
McGILL UNJVERSKTY 
ENGINEERING LIBRARY 

SWELLING PRESSURES OF 
SODIUM MOMT MORltlONlf E 

AT DEPRESSED TEMPERATURES 

R. Yong, LO. Taylor, and B.P. Warkentin 

Soil Mechanics Series No. 4 

September, 1962 

SOIL MECHANICS LABORATORY 

P 

McGILL UNIVERSITY 

DEPARTMENT OF CIVIL ENGINEERING AND APPLIED MECHANICS 

MONTREAL, CANADA 



PREFACE; 

The research work reported i~ this p a p e r  w a s  perlormed under  

a continuing r e s e a r c h  grant  f r o m  the Defence Research  Board, in the 

form of a G rant - in-Aid  of R e s e a r c h  to Dr.  Raymond Yong (Grant  N o .  

9511-28 ( G .  & C.)). The Grant  was f i r s t  g i v e n  in Apri l  1958 with 

subsequt!nt year ly  r e n e w a l s .  

The a u t h o r s  wi sh  to a c k n o w l e d p  t h e i r  indebtednes s  to the Defence 

R e s e a r c h  Board for  its support and i n t e r e s t  - without which  th i s  r e s e a r c h  

study would not have b e e n  p o s s i b l e .  This  paper. prepared f o r  preeen ta t ion  

a t  the Eleventh  National Clay B and Clay M i n e r a l s  Conference  in Ottawa,  

c o n c e r n s  i t s e l f  p r i m a r i l y  with a study oi the s w e l l i n g  p r e s s u r e s  of a 

pure clay arising from temperature depression. This is  considered 

basic to the understanding  of the  phenomenon of Iros t  heav ing  and soil 

f r e e z i n g .  

Raymond Yong 

Assoc ia te  Prolessor and D i r e c t o r  
Soil Mechanics Laboratory 



SWELLING PRESSURES OF SODIUM MONTMORILLONITE 

AT DEPRESSED TEMPERATURES 

by 

K. Yong, L.  0. Taylor,  and B. P. Warkentin 

Paper prepared for  presentation at 

Elevcnth National Clays and Clay Minerals Conference 

Ottawa, August, 1962 

Soil Mechan ic s  Laboratory 

Department of Civil Engineering and Applied ~Uechanics  

McGi l l  Univers i ty ,  Montreal 



SWELLING PRESSURES OF SODIUM MON'TMORILLONITE 
A'S DEPRESSED T E M P E R A T U R E S  

by 
1 1 2 

R. YONG . L O .  T A Y L O R  A N D  B. P. W A R K E N T I N  

ABSTRACT 

Swel l ing  prtr seu res  of oriented samples of sodium-montmoril lonite 

- 2 
at pore-water  s a l t  (:oncentration of I O - ~  a n d  10 M NaCl were  measurt,d 

0 0 
atrant.r.olldtemp4ee3.xuae~ ranging irom I C to 2 3  C .  The specially d e y -  

igned apparatus  allowed swelling a g a i n s t  a movable piston t:onnec:ted to a 

m e r c u r y  manomerer through which the ambient pressl l re  w a s  applied. 

Calc.ulations f rom the combined Poisson-Boltxmann equation.  

t a k i n g  the variation ol t empera ture  and dielectr ic  cons tan t  into accormt. 

showed a decrease in swelling pressure  with dec reaac in temperature 

- 4 
A t  a pore-water  salt  concentration of 10 M NaCI, the measured swel l -  

ing p r e s s u r e  a t  110 A average in terpar t ic le  distance d e c r e a s e d  f rom 48 

0 0 
cms,  of m e r c u r y  a t  2 3  C to 35 cmd. at 1 C ,  whi le  t he  correspond in^ 

calculated p r e s s u r e  dec  reast: w a s  irom 4 8  t o  40 c m s .  While t he  maa eured 

pressures fell below calculated values at higher dis tancee,  the influence 

o f  t empera ture  r ema in t : d  c o n s i s t e n t .  

1. Soil  M t c h a n i c r  Laboratory,  McGill Univers i ty ,  Montreal 

2 .  Soil P h y s i c 8  Labora tory ,  Macdonaltl C o l l a g e  of McGill University.  



