were used. The cylinders contained a  so lu tion  o f N aC l co n ta ­
ining 13,5 g. N a  per litre w hich is equ ivalen t to  the con ten t 
o f  35 g N aC l per litre in norm al sea w ater. The sedim ents 
were prepared  from  suspension o f the respective clays w hich 
were added to the cylinders in sm all po rtions during one week 
in the case o f the bentonite, and  in tw o weeks in the case 
o f  the hydrous mica clays. T he clay m ineral suspensions which 
were added  flocculated and  settled fairly  rapidly .

T he suspensions were allowed to  settle for one m onth . 
Subsequently , a filter paper was placed on  top o f the sedim ents 
over which 100 g o f fine silt was deposited. A fter conso lida­
tion  for one week ano ther 100 g o f silt was added, then  after 
th ree days 240 g o f coarse silt, and  finally after a  fu rther three 
days 500 g o f s a n d ; the cylinders were then  left to  consolidate 
fo r 5 days. T he gain o f streng th  in  the clay  was now  sufficient 
to  perm it the support o f a perforated  brass p la te  w ith a weight 
o f  900 g. U pon this brass plate  the loading fram e was gradually  
built up, and  during a period  o f 4 m onths an  increasing load 
was applied in o rder to  consolidate the sedim ent. A fter 6 

m onths under full load, the settlem ent had  decreased to  such 
an  ex ten t th a t the actual experim ent could  start. In  h a lf o f 
the cylinders the supernatan t N aC l so lu tion  was rem oved 
and  replaced by K Ci solu tion . A t the sam e tim e a slight suc­
tion  o f ab o u t 0-1 atm . was applied to  the bo ttom  a f all sed­
im ents. The cylinders were left in th is sta te  fo r 26 m onths 
before fu rther exam inations were undertaken . T he cylinders 
w ere then opened and  the m echanical and  chem ical properties 
o f  the clays determ ined.

In  each sedim ent the top  and  bo ttom  parts  were exam ined 
separately , because as a  result o f the suction below the sedim ent 
there was a difference in  the effective conso lidation  stress 
applied during  the tim e o f percolation .

Fig. 2 Undisturbed and remoulded shear strength of illitic 
clays as a function of the effective overburden pressure 
for different adsorbed alkali cations. The variation 
in water content is also shown.

Résistance au cisaillement — cas d’échantillons non 
remaniés, et d’échantillons remaniés — dans des 
argiles illitiques, en fonction de la pression efficace 
de consolidation pour les différents cations d’alcalis 
absorbés. En outre, la variation de la teneur en eau 
est représentée.

M O N T M O R I L L O N I T E  C L A Y

Fig. 3 Undistrubed remoulded shear strength of montmorillo­
nitic clays as a function of the effective overburden 
pressure for different adsorbed alkali cations. The 
variation in water content is also shown.

Résistance au cisaillement — cas d’échantillons non 
remaniés, et d’échantillons remaniés — dans des 
argiles montmorillonitiques, en fonction de la pression 
de consolidation pour les différents alcalis absorbés. 
En outre, la variation de la teneur en eau est repré­
sentée.
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state varies fo r the two types o f clay, both  as a function  of 
the load and  w ith the alkali ion substituted. W ith the illite 
clay the variations are relatively regular. I t is seen th a t the 
strength  o f the potassium  clay  a t any  load  will be abou t
1-55 times the strength  o f the undisturbed  sodium  clay, whereas 
the streng th  o f the rem oulded potassium  clay is abou t 2-1 

tiles the strength  o f the rem oulded sodium  clay. T he substi­
tu tion  o f  sodium  by potassium  has been nearly  com plete in 
all the cases. I t involves an  increase in the undistu rbed  as well 
as in the rem oulded strength. The sensitivity  decreases from  
an average o f  ab o u t 7-5 in the case o f  sodium  clays to  less 
than  4-5 in the case o f  potassium  clays. In  the m ontm orillonitic  
clays the substitu tion  has n o t been com plete. This lack of 
com pleteness is particu larly  strik ing in clays conso lidatid  
under m axim um  loads. The regularity  in the shear strength 
values o f the m ontm orillon ite  clays is no t so good as in the 
case o f the illites, bu t it is obvious th a t the shear strength  in 
the und istu rbed  state  has increased and  in the rem oulded 
state has decreased as a result o f replacem ent. T hus the sensiti­
vity o f  the potassium  m ontm orillon ite  is m arked ly  higher 
than  in the case o f the sodium  m ontm orillonite.

