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WÀTER SORPTI ON TEST FOR PARTI CLE I NTERACTI ON ESTI MATE 

SORPTI ON DE L' EAU POUR L' ESTI MATI ON DES I NTERACTI ONS DES PARTI CULES
oi i pk;j e.:i ehi i k copbuhoi i hmx rnori cTi î  ¿uni  ohkhkh b3 ah mozi erit bu h hact hh

E. T . STÇPKOWSKA, Research S c ie n tis t, In s titu te  o f H yd roeng ineering , Gdarfsk (P o land)

SYNOPSI S.  Fr om wat er  sor pt i on t est  t he speci f i c sur f ace and mi ner al  phase wat er  i n mono-  

mi ner al  and nat ur al  cl ays ar e det er mi ned.  Fr om t hese val ues t he l ong- r ange i nt er par t i c l e 

f or ces ar e cal cul at ed f or  Z. M.  bent oni t e obt ai ni ng r esul t s compar abl e t o t he measur ed 

cohesi on.  Ther e i s pr oposed a compl et e met hod of  cl ay mi ner al ,  mont mor i l l oni t e, k aoUni t e,  

i l l i t e, or gani c mat t er  cont ent  and CEC det er mi nat i on f or  engi neer i ng pur poses.

I NTRODUCTI ON

The accumul at i ng knowl edge i n cl ay physi cs 

must  r esul t  i n new met hods of  c l ay physi cal  

par amet er s measur ement ,  whi ch woul d r ef l ect  

def i ni t e physi cal  pr oper t i es of  t he i nvest ­

i gat ed soi l s.  Xt  seems t hat  f or  engi neer i ng 

pur poses most  i nt er est i ng physi cal  par ame­

t er s ar e:  t he c l ay ext er nal  speci f i c sur f ace,

S,  and mi ner al  phase wat er ,  i . e.  wat er  sor ­

bed on t he par t i cl e ext er nal  sur f ace and i n

S t he i nt er nal  space / WQ» i f  det er mi ned at

 ̂ 110° C,  V , i f  det er mi ned at  200° C/ .  Fr om '  m r '

t hese t wo val ues t he i nt er par t i c l e di st ance,  

2d,  i n sat ur at ed cl ays as t he f unct i on of  

wat er  cont ent  may be est i mat ed as:  

w -  w

d  = ; - - - - -  0 )
P h2o

whi ch i s t he most  i mpor t ant  par amet er  i n t he 

l ong- r ange par t i cl e i nt er act i on cal cul at i on 

/ her e W i s t he wat er  cont ent  i n g H2 O/ 1OO g
<3

cl ay,  JJH2 O = 1»°  s/ em i s t he f r ee l i qui d 

wat er  densi t y/ .  The eval uat i on of  and 5 

i s t he mai n subj ect  of  t hi s paper .

Pr evi ous st udi es i ndi cat e t hat  t he di f f use 

l ayer  i nt er act i on pn and di sper t i on i nt er ­

act i on pA / van der  Waal s at t r act i on/  ar e t he 

t wo most  i mpor t ant  l ong- r ange i nt er act i ons 

/ i nt er nal  s t r esses/  i n cl ay -  wat er  syst em 

/ Paszyc- St $pkowska,  1966,  St qpkowska- Paszyc, 

19 6 7 , St qpkowska,  1970/ .

The di f f use l ayer  I nt er act i on may be cal cul ­

at ed f r om t he gener al l y  known f or mul a / Bol t  

and Mi l l er ,  1955/ :

pR = 2 n k T ( cosh Yd - 1)  (2)

wher e n i s t he i on concent r at i on as r emot e 

f r om t he par t i cl e sur f ace t hat  t he el ect r i c 

pot ent i al  i s zer o (i n i ons / cm̂ ) , k  =

1. 38 x  10_ 1^er gs/ i on ° J£, T i s t he t emper at ur e 

i n ° K,  Yd i s t he di mensi onl ess par amet er  of  

t he el ect r i c pot ent i al  i n t he mi ddl e bet ween 

t wo par al l el  pl at es separ at ed by t he di st ance 

of  2 d.