- 2  
A t  10 M NaC1, the measured s w i l l m g  pres sures  w e r e  much 

higher than those predicted from the equation C~>rrect jur ig  b a s r d  upon 

the ef fect ive  aalt concentrat ions  requirtmd by thr: t h r o t y  to give the: 

exper imental ly  measured s w e l l i n g  prr. isures at room t e m p  ruturrg w e r e  

calculated .  T h e s e  were  subetituted intc the approximstt' Lanpmuir 

so lut ion  of the combined Poireon-Bol temqnn equation to dnscriba. the 

swe l l ing  pressure at  l o L 2  M NdC;1. With this correction, the ca lcu la ted  

swe l l ing  p r e s s u r e  at  120 A avrrnge i n to rpa r t i c l e  distance decredued 
0 0 

from 30 c m a .  a t  23 C to 26 c m s  at  1 C: while rht. measured  prrssure 

dec rea6ed from 30 to 23  cma .  This close agrtlement Letween corrected 

calculated  p r e s s u r e  and m e a s u r e d  p r e u w r c .  h e l d  from 100 to 250 A 

intt.rpartii:le spac ing .  
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Measurcmcnts  of swelling pressure of clays saturated with sodium 

ions a t  normal room temperature  have been reported m prevlous studies 

by many investigators ( e .  g.  Warkentin et  a l ,  1957, Blackmore 1958 ,  

Warkentin and  Srhoiield,  1958). ln genera l ,  good agreement  has been 

found between measured  values and theoretical  swelling preesures  corn- 

puted on the b a s i s  of adaption of the Gouy-Chapman theory of the diffuse 

double l a y e r .  In th i s  instance. the combined Poitlson-Bolttmann equation 

describing the concentration of ions a t  the midplane of two parallel  

charged plate8 1 6  used to compute the van ' t  Hofi prefisure a r ~ s i n g  from 

ion concentration difference between the m ~ d p l a n e  and the surrounding 

pore-water  solution. With the assumption of ideal behavior of ions ,  the 

van't Hoff p r e s s u r e  may then be taken as the computed swelling pressure 

1n;ismuch as the laboratory specimens correspond to the model used in 

the theoretical  ana lys i s ,  a fair degree of correspondence i s  maintained 

between measured  a n d  calculated swel l ing  pressures. 

Thc solution by Verwey and Overbeek (1948) for thr: Poisson-  

Doltzmann equation for the c a s e  of overlapping d i f fuse  double l a y e r s  

a r i s ing  f ram close proximity of adjacent paral le l  charged plates  gives:  

where 

E H T  



z = valence of i o n a  

e = electronic charge 

a = number of ions per  unit volumtr in  bulk solutior: 

E = dielectr ic  constant 

k = Boltemann constant 

T = absolute tempera ture  

By using the Langmuir  approximation which a6sumes that  i t  is 

possible t o  neglect the prr!sence of ions ca r ry ing  the name sign a s  the 

chargt: on the pla te ,  a simplified solution lor qL the rnidplane potential 

may bt! dtlrived.. 

valid only for 'f, > I 

Alternatively,  J: may also be  obtained by summating the potentials due 

to single p a r t i c l e s .  In t h i s  instance: 

T h e  v a n ' t  H o i i  equation (Schofield, 1946) may then ba! w r i t t e n  a s  

p = ZKTn, ( cash  - KT 
. . (4 )  

where P = forcc  p e r  unit a r e a  required externally to keep  adjacent 

,. pa r t i c l e s  a t  a spacing of 2 X  

It i s  then possible to determine f r o m  the phys ica l  equations the effects 

of such variables as  ionic concentrat ion,  valence,  and  tempera ture  ol 

the pore-water  phase of a n  oriented clay -water  system on resultant 

6oil-water inttlraction. 