E xam ining the values given fo r the potassium /sodium  ratio  
in  the four m ontm orillonitic clays, nam ely 13-5/2-5 —  13-5/2-5
—  10-0/7-5 and  8-5/6-5, we observe th a t the substitu tion  
decreases from  ab o u t 85 per cen t in the least loaded clays 
to  55 per cen t in the clays w hich carried  the m axim um  loads. 
I f  we use equivalent units instead  o f w eight units, the subst­
itution in the last-m entioned case is only  44 per cent. I t there­
fore seems app rop ria te  to  augm ent the increase in undist­
u rbed  shear strength  observed w ith incom plete substitu tion . 
T o find o u t w hat the increase m ight be w ith com plete subst­
itu tion , the increase in  shear strength  m ay  be ex trapo la ted  
p ropo rtionale ty  to  the degree o f  substitu tion . T hus the calcul­
ated  und istu rbed  shear streng th  a t 11 T /m 2 conso lidation  
stress is found  to  be ab o u t 7 T /m 2 for 100 per cent replacem ent, 
com pared to the average value o f  5-5 T /m 2 fo r incom plete 
substitu tion , and  4 T /m 2 fo r the sodium  m ontm orillon ites 
w ith the sam e conso lidation  stress. The ra tio  betw een shear 
strength  fo r the und istu rbed  potassium  m ontm orillon ite  and  
the und istu rbed  sodium  m ontm orillon ite  should  thus be o f 
the o rder o f  1*7, w hereas the rem oulded potassium  clay  m ust 
be considerab ly  softer than  the corresponding rem oulded 
sodium  clay. T he m ost p robab le  value o f the shear strength  
for the rem oulded potassium  clay  w ould be ab o u t h a lf o f 
its value in the sodium  state. As a consequence o f this calcula­
tion it is found  th a t the sensitivity  increases from  4 w ith the 
sodium  m ontm orillon ite  to  14 w ith the potassium  m o n t­
m orillonite.

Previous experience has indicated  th a t neither the illitic 
clays n o r the m ontm orillonites w ould have any  shear strength  
a t zero conso lidation  load. In the case o f all the clays studied 
here, how ever, a stra igh t line ex trapo la tion  gives zero shear 
strength  a t a  negative conso lidation  load o f the order o f 
2 T /m 2.

The exp lana tion  o f this anom aly  probab ly  lies in the tech­
nique used fo r these experim ents. M ost p robab ly  the bo u n ­
dary  conditions during loading in troduce an  e rro r in to  the 
calculation o f the effective conso lidation  stress. T he parts  
o f the specim en which have been exam ined have p robab ly  
carried  a higher effective load than  th a t calculated on  the 
basis o f the cross section o f the cylinder and  the loads em ­
ployed. I t has no t been possible to  determ ine or recalculate 
this e rro r w ith any  accuracy, bu t rough estim ates indicate 
tha t it m ay be as high as a  few tons per m 2. F urtherm ore , 
there is the possibility  th a t w ith the clays in this system  a 
certain  am oun t o f cem entation  has occurred betw een single 
m ineral grains. This m ay  especially be the case w ith the illitic 
clays, as it seems here as if the shear strength  o f the rem oulded 
clays will be zero in the neighbourhood  o f the origin of the 
system . This factor is unlikely to  apply  to  the m ontm orillo ­

nitic clays, and  it is considered m ost likely th a t in  this case 
the calculated  consolidation  stresses have been som ew hat 
too low. W hatever the reason, it is possible to  express the 
increase in shear streng th  as a  function  o f  the consolidation  
stress. This ra tio  m ay be denoted  as (c/p)' and  has the following 
values :