or
Yd = 2 111 “

A = 7t  ( d + x ) ;

8 n e2 Z2
k Z c S o

H 2 CEC£ (d) k  T °

wher e e = 4. 803 x  10 " ^® e. s. u.  i s t he
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el ement ar y char ge,  Z i s t he exchangeabl e i on 

val ency,  d i s t he di el ect r i c const ant  of  

wat er  whi ch i s a f unct i on of  t he i nt er par ­

t i cl e di st ance,  c i s t he sal t  concent r at i on 
’  o

I n nol / l ,  S i s t he t ot al  speci f i c sur f ace 

i n cm / g cl ay,  CEC i s t he cat i on exange 

capaci t y i n meq/ g cl ay.

The di sper s i on i nt er act i on may be cal cul at ed 

f r om t he f or mul a I 

p  _ . _ 6 i 2 2 _ c  _ L  + _ J - - - -  .  -

d + d + / 2

vher e C i s a const ant  cal cul at ed f or  mont -
_  14

mor i t I oni t e as 4. 02  i  10  er gs,  d i s 

t he ef f ect i ve di el ect r i c const ant  i n t he 

cl ay -  wat er  syst em,  i s t he par t i c l e t hi ck*  

ness / f or  det ai l ed cal cul at i ons see St ^p-  

kowska,  1970/ ,  Bot h pR and pA may be der i ved 

f r om t he i nt er act i on pot ent i al  ener gy.

The knowl edge of  l ong- r ange par t i cl e i nt er ­

act i ons mi ght  be a val uabl e t ool  f or  t he 

st abi l i  t y anal ysi s and shear  st r engt h eval u­

at i on,  Ther ef or e much ef f or t  was gi ven t o 

t hei r  eval uat i on i n monomi ner al  cl ays / f i r st  

st ep/  and i n nat ur al  soi l s as t he f i nal  

sol ut i on.  The possi bi l i t y  of  i nt er par t i c l e 

di st ance det er mi nat i on i n nat ur al  soi l s 

seemed t o be t he most  di f f i cut  st age.  The 

met hod pr oposed bel ow i s possi bl y t he 

posi t i ve sol ut i on.  I t s mi ner al ogi cal  Just ­

i f i cat i on was pr esent ed t o t he 1972 I nt er ­

nat i onal  Cl ay Conf er ence / Madr i d/  and i s t o 

be publ i shed el sewher e / St ^pkowska,  1973/ .

The met hod consi st s i n t he wat er  sor pt i on 

measur ement  at  r el at i ve wat er  vapour  pr essur e

p/ p„  = 0 . 5  W ; 0 . 9 5  W . ;
O • • • •  I

1. 0 W _ of  t he f ol l owi ng sampl es:
.  . .  ; 1, u

1 /  f r act i on f i ner  t han 2 u homoi oni zed a t o

Mg W M i b t o K W ;
• ng 1. • •  . A, . , .

2 /  f r act i on f i ner  t han 0 . 1 mm W _ ,
'  . u. l  mm;  . .  .

V  f r act i on coar ser  t han 0. 1 mm V ____
. U. l  mm; . . .

Sor bed wat er  cont ent  i s det er mi ned ei t her  at

1 10° C W _ or  at  200° C W
® • • * •  • • ID

The cl ay ext er nal  speci f i c sur f ace 3 i s

det er mi ned f r om V „  -  _ assumi ng on t he 
a

ext er nal  sur f ace a bi mol ecul ar  wat er  l ayer

of  t he densi t y  1. 27 g/ cr a^.  I nt er nal  speci f i c

sur f ace i s det er mi ned f r om W M „  _ -
m Mg ¡0. 5

-  W.  assumi ng a monomol ecul ar  i nt er -
a „

sheet  wat er  l ayer  of  t he densi t y  1. 46 g/ cnr .  