The8c equations suggest that a decrease i n  t empera ture  would 



cause a compre suion of the double layer thus resulting in a decrease  in 

osmotic swelling for the name interparticle spacing. Assuming that the 

conditions governing the ideal behaviour of the ions in the double l aye r  

a r e  me t  reasonably well in the laboratory model,  i t  would thus be possible 

to measure swelling preasure both a s  a function of tempera ture  and  inter-  

particle distance. The conditions necessary fo r  good agreement  between 

measu red  values and computed swelling pressures  a t  room temperature 
# 

mus t  evidently be satisfied; i .  e .  (1) c lay par t ic les  muat be plate shaped 

with la teral  dimensions f a r  exceeding their  thickness,  (2) Par t i c l e  s izes  

must be within the colloidal range and the i r  sur faces  f r e e  f rom i r r e g u l a r -  

i t ies ,  ( 3 )  the assumption that the surface charge of the par t ic le  i s  of con- 

atant sign {negative) and uniformly distributed should be reasonably 

c o r r e c t ,  (4) partbcles must be homoionic and  f r ee  Irorn impuri t ies .  ( 5 )  

part ic les  must be oriented paral le l  to each o ther ,  (6) the pore-water 

solution should consist of univalent ion8 of a single spec ies  (NaCI in th i s  

instance) ,  and (7) the resulting clay-water  ay stem should be homogeneou~ .  

Approximate expressionu accounting for the influence o i  die- 

lectr ic  saturat ion,  polarization o i  ions, and ionic interactions i n  the 

s t ructure  of the e lec t r ic  double l aye r  have been incorporated in the 

generalized Poisson- Boltzmann equation {Bolt, 19551, which resolves  

into a correct ion function. Thie correction function when applied to the 

Gouy-Chapman t reatment  of the  e lec t r ic  double l aye r  shows that in the 

case  of low concentration of co-ions i n  colloidal suspensione, the 

correction6 involved are small  if the Surface cha rge  density does not 

2 
exceed 2 x l o F 7  m .  eq. /cm . 



EXPERIMENTAL PROCLUURE 

Variation in swel l ing  p re s su re  a r i s ing  f rom tempera ture  de- 

p ress ion  can  be obtained by f i r s t  allowing samples  of a w e l l  or iented 

clay-water  system to a t ta in  their  respect ive equil ibrium volumes for 

specific values of applied p re s su re  (within a predetermined pressure 

range) ,  and ei ther :  

a .  maintaining each equil ibrium ~ l u m e  constant while lower-  

ing the tempera ture  of t h e  sample by predetermined increments .  The 

p r e s s u r e  required t o  maintain the equil ibrium volume for each t e m p e r -  

a tu re  increment  may  then be measured  to  determine p r e s s u r e  change 

w ~ t h  temperature at Constant volume o r  

b. maintaining the appl ied  pressure constant while lowering the 

tvmperature  of rhe  sample by predetermined increments .  T h e  resu l t -  

i n g  volume change that o c c u r s  under constant applied p re s su re  for  each 

tempera ture  increment  may then be determined.  

The appara tus  designed to accomodate e i t he r  of the two methods 

proposed i s  shown i n  F i g u r e s  1 and  2 .  Th i s  consis ted of a  plexiglass 

chamber  enclosed in a n  intrulating box to  r e s t r i c t  heat t rar js ier  with the 

external surroundings.  Within the plexi g lass  chamber. a n  agitator kept 

the fluid in the constant t empera ture  bath ci rcula t ing both around the 

cooling coi ls  arjd the swelling chamber .  The detai ls  oi the swelling 

chamber ituclf i t ;  g i v e n  in Figure  Z and  the measurement  system used 

IS detailed in Figure  3 .  Tempera ture  measurements within the swelling 



i ng  c h a m b e r  w e r e  m a d e  by r n e n n s  oi a coppe r - c o n s t a n t i n  t h t r r m o - c o u p l e  

which passed t h r o u g h  the  r u b b e r  O-ring at t he  t op  a n d  s a t  a t  t he  f a c e  

o l  the p o r o u s  s t on t : .  A L e e d s  N o r t h r u p  type N o .  8662 p o t e n t l o m e t t r  

w a s  used in  conjunt:t ion wilh Lhe t h e r m o - c o u p l e .  T h e  j unc t i on  of t h ~ !  

t h , . rmo-coup le  l c a d s  w a s  p r o t e c t e d  by s e v e r a l  c o a t s  of epoxy  rdrsin t o  

p r e v e n t  r e a c t i o n  wi th  the p o r e - w a t e r  s o l u t i o n .  