(c/p Y

Sodium  illite 0-29
Potassium  illite 0-44
Sodium  M ontm orillon ite  0-29 
Potassium  M ontm orillon ite  ex trapo la ted  to

100 per cent substitu tion  0-46

It is well know n th a t a substitu tion  o f sodium  by po tas­
sium  in the case o f m ontm orillonites m ay  change the m on t­
m orillonite lattice in to  a  m ixed layer o f m ica lattice. In  
o rder to  investigate the swelling properties o f the clays X -ray  
photographs were taken  o f the m ontm orillon ite  sedim ents 
in their und istu rbed  state on  b roken  vertical section in  o rder 
to  determ ine the basal p lane distance and  the rando m  na tu re  
o f  the m ineral arrangem ent. The result o f the investigation 
was th a t the hkO values were unaffected by the substitu tion , 
w hereas the 001 values had  undergone a m arked  change 
from  the basal plane distance o f 20-1 A in case o f the sodium  
m ontm orillon ite  consolidated  a t 11 t/m 2 to  16-25 A  after 
partia l substitu tion  by potassium . In  bo th  cases the m inerals 
w ere found to be d istribu ted  haphazard ly  w ith no  preferred 
o rien tation . T he difference in basal plane distance, nam ely 
3-75 A, is very nearly  equal to  ha lf the C-axis for ice, which 
ia 7-41 A.

As two layers o f w ater are p resent a long the hexagonal 
cell axis in ice, the thickness o f  3-75 A  is a ttribu ted  to  a  m ono- 
m olecular layer o f w ater, w hich corresponds to the change 
in basal p lane distance resulting from  a partia l substitu tion  
o f sodium  by  potassium . The distances found  by  X -ray exa­
m inations indicate tha t, w ith  the conso lidation  stresses here 
em ployed, the m inerals in their sodium  state possess a trim o- 
lecular layer o f  w ater betw een the backbone sheets o f the 
m ontm orillon ite  struc tu re  and  tw o m olecules in the mixed 
sodium -potassium  state. T hus an  expulsion o f w ater corres­
ponding  to  ab o u t 18 per cen t o f the volum e o f the m ineral 
has taken  place, this w ater hav ing  been transferred  from  the 
in ternal parts  o f the single m inerals to  the pore w ater, whereas 
the distances a long the a and  b axes have no t been changed.

In  Fig. 4 the liquid ity  indices are given in re la tion  to  the

Fig. 4 Variation in liquidity index as a function of the vertical 
consolidation stress for illitic and montmorillonitic 
clays containing different adsorbed cations.

Variation des indices de liquidité en fonction de la 
pression verticale de consolidation pour les argiles 
illitiques et montmorillonitiques contenant différents 
cations absorbés.
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K/Na
Effective Undisturbed Remoulded

Water Liquid Plastic Plasticityconsolida­ shear shear Liquidity
g/litre in tion pressure strength strength content limit limit index index

pore water t/m2 t/m2 t/m2 per cent per cent per cent per cent

Illitic Clays saturated with Sodium

0-05/13 5-8 2-4 0-32 50-6 51-5 23-4 28-3 0-98
0-05/13 6-6 3-1 0-33 49-1 50,7 23-4 27-3 0-97
0-62/13 11-1 40 0-55 45-7 520 23-4 28-6 0-78
0-37/13 11-9 4-2 0-49 46-6 53-4 23-2 30-2 0-77

Illitic Clays after Substitution by Potassium

15/1-4 5-8 3-75 0-75 49-8 60-2 27-2 330 0.685
14/1-5 6-6 5-0 0-75 49-4 60-9 26-5 33-5 0-685
16-5/0-5 11-1 6-2 1-1 45-5 60-5 27-3 33-7 0-54
16-5/1-4 11-9 6-3 1-3 46-1 61-3 26-9 34-4 0-555

Montmorillonitic Clays saturated with Sodium

0-055/13 0 [ 5-7 2-4 0-7 I 147 300 58 242 0-37
0-05/13-5 6-5 30 0-8 I 136 302 58 244 0-33
0-06/12-5 11-2 3-65 1-0 ! 111-2 318 57 261 0-25
0-34/14-5 | 12-0 4-9 1-1 102-8 299 58-8 240 0-14