Tot al  speci f i c sur f ace S i s cal cul at ed ei t her  

f r om S = S- S + S or  f r om W
m Mg; 0. 95

assumi ng a bi mol ecul ar  wat er  l ayer  of  t he 

densi t y  1. 27 g/ cr n^.  Mi ner al  phase wat er

' a Mg; 0, 95 1, 2 7

/ pol ywat er  at  p/ po = 0 . 9 5 » nor mal  wat er  i n

wet  st at e/ .  Fr om t he r at i o of  S- S t o t he

t heor et i cal  val ue 790- S m /g t he mont -

mor i l l oni t e cont ent  M i nc l udi ng ver mi cul i t e

i s est i mat ed.  Cl ay mi ner al  cont ent  C. M.  i n

t he gi ven f r act i on i s est i mat ed f r om t he

r at i o of  wat er  sor pt i on of  nat ur al  sampl e t o

t hat  of  Mg cl ay as measur ed at  p/ pQ =0 . 5

C. M.  = W . „ „  - W „  „  _ . CEC may 
m 0. 1mm; 0. 5 m Mg; 0. 5

be assessed f r om t he ext er nal  speci f i c sur ­

f ace assumi ng 17 & per  el ement ar y l at t i ce 

char ge.

/ Eq.  1/  i s det er mi ned f r om V

I t  i s pr oposed t o est i mat e r oughl y t he 

or gani c mat t er  cont ent  O. M.  , whi ch act ual l y 

i nt er f er es i n t he det er mi nat i on,  f r om t he 

wei ght  l oss due t o heat i ng f r om 200° C t o 

400° C.  Kaol i ni t e cont ent  K1 i nc l udi ng par t l y 

chl or i t e may be eval uat ed r oughl y f r om t he 

wei ght  l oss G due t o heat i ng f r om 400° C t o 

B00° C,  assumi ng G = 4. 5 % f or  mont mor i l l o-  

ni t e and i l l i t e and G = 13. 9 $ f or  

kaol i ni t e.  I l l i t e may be det er mi ned f r om K̂ O 

cont ent  assumi ng 6 $ f or  i l l i t e.

The t est  may be per f or med by an i nt el l i gent  

t echni ci an,  equi pped by t he det ai l ed pr oce­

dur e descr i pt i on / St Qpkowska,  1973/  and some 

pr act i ce.  The equi pment  necessar y i s t 

cent r i f uge,  desi ccat or s f l at  cer ami c cr uci ­

bl es,  t wo dr y i ng ovens,  combust i on oven,
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anal yt i cal  bal ance,  agat e mor t ar  et c.  I t  I s 

advi sabl e t o send pr epar ed sampl es f or  sup­

pl ement ar y t est s / der i vat ogr aph,  di f f r act o-  

gr aph,  chemi cal  anal ysi s f or  KgO cont ent ,  

exchangeabl e cat i ons/ .

TEST AND CALCULATI ON RESULTS

Test s wer e per f or med on sever al  cl ay sanpl es.  

Resul t s ar e pr esent ed el sewher e / St ^pkowska,  

1973/ .  Her e t he exampl e of  Z. M.  bent oni t e 

wi l l  be di scussed i n det ai l  and t he val ues 

det er mi ned wi l l  be used f or  cal cul at i on of  

l ong- r ange par t i cl e i nt er act i ons / i nt er nal  

st r esses Eq.  1 and Z/t

The f ol l owi ng wat er  sor pt i on val ues wer e 

obt ai ned I n g Ĥ o/ g cl ay :

Wa MgS0. 5 "  16 * 53 i  ° *5°

Wa Mg; 0. 95 “  3 ° * 6 5  1  ° * 64

W»Mg, 0 . 5  "  2 ° * ' * 2  1  ° * 11

¥m Mg; 0. 95 “  Jk'9Z 1 ° * 23

Wa K; 0. 5 "  ®* 2 1 1  ° * 23

Wa K: 0. 95 = , 6 * 2 2  1  ° * 79

Wm K; 0 . 5  -  8 * 3 6  i  ° *23

Vm Ki O. 95 “  l 6 * 3 9  ^  ° * 72

Mi ner al  phase wat er  Wa / Eq. l /  was det er mi ned 

f r om t he wat er  sor pt i on of  Mg -  bent oni t e at  

p/ pQ = 0 . 9 5  / sampl es wi t h al l  t he exchange­

abl e cat i ons except  K i ndi cat ed si mi l ar  wat er  

sor pt i on at  t hi s condi t i on/ .