Thp  s y s t e m  ol m e a s u r e m e n t  for v o l u m e  c h a n g r  w i l h ~ n  t h  

s w e l l i n g  chamber c o n s i s t e d  of a m e r c u r y  p i s t o n  connc t : t ed  i n  such a way 

t ha t  i t  c o u l d  bo th  exert a p r e s s u r e  on t he  s l a l n l e s s  steel piston,  a n d  a l s o  

m c a n u r e  v o l u m e  c h a n g e s  of the test s a m p l e .  T h r  s t a i n l r s s  sttee1 p i s t o n  

wilh Rn e m b e d d e d  p o r o u s  s t o n e  p r o v i d e d  a it-vi.1 f ~ r : t .  w ~ t h  t h e  s a m p l e  

a n d  e l i m i n a t ~ d  m e n i s c u s  e i i e c t s  oi :he mt: r c u r y  iace in  t hc  chambc r .  

M e r c u r y  w a s  not e x p e c t e d  to  s l i p  pn st t h e  sicks o i  thr p l  slot1 u n d e r  

p r e s s u r r  s i n c e  the p r e s s u r e  d i f f e r en t i a l  ar: ross  t h e  face ol [he p i s t o n  

w a s  zero .  In the e v e n t  that  s l i p p a g r  o l  rnt? r c u r y  o c c u r r e d  b e c a u s e  oi 

t h e  t o l e r a n c e  l i m i t s  b e t w e e n  wa l l  a n d  p i s r o n ,  no d e t r i m r n t a l  e i i e c t s  

WP re e x p e c t e d .  M e r c u r y  i n  d i r t l c t  c o n t u c t  wi th  samples  o i  pure c l a y  

was u s e d  s u c c e s s f u l l y  b y  I l e m w a l l  a n d  L o w  (1956) in  p r e v i o u s  m e a s u r e -  

m e n t  s  of swe l l i ng  p r e s s u r e .  

In F i g u r e  3 ,  the hvavy 1int .s  indicate t he  p o r t i o n  of t he  m e a s u r e -  

m e n t  sys tem s a t u r a t e d  w i th  m e r c u r y  a n d  c o n n e c t e d  s u c h  t h a t  any change  

of v o l u m e  o c c u r r i n g  in  t he  c h a m b e r  a s  a r r s u l t  of p r e s s u r e  c h a n g e  is 

i n d i c a t e d  hy  a c o r r e s p o n d i n g  changr in the l e v r l  of m e r c u r y  i n  C o l u m n  

( 2 ) .  The r a t i o  oi the c r o s s -  s ec t i ona l  a r e a  of t he  c h a m b e r  to t h a t  of 

Column (21 is  s u c h  t h d ~  a s m a l l  voJ.umr c h a n g e  of the s a m p l e  in  tho swc!lling 



chamber causes  a la rge  change in the measuring column. This  al lows 

l o r  a n  act ,urate measurement of minute volumt: changes.  Ambien l  

p re s su rea  applied t o  the sample E w e r e  measured  effectively b y  a m e r -  

cury manomett=r through the connection between the compressed  a i r  cylinder 

and Column ( 2 ) .  

I n  o r d e r  to reduce the sensitivity of the apparatus  to amall  l eaks  

that may develop thus c a u s i n g  a rapid l o s s  of p r e s s u r e ,  and at the same 

time to increase  the volume of the sys tem,  a n  empty a i r  cylinder w a s  

incorporated into the system. By slowly releasing a i r  through valves  

(F) a n d  [C)  (shown i n  Figure 3 ) ,  it w a s  possible to obtain a gradual 

expansion o l  the sample.  A m o r e  gradual expansion of the sample was 

obtained through valve (D) by partly f i l l ing the a i r  cylinder with oil and 

slowly b l eed ing  the oil through valve (a). The l o s s  of oil caused a de-  

crease i n  p r e s s u r e  and al lowed the sample to swell. 

Oriented specimens of homoionic h odium-mon~morillonite were 

prepared  by slow sedimentation and drying of weak suspensions of the  

p u r ~ f i e d  c lay.  The clay suspensions which contained l e e s  than  one 

percent b y  weight of mater ia l  were allowed to set t le  slowly in smal l  

plrxiglan6 tubes which wpre sealed a t  the bottom with cellophane 

membranes.  T h i ~  technique of slow evaporation and  sedimentation 

which produced waferlike clay p l a t e s  has been used uut.ce ssfully pre-  

viously ( Warkentin a n d  Schofield, 1958). 