Montmorillonitic Clays after Substitution by Potassium

13-5/2-5 5-6 3-7 ca. 0-6 141 ca. 200 70 ca. 130 0-55
13-5/2-5 6-4 3-8 « 0-6 148 « 200 70 « 130 0-60
10/7-5 11-1 4-5 « 0-7 120-5 « 220 68 « 150 0-345
85/6-5 11-9 6-0 « 0-8 113-9 « 230 65 « 165 0-298

consolidation  stresses for the four types o f clay, sodium  
illites, potassium  illites, sodium  m ontm orillonites and  m ixed 
sodium /potassium  m ontm orillonites. The consolidation  
stresses required  to  give liquidity  indices equal to 1 and  
zero will be 5-5 t/m 2 and  100 t/m 2 respectively, and  in 'case 
o f  sodium  illites, 2 t/m 2 and  85 t/m 2 in case o f  potassium  
illites, 0-6 t/m 2 and  23 t/m 2 in case o f sodium  bentonites, 
and  1-7 t/m 2 and 27 t/m 2 in case o f the m ixed sodium - 
potassium  bentonites. The greater sensitivity o f the m on t­
m orillonites tow ards conso lidation  stresses is well know n. 
The increase in this factor by a  substitu tion  o f  sodium  by 
potassium  is a  new result o f this investigation. I t tallies w ith 
the changes in lattice dim ensions.

T he substitu tion  experim ents carried  ou t p rove the con ­
nection  between the com position  o f the electrolytes, and  
consequently  the ionic state o f the m ineral and  the m echan­
ical p roperties o f the soils. The sensitivity  by rem oulding 
is one o f these m echanical factors w hich has been the chief 
aim  o f investigations carried ou t in N orw ay  during the last 
decades. The sim plest possible chem ical change is tha t w hich 
takes place in som e Scandinavian  quick clays. H ere we have 
a replacem ent o f saline po re  w ater by  fresh w ater. In  the case 
o f  illitic clays this involves a  decrease in the undistu rbed  
shear streng th  and  a pronounced  increase in sensitivity, 
p rovided no  o ther chem ical o r m ineralogical changes take 
place. W ith m ontm orillon itic  clays such a  simple replacem ent 
will give opposite effects. I t is, how ever, n o t only  by leaching 
th a t sensitivity  m ay arise in illitic clays. E ven by  addition 
o f certa in  electrolytes, for instance phosphates, silicates and  
o ther dispergents, the sensitivity  m ay  increase in case o f 
illites, as earlier described by  R o s e n q v i s t  1955, and  So d e r - 

b l o m  1959.
In such cases it is m ainly  the anions w hich are  active, 

bu t even changes in the cations, from  highly polarizable 
cations to  less polarizable cations m ay leas to  the sam e result,

a lthough  no  exam ples o f such replacem ents are  know n in 
nature. T he opposite effect is, how ever, very frequent, nam ely 
the replacem ent o f less polarizable cations by m ore po lari­
zable, as fo r instance the replacem ent o f sodium  by potassium . 
This change takes place in the w eathered crust o f  all Scandina­
vian m arine clays, w here the potassium  ions are furnished by 
the w eathering o f potassium  bearing m inerals. These n a tu ra l 
changes resem ble those described by the au thors. M any 
properties o f the w eathered crusts o f the Scandinavian  clays 
are  reproduced  in the artificial potassium  illites m entioned 
above, w hereas the m ixed potassium /sodium  m ontm oril­
lonites resem ble the T acubaya clays o f  the M exico C ity  sed­
im ent series (Z e e v a e r t , 1957 and  F o r e m a n , 1955). The 
w eathered crusts o f  Scandinavian  m arine clays and  the clays 
o f M exico C ity  orig inated  th rough  partia l w eathering o f 
eroded  m aterial. In  the Scandinavian  clays the m ineralogy 
is determ ined by  the illlites and  chlorites, w hereas in the 
M exico soils the m ontm orillonitic  m ineralogy w ith a high 
.percentage o f biogen m aterial and  unw eathered volcanic 
glass is characteristic. T he Scandinavia clays were deposited 
in m ore or less highly saline sea w ater, w hereas the M exican 
sedim ents were deposited in a salt lake o f variable low salinity.