W « n ne -*1.0 g/cnP
w = a m i 0 . 25- - - - - - - - J l - - -  s

8 1. 2 7  g/ cm

= 3<i>, ^ 2*  1, 9  s H20/ g cl ay =»

= 24. 13 g HgO/ g cl ay

Thi s val ue t akes i nt o account  t he bdmol ecul ar  

wat er  l ayer  on t he ext er nal  par t i cl e sur f ace 

and wat er  i n t he i nt er nal  space,  consi der i ng 

bot h as bel ongi ng t o t he mi ner al  phase.

5  » ^ » 9 . 5 ----- = 9 » ^  x  10 0  m2/ g a

Hg O H20  / , U1U

= 117 ™2/ g

her e 0 = 2. 76 X,  h20 "  s/ cm3 . Thi s

val ue as det er mi ned f r om t he f i r st  maxl num 

on t he di f f er ent i al  heat  of  wet t i ng cur ve,

assumi ng a monomol ecul ar  wat er  l ayer  of  t he
o o

densi t y  1. 46 g/ cm was S a  114 m / g.  The 

ext er nal  f l at  speci f i c sur f ace as det er mi ned 

f r om X- r ay di f f r act i on measur ement  of  t he

par t i cl e t hi ckness was f or  nat ur al  bent oni t e
2 2 

? = 10 1 m / g and r anged bet ween 98 ■ / g f or

A. 1- bent oni t e and 137 » / g f or  K—bent oni t e.

Ther ef r om t he CEC val ue was est i mat ed>

CEC -=

________ - ______________ 1_________________________

17x  10 ~2 ®m2/ char ge x  6 . 0 2 5  x  10 °̂  char ges/ neq

= " o2 ?i | meq/ g = 1 . 14 meq/ g cl ay

CEC as det er mi ned by Ba -  i on exchange and 

X -  r ay f l uor escence anal ysi s agai nst  kao-  

l i ni t e st andar d / Paszyc- St ^pkowska and Nowac 

ki ,  19 6 5 /  «•as CEC s 1. 31 meq/ g cl ay,  as 

det er mi ned by NĤ  -  i on i t  was CEC a 1. 08 

meq/ g cl ay.  The sum of  exchangeabl e cat i ons 

was f or  nat ur al  bent oni t e 1. 3 3  meq/ g,  i t  vas 

f or  bent oni t e near l y  homoi oni c t o var i ous 

exchangeabl e cat i ons about  1. 0 7  meq/ g cl ay 

and f or  Ca-  bent oni t e i t  was 1. 21 meq/ g cl ay

The i nt er nal  speci f i c sur f ace was t

,  Wm MgsO. 5 ~ Wa K; 0. 5 20. 42 -  8. 21 

S _ S  "  I / *  H2 0 2*0 1 5

x 10 0  m̂ / g cl ay = 6 0 6  n^/g c l ay

Thi s r esul t s i n t ot al  speci f i c sur f ace

S = / s- S/  + 2 = 723 n^ / g cl ay.  St Andr ei  

/ I NCECRC,  Bucur est i /  det er mi ned t he t ot al  

speci f i c sur f ace of  Z. M.  bent oni t e f r om 

t he heat  of  wet t i ng as S = 660 m /g cl ay.

The ext er nal  speci f i c sur f ace / Eq.  1/  was 

cal cul at ed f r om :
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V>

The aont mor i l l oni t e sont ent  i e t

M . L J
7 9 0 - s 79 0 ' : 9 117  x  t oo % a  89.9  JÉ

I nser t i ng and 1 I nt o t he Equat i on 1 t he 

r el at i on bet ween wat er  cont ent  and i nt er -  

par t i cl e di st ance may be f ound.

f r om Eq. 2 di f f use l ayer  i nt er act i on may be 

cal cul at ed,  e. g.  f or  bi val ent  / Z a 2/  Ca 

bent oni t e :