Five clay plates  were  placed individually i n  the flooded swe l l -  

ing chamber i n  the portion between the s ta inless  s t r e l  piston and the 

top of the chamber .  Millipore membranes  were  u8ed a t  the faces of 



the top and bottom porous atonen. Following samplc immers ion  in thr: 

chamber  and with both cap replaced and system de-a i red ,  the sample 

was a l lowed to swell under a small pressure restraint. Since thc 

applied pressure  w a s  t ransmit ted through th-? mercury  piston which 

also served as a scale for v o l u m ~  change measurements (shown in 

F igure  3 a s  the line passing through valve C) , initial ze ro  readings 

f o r  equilibrium volume at room temperature  and initial pressurr 

res t ra in t  could  be made belore introduction ol the cooling fluid. A 

period of lrom three to s i x  day6 was required to allow the sample to 

swell and  c o m e  to equilibrium volume a t  room tempera ture .  Thc 

length of t ime involvr~d depended upon the initial pressure res t ra in t .  

The ent i re  system w a s  calibrated f o r  temperature  e f f ~ c t s  previous to 

test  m e a s u r e m e n t s .  With this system. a predetermined initial p r e s s u r e  

could be applied and following equilibrium conditions, a so r i e s  of re -  

sultant volume changesmight be measured as a furrtion of Lemprrature 

d e p r e s ~ i o n .  A complete test s e r i e s  on any one sample consisted of 

measurement  of volume changes occurring a s  a resul t  of t empera ture  

0 0 
variation f rom 2 3  C to 1 C fo r  a range oi applied p r e s s u r e s .  Since 

sample area i s  cons tant ,  volume changes can be reported a s  changes 

in interparticle spacing with a simple conversion. In F igu res  4 and  

5 the variation in interpar t ic le  spacing resulting from tempera ture  

depression under pre  wc ribed constant applied p r e f u u r e s  h a s  been 

- 4 
shown for thrce  complete s e r i e s  at 10 M NaCl pore-water  salt  con- 

- Z centration, and for one complete s e r i e s  at 10 M NaCl .  



KESULTS AND DISCUSSION 

- 2 
Swclling p r e s s u r e  measurements  lor both M PiaCI and  10 M NaCl 

0 
samples have  been plottcd in Figure 6 for the tes t  s e r i e s  at 23  C .  The 

correspondence between measured values  and computed s w e l l i n g  p r e s s u r e  

i n & c a k d  by the solid line fo r  pore-watcr salt concentration ol M NaCl 

- 2 
justiliec use of both technique and apparatus .  For 10 M NaC1 pore-water  

salt  concentration, the measured  vs lucs  a r e  consistently higher than would 

be predicted irom the phytrical equations. This is expectcd crince the 

BoItzmann and van't  Hoff equations become Iess valid with increasing elec-  

- 3 
trolytr  concentration. A t  concentrations l e a s  than 10 M NaC1, the a g r e e -  

ment between experimental  va lues  and computed s w  l l ing p r e s s u r e s  indicate 

that the e r r o r  involved i n  calculating oamotic p r e s s u r e  by the numerical  

difference i s  not large (Warkentin and  Schofield, 1962). At higher  conc- 

centrations however,  the e r r o r  dre to substitution of ionic concentrations 

lo r  ionic act ivi t ies  becomes m o r e  significant. 

While effort8 to allow fo r  ionic activity in double layer  calcuIa- 

tlons have been made  by Loeb (1951) and Bolt (1955),  it does  Beem that 

because of the difficult ies involved in determination of activity coeffici- 

entB fo r  counter-ions between adjacent clay p la tes ,  calculation of 

cor rec ted  osmotic p r e s s u r e  based upon ionic act ivi t ies  i s  not possiblc .  

A more expedient method f o r  correct ion d osmot ic  p r e s s u r e  at highc r 

electrolyte concentration would be to determine the effective pore-water  

salt  concentration required by theory to give experimentally mea8ured 



swel l ing  p r e s s u r e s .  