Conclusions

The liquid phase o f the sedim ents will norm ally  change 
their com position  by natu ra l processes during  geological 
time. A m ong the ions o f m arine and several lacustrine sed­
im ents, potassium  and  sodium  are the m ost im portan t. In 
order to  investigate the influence o f  the substitu tion  o f these 
ions upon  the p roperties o f various clay  sedim ents, invest­
igations have been m ade on representatives o f the non-expan­
ding hydrous m ica m inerals and the expanding  m ontm orillo- 
nite m inerals. In  the experim ents, com prising artificial sed­
im entation , consolidation  and  replacem ent, a N orw egian
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hydrous m ica and  a H ungarian  ben ton ite  were used. The 
experim ents, including the consolidation  and  substitu tion  of 
sodium  by potassium  in h a lf o f the series, lasted for about 
three years.

In  all clays the shear strength  increased w ith increase in 
conso lidation  stress. The substitu tion  o f sodium  by potassium  
produced  a system atic increase in the shear streng th  o f the 
illites as well as in the m ontm orillonites in their undisturbed  
state. The m oisture con ten t was n o t m arkedly  influenced by  
the substitu tion . In  the case o f the illitic clays the shear 
strength  in the rem oulded state increased m ore than  in the 
und istu rbed  state. T hus the sensitivity  decreased from  7-5 
to  4-5 as a  result o f the substitu tion . W ith the m ontm orill- 
on ite  clays the increase in shear strength  as a  function  o f the 
conso lidation  stress was o f abou t the sam e order as fo r the 
hydrous m ica clays. This held fo r the sodium  as well as for 
the potassium  state. E ven here the w ater con ten t o f the sed­
im ent was uninfluenced by  the substitu tion . In  con trast to  
the illitic clays, how ever, rem oulded potassium  m ontm o- 
rillonite has a  m uch low er shear strength  th an  the correspon­
ding sodium  m ontm orillon ite  has a  m uch low er shear strength 
than  the corresponding sodium  m ontm orillonite. T hus the 
sensitivity  o f the m ontm orillonites increased from  4 to  14. 
This is connected  w ith a  decrease in liquid lim it as a  result 
o f the substitu tion . The basal plane distance o f the m ontm o­
rillonites decreased from  20-1 to  16-35 A  as a  result o f the 
substitu tion  o f abou t ha lf o f the sodium  by potassium . This 
involves an expulsion o f a m onom olecular layer o f w ater 
from  its in terstratified  position  in  the m ontm orillon ite  lattice. 
As the to ta l m oisture con ten t was constan t, this m eans tha t 
som e o f the in ternal w ater changed in to  external water.

F ro m  these experim ents the conclusion is draw n th a t the 
shear strength  in an  und istu rbed  clay is a function  o f attrac ted  
van der W aalske forces betw een the adsorbed  cations o f  one 
m ineral and  the ions o f the ad jacen t m inerals. By substitu tion  
o f  the sodium  ion w ith less polarizab ility  in to  a potassium  
ion  o f higher polarizability , the attrac tive  forces and  bonds 
o f the flocculated system  are increased. This increase seems 
to  be the sam e in case o f illitic and  m ontm orillonitic clays. 
B y rem oulding, where the short distance contac ts are  broken

by the m echanical treatm ent, we arrive at a  shear strength 
in the rem oulded state which is no  longer a function  of the 
stress h isto ry  o f the sedim ent, bu t depends m ainly  upon  the 
m ineralogical and  chemical com position  as well as the volum e 
ra tio  between m ineral phase and  liquid phase. W ith m on t­
m orillonites som e o f the w ater molecules leave their position 
in the m ineral lattice, thus increasing the volum e o f the liquid 
phase, a t the sam e tim e decreasing the volum e o f the m ineral 
phase. The above-m entioned ra tio  is then altered. W ith illitic 
sedim ents no  such effect is possible. The substitu tion  will 
consequently  no t influence the volum e ratio  between m inerals 
and w ater.
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