10 ~ 7  mol / cm3 x  6 . 0 2 5  x  10 2 3

16 3
i ons/ mal  a 6 . 0 2 5  x  10  i ons/ cm

c N 
o o

wher e N i s Avogadr o number .
o

The di el ect r i c  const ant  as t he f unct i on of  

i nt er par t i c l e di st ance i s I

_ d -  2. 76 80. 16 + 2. 76 x  41. 68

— d

wher e 8 0 . 3 6  i s t he el ect r ost at i c  di el ect r i c 

const ant  and 9 9 * 2 $  t  3 * 9  B 4 1 . 6 8  i s  t he 

aver age val ue bet ween t he s t a t i c  and opt i cal  

di el ect r i c const ant  assumed f or  t he t hi r d 

l ayer  of  sor bed wat er  mol ecul es.  Thi s i s a 

f i r st  appr oxi mat i on not  consi der i ng t he 

I nf l uence of  exchangeabl e cat i ons i n t he 

di f f use l ayer  on t he wat er  di el ect r i c 

const ant .

Pr o m E q ‘ 3 d i s p e r s i o n  i n t e r a c t i o n  ma y  b e  c a l ­

c u l a t e d  ( St epk ows k a ,  1 9 7 0 ) . He r e  f o r  s h o r t  

r a n g e  i n t e r a c t i o n s :

£  ( d ) = -  pa r t ,  wh e r e
d+ B /Z  

me d  £ ( û > )  = 3 . 0 ,

assu-

The par t i cl e t hi ckness as det er mi ned dl f -

f r act omet r i cal l y  i e = 120. 3 i  2. 5 A° ,

di el ect r i c  const ant  of  t he mi ner al  phase
- 14

3  3. 70.  Her e t he C = 4. 02 x  10 er gs 

di f f er s f r om t he val ue i ndi cat ed i n t he above 

ment i oned paper  4. 32 x  10  er gs , wher e 

f or  sor bed wat er  t her e was assumed =

1. 2 7  g/ cr o3 bot h i n submer ged st at e and i n 

wat er  vapour  at mospher e at  p/ pQ = 0 . 9 5 .

ke/cn

' 
> 

/

/
s. 

... oO

No-  bentonite Z.M. 
2------ - c measured

P*\  calculated 
---------P*i

c;- 10'* motft 
l  ■ 49/f , + qafZ.
*p-  0,699 9 *0 /g day 
*}■ 3,590 gHjO/g day

\

\ S '

\
0

0V.,

? i

,- Pa

1 ? £0 91 d A

0,7 0.8 o.s I? 1,3 H 
lgH,0/gdag]

Fig. 1

k6/cm}
V

V

2.0

0.1

\ \  -

9. e measured

calculated—  ~Pa] 
- - - - Pm!

/
I

‘- b

\ \

S.

«;• 10'* 
z ■ 2,0 
wp' 0.B81 gfi 
* ’ 0&1 gf

* /l

W/gday 
Mg day

N  N A ; :  - 'J

S ' .

fc Q

1 1 *

O 
/

 

*
/

0,5 0.1

eg- 2

oj *
[gH,0/gday]

t.0

3.0
ks/an1

2.0

Q2

0,’

- - - c ( total jrtss)
’t  stress)

■olculofed\  ■
—  V 1
Z - 2,0 ; C,’ 
Wp. 0,632 gh 
W[ • 0,970 g h

/
/

/

\ - - - - ^

O’’  molli

- - -  N

Pn

7J 31 41 d I

' 0,t O.s 0.6 0.7 w 0,6 
[gHjO/gc/oy]

Fig- 3

COHESI ON MEASURED AND I NTERNAL STRESSES 

CALCULATED / pR and pA/  AS THE FUNCTI ON 

OF VATER CONTENT.

214



fT
S

o

4/ 35

Calculations of diffuse layer interaction 

Pr were performed also for Na bentonite 

Zi H*  Z^ ) » 9 1  + 0 * 0 9  Z21 Wher e  — 1 

and Zg ■ 2 , aa determined from the per­

centage content of Ha and Ca - exchangeable 

cations .