F r o m  the Poisson-Bol tzmann equat ion,  the electr ic  potential a t  

t h e  midplane 9 may bv written as 
C 

z e  
" I - . .  

without a l ter ing t h e  assumptions of the Gouy-Chapman theory 

significantly. writ in^ the van't Iioff equation as 

where  

S = coefficient of effective sal t  concenttat ion 

Sn,=n* = effect ive  sal t  c o n c ~ n t r a t i o n  

t h ~  effective pore-water  sa l t  concentration which produces  the s a m e  

- 4  value f o r  in  equations (5)  and (6) may th+:n be d e t ~ r m i n e d .  For 10 M NaCl 
C 

- 2 
c,oncentration. very  l i t t le  correct ion if a n y  i s  needed. F o r  10 M NaCl 

concent rat ion,  th is  p r e s u p p o w e  that tha rxperirnentally determined v a l u e s  

a r e  c o r w c t .  The re la t ionship  defined for the  e f l t c ~ i v e  sal t  concentration 

based upon equating the mirlplane potentials  shown in equations (5) and (6)  

-2  
and  measu red  swell ing p r e s m r e s  for  10 M NaCl indicate R that the 

effective salt  concentration would be  dependent on interpart icle spacing.  

The method of solution of t h e  efitrctive pore-water salt concpn- 

- 2 
t ra t ion for  the 10 M NaCl sample  consisted of determining the m i d -  

plane potential for each of the m e a s u r e d  values  of awelling pressu re  f r o m  

equatkons (4)  a n d  (2)  using v a r y i n g  va lues  of port!-water sa l t  concent ra -  

tions. For any one e f f e c t i v e  pore -wa te r  sa l t  concentra t ion,  the value 



of t h e  c lec t r ic  potential obtained f r o m  equation ( 4 )  must  equal that 

obtained from equation ( 2 ) .  Therefore ,  ior  cach chosen concentration, 

the algebraic  differences in  the mid-plane potent ia ls  w c r e  calculated 

from equations (4) and(2 )  fo r  each ambient prt:ssure. The relationship 

between algebraic  diflerenct! i n  mid-plane potential and pore-water  salt  

concentration m a y  then be established fo r  any chasm value of swell in^ 

p r e s s u r e .  The equation established thereby showing variation in the 

e f f e c t ~ v r  pore-water  salt concentration with half  distance gives: 

1 
YL SX,= - 0.17 X ,  + 60.7 . . . (7 )  

ith temperature  and die1t:ctric constant var ia t ion,  the theoretical  

equation may then be modificd with the use of equation (7) .  

Based upon measurements  shown in F i g u r t . ~  4 and 5 ,  the va r i -  

ation d s w e l l i n g  p re seu re  a n  i n f l u e n c e d  b y  tempera ture  depression m a y  

then bt: drawn - as shown in Figures 7 and  8. Tht: r:ffect of a var iable  

dielectric constant is considered in F igure  8.  The relationship estab- 

li shed by Sirvastava and Vnrshni (1956) f o r  a var iable  dielectr ic  constant 

waB used in calculating variation o l  E with tempera ture .  

The dielectric constant w a s  assumed to be that of the solvent. Whi le  i t  

i u  recognised that the divlectric constant of the water phase in clay soils 

and ol adsorbed water may bt: significantly diflerent (Picket t  and Lt:mcoe 

1959, Muir 19541, the assumptions involved in the initial equations of the 

Gouy-Chapman theory dictate t h e  use of the solvent value for the 



dielectr ic  constant.  

The correspondence between predicted values  a n d  m e a s u r e d  

swelling p r e s s u r e s  for the l o m Z  M XaC1 ~ a r n p l e  shows the v a l i d ~ t y  of the 

use of the effet:tive salt  concentration f o r  cor rec t ion .  A s  seen from the 

g r a p h s ,  there  1s reasonably c lose  agreement  between swelling pra: s s u r e s  

- 4 and calculated values  for  sma l l e r  interpar t ic le  spacings f o r  the 10 M NaCl 

Whilc m e a s u r e d  preSSUri!6 a t  higher spacings fell below the c,alculated 

va lues ,  the influence of temperature on swelling p r e s s u r e  remained 

c o n ~ i s t e n t .  

In accordance with theoretical  predict ions ,  measured values  of 

awcll ing p r e s s u r e  decreased  with dct: reasing t empera tu re s ,  The physical 

~ n a d e l  of the e lvc t r ic  doublc l a y e r  a s s u m e s  that  a l a rge  portion of i t s  

magnitude i s  derived from the thermal  energy  of the ions which tend to 

r e s t r i c t  orientation in the f i e l d  of c h a r g e d  p l a t c s ,  thus causing the 

e l ec t r i c  double layer  to extend over l a rge  diarsnces from the charged  

s u r f a c e .  I t  is  expected that i f  the tha: rma l  energy of the ions i s  dec reased ,  

the capacity of the ions to r e s i s t  orirmtation will d e c r e a s e ,  and a c c o r d -  

ingly, the thickness of the e lec t r ic  double l a y e r  wdl  a l so  dec rease .  While 

the tempera ture  depression decrcasee  the thc rmal energy of the ions ,  

the dielectr ic  constant on the  other  hand will inc reaae ,  whi<:h in tu rn  

would tend to cause the thickness of the e lec t r ic  double l a y e r  to incm a s e .  

The net trfiect however is  a decrease  in e l e c t r ~ c  double layer  thickness 

since there is  evidence that the c-llect of a decrease  i n  thq: rmal  energy i s  

g r e a t e r  than that oC the dielectr ic  constant .  Moreover, a s  the temper- 

ature 16 dvpressed ,  the concentration and distribution of ions in gencral 



will decrease  correspondingly.  and a fur ther  d e c r e a s e  in  the e lec t r ic  

double layer  may then be expected on the basis of reduction of effective 

v o l u m ~  . 

The divergence oi measured values  from calculated swelling 

p r e s s u r e s  for M NaCl samples  a t  higher interpar t ic le  spacings 

under room tempera ture  conditiona h a s  been pointed out i n  a previous 

study (Y ong and Warkentin 1959). However,  the close agreement  between 

measured and calculated values  for swelling p r e s s u r e  shown in the case  

- Z 
of the 10 M NaCl sample,  suggeste that correct ion f a r  effective pore-  

- 4  water  salt concentration for the 18 M NaCl  s a m p l e s  a t  h i g h e r  inter-  

par t ic le  spacings may be necessary .  If a s imi l a r  c o r r ~ c r i o n  i s  made 

- 4  
for the 10 M NaCl  samples  fo r  effective pore-water  salt  concentration 

at l o w e r  ambient pressures, a s  i n  the c a s e  of the 10" M NaCl sample 

c a r r i e d  over i t s  en t i re  range of p r e s s u r e s .  be t t e r  agreement  would be 

achieved under depressed  tempera ture  conditiona. 

While the use of the effective pore-water  salt  concentration 

serve6 to adjust the physical equations to conlorn with  i n i t i a l  measu red  

valuee,  it does not explain the reasons fo r  the consistent differences 

between measured  a n d  calculated v a l u e s .  The reasons  for the d i f fe r -  

ences  a r e  not quite c l e a r ,  but t h e y  a r e  thought to l ie  partially in the 

l imitations of the double layer  theory,  the l a c k  of par t ic le  orientation 

a t  higher interpar t ic le  spacings and probably in  the poseible impur i t ies  

in the c l a y .  



CONCLUSIONS 

Consistent with theoretical predictions, measured values of 

ewelling pressure decreased with temperature depression. Wi th  the 

use o i  a correction expressed in tcrms of the effective pore-water 

salt concent ration,  the approximate Langmui r solution of the combined 

Poisson-Boltzmann equation may  be used  to describe swelling pressure 

of sodium montmorillonite within certain restricted limits.  The 

magnitlr& of the decrease in swelling pressnrr. under pr~determint!d inter- 

particle  spacings arising from temperature changes (between 2 3 ' ~  

0 
and 1 C ) ,  in the pressure range of 0 .  1 t o  1 . 0  atmospheree may be 

adequatv1y predicted from double layer c a k d a t i o n s .  
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Figure 2 - CROSS SECTION OF S W E L L I N G  CEAMBER 
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SCHEMATIC LAYOUT - SWELLING PRESSURE APPARATUS 

AND MEASUREMENT SYSTEM 
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Figure 3 - SCHEMATIC LAYOUT - SWELLING PRESSURE APPARATUS 

AND MEASUREMENT SYSTEM 
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Figure 6 - SWELLING PRESSURE VARIATION 

WITH INTERPARTICLE SPACING 

( A T  23OC ) 
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Figure 7 - SWELLING PRESSURE VARIATION 

WITH TEMPERATURE 

(Constant Dielectric Conqtant) 
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Figure 8 - SWELLING PRESSURE VARIATION 
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