In the Fig« 1 and 2 there are given cal­

culation reaalta for 11a - and Ca - bentonite 

aa oompared to the results of coheaion o 

measurement /trlaxial undrained quick test 

on remolded sample in terms of total stress/ 

these test results were published previously 

/Paszyc-St^pkpweka, 1 960/. Hera by the least 

square method the straight llno-ar relation 

between log c and water content was 

determined as:

log c ■ - 1 . 1 7 6  w + O.8 1 O;

r a - 0.957 for No-bentonite

log c a - 3 . 8 5 1  w + 2 .2 0 7 ;

r ^  a - 0.975 f<*r Ca-bentonite

here v  is expressed in g H^o/g clay.

The agreement between the calculated diffuse 

layer interaction Pjj and the cohesion 

measured for Na-bentonite (Fig.l) is sur­

prising. The cohesion of Ca-bentonite 

w a wp + 0 . 5  - wp a 0.80 g HjjO/g clay

ia close to the dispersion Interaction -

/M-g. 2/.

In the Fig. 3 there are given cohesion 

values /o In terms of total stress, c in 

terms of effective stress/ as measured by 

the trlaxial test for natural Z.M. bentonite 

/static compaction w a strain rate

2 ‘¿/hour, ITU-test with pore pressure maa- 

surement, published Pas zyc-St^pkowoka, 1966/i 

Beeults are similar to those obteined for 

Ca-bentonite. The relation calculated by 

least square method 1st

log c a - 3.634 w + 2.125;

r ^ n  - 0 . 8 8 7  in terms of total stress

V

>,0

1» Q8

V  

0,0

Fi g . 4.  NATURAL  w. c .  AS THE FUNCTI ON

CP EXTERNAL  SPECI FI C SURFACE §  

/ HARSXE CLAY P. P/

log c a  - 4.763 w + 2.636;

r ^ s  - 0 . 8 3 7  i n  t e r ms  o f  e f f e c t i v e  

s t r es s

I n  t he F i g . 4  t her e  i s  g i v e n  t h e  r e l a t i o n  

b e t we e n  t he  n a t u r a l  wa t e r  c on t en t  a n d  t h e  

ex t e r n a l  s pec i f i c  s u r f ac e  a s  d e t e r mi n e d  f a r  

t he  ma r i n e  c l a y  F. P. Th e  r e l a t i o n  c a l c u l a t e d  

b y  t h e  l eas t  s q u a r e  me t h o d  f o r  s amp l es  

c o n t a i n i n g  l e s s  t han  1 0 % of  t he  c o a r s e  

f r a c t i o n  0 . 1  o m a nd  l es s  t h a n  1% O. K. i s

2
§ In m / g 1

a  1. 01 3 + 33.8 g HgO 100 g clay

r _  a  0 . 8 5 6  

x y

rhe correlation between 3 and the liquid 

limit is ouch worse, r ^  a 0.646 and still 

worse is the correlation between 5 and 

plastic limit rxy ■ 0 « ^ 6  .

Between the plastic limit and the mineral

phase water of the natural soil

V . „ the correlation was found 1
m net*0.95

Vp a 1.41 Vm + 19.8 g HgO/100 g clay

r a  0.624 
xy

215



4/ 35

The results presented Indicate that the

method proposed enables of the measurement

of clay parameters necessary to calculate

the long-range particle Interactions /inter-

nal stresses/ In saturated and nearly

saturated clays. The valency of exchangeable

cation and salt concentration should be

determined by other methods; usually bivalent

Ca-lon prevails and salt concentration is 
_ i l  _  3

about 10 to 10 mo1/1. The cohesion

measured is of the order of calculated Inter­

actions, close to pR if pR pA ; close 

to - p^ if pA pR . The explanation of 

the mechanism of the shearing process needs 

a further study of the model of interaction 

of long-range interparticle pressures 

/internal stresses/ and the externally ap­

plied load. This problem is being studied 

now; the further step demands the considera­

tion of unsaturated clays. It should be 

mentioned that In clays containing nonmont- 

morlllonitic clay minerals /e.g. marine 

clay P.P/ the interparticle distance seems 

to be the function of some „dead water".

The determination of this second term in the 

numerator of Eq. 1 for natural clays is the 

subject of further study.
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