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Thixotropic Properties of Suspensions of Soils with different 

Grain Sizes and of various mineralogical Types

Propriétés thixotropiques des suspensions de sols de compositions minéralogiques et granulo- 
métriques différentes

b y  A . P i a s k o w s k i  a n d  Z . K o w a l e w s k i , I n s t i tu te  o f  B u ild in g  T e c h n ic s ,  W a r s z a w a ,  P o la n d

Sum m ary

The au th o rs  present the results o f research on th ixo tropy  

of suspensions o f soils with different grain sizes and of various 
types. Som e Theological problem s are  also discussed, particu larly  
the re la tionships between B ingham  lim its, tim e of stiffening, 

characteristics o f the soils and their concen tra tion  in suspensions.

T h e  p h e n o m e n o n  o f  rev ersib le , iso th e rm a l ch an g es o f  

s ta te  “ stiff —  liq u id  —  s tiff” , i.e. th e  p h e n o m e n o n  o f  th ix o ­

tro p y , is a  p a r tic u la r ly  in te re s tin g  p ro b lem  o f  soil m echan ics, 

w here  so ils a re  ab le  to  flow  a n d  m o v e. T h is  c o n s id e ra tio n  

p ro m p te d  in  re ce n t y ears  th e  In s t i tu te  o f  B u ild in g  T echn ics 

to  c a r ry  o u t  in v es tig a tio n s  o n  th ix o tro p y  o f  so il su sp en sio n s 

an d  p astes  as a  p re lim in a ry  s tep  to  th e  s tu d y  o f  so il rh eo lo g y . 

T h e  sa id  in v es tig a tio n s  h a v e  a lso  fac ilita ted  a  s tu d y  o f  th e  

tec h n o lo g y  o f  a c tiv a te d  th ix o tro p ic  su sp en s io n s  ( P i a s k o w ­

s k i , 1956), w hich  a re  o f  p ra c tic a l u se  in  so m e p ro b lem s o f  

fo u n d a tio n  en g in eerin g .

T h ix o tro p ic  p ro p e rtie s  o f  th e  su sp en s io n s  in v es tig a ted  

w ere estab lish ed  fro m  c h an g es  in  o n e  o f  th e  p a ra m e te rs  o f  

B in g h am ’s b o d y  a f te r  a  c e r ta in  p e rio d  (“ stiffen ing  tim e ” ) o f  

re g en e ra tio n  o f  th ix o tro p ic  gel s tru c tu re s , i.e. a  th ree  —  

d im e n sio n a l n e tw o rk  o f  so il p a rtic les . T h e  e q u a tio n  re p re ­

sen tin g  th e  s ta te  is o f  th e  fo llo w in g  fo rm  :

v =  ( t  -  t 0)  ( 1 )

w here :

v =  ra te  o f  s tra in ,

7) =  v iscosity ,

t  =  stress,

t 0 =  yield  v a lu e  o f  t  (B in g h am  lim it).

A t t  values g re a te r  th a n  t 0 v isco -p lastic  flow o f  su sp en s io n s  

ap p ea rs  a n d  in crease  o f  t 0 w ith  tim e o f  stiffen ing  p re sen ts  th e  

m o st d is tin c t fe a tu re  o f  th e  p h e n o m e n o n  o f  th ix o tro p y .

In  s tu d y in g  v a rio u s  su sp en s io n s  by  m ean s o f  H o e p p le r’s 

“ R h eo -V isco sim e te r” d iag ra m s w ere o b ta in e d  s im ila r to  th o se  

o f  F . H o e p p l e r  (1952), a n  ex em p le  o f  w hich  is sh o w n  in 

F ig . 1.

T h e  re su lts  o f  th e  s tu d ies sh o w  th a t  d e v ia tio n s  fro m  e q u a ­

tio n  (1) o ften  o c cu r a t  very  low  ra te s  o f  d e fo rm a tio n . C o n s­

eq u en tly  th e  va lues o f  t ,  a p p e a rin g  in s ta tic  s tu d ies ( v  s y  0 )  

m ay  be lo w er th a n  t 0 (F ig . 1 ).

M ean w h ile , fo r  sim p le  e s tim a tin g  o f  th ix o tro p ic  p ro p e rtie s  

o f  su sp en s io n s th e  u su a l rh eo lo g ica l tes ts a re  to o  c o m p lica ted

Som m aire

Les au teurs présen ten t les résu lta ts de recherches sur la th ixo- 

trop ie  des suspensions de sols de granulom ètries différentes 
et de divers types m inéralogiques. On discute aussi de certains 

problèm es rhéologiques, en particulier des relations existant 

entre  les valeurs du seuil de B ingham , le tem ps de durcissem ent, 
les p ropriétés des sols et la concen tra tion  des suspensions.

a n d  fo r th is  re a so n  a  m u ch  sim p le r “ in v erted  te s t- tu b e  m e th o d ” 

w as a p p lied  ; th is  m e th o d  h as  b een  d escribed  by H . W i n ­

k l e r  (1938), E . A c k e r m a n n  (1948) a n d  o th ers . In  th is m e th o d  

th e  m easu rin g  s ta n d a rd  fo r  th ix o tro p ic  p ro p e rtie s  is th e  m o is­

tu re  c o n te n t  o f  th e  th o ro u g h ly  s tirred  su sp en sio n  a t w hich , 

a f te r  a  defined  stiffen ing  tim e, th e  su sp en s io n  reach in g  suffi­

c ien tly  large  t ,  v a lue , n o  lo n g er flow s u n d e r  its o w n  w eigh t 

fro m  th e  te s t- tu b e  tu rn e d  u p sid e  d o w n . T h e  m o is tu re  c o n ­

te n t  m ay  be called  “ stiffness lim it” —  Ls a n d  m ay  be c o m p a ­

ra b le  w ith  th e  A tte rb e rg  lim its o f  co n sis ten cy  ( A c k e r m a n n , 

1948). It is d e te rm in ed  b y  g rap h ic  in te rp o la tio n  (F ig . 2) a fte r

not
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several determinations o f  the relationship “moisture content 

o f the given suspension-stiffening time” . In this method, the 

inner diameter o f  the test-tube and the time o f stiffening are 

essential. It was determined by experiments ( P i a s k o w s k i , 1956) 

that reasonable accuracy is achieved by applying 15 mm  

tubes and 5 minutes o f stiffening time. In the litterature, 

however, other values are mentioned as well, e.g. 8 mm and 

one minute. It was found that the L s values obtained when 

using either o f these variants show a ratio which increases 

slightly with the L s value (15 mm, 5 minutes), from M 7  at 

L s =  110 per cent to 1-36 at L s =  650 per cent. Generally, 

the smaller test-tube diameter or the longer stiffening time, 

the higher L s values are obtained.

On the basis o f the L s value determined for a given suspen­

sion, the ratio : “ volum e o f  water to volum e o f  soil particles”

—  S t, suggested by H. W i n k l e r  (1938), can be evaluated by  

means o f  the simple formula :

S t =  0-01 • Ga • L3 (2)

where : Gs —  relative specific gravity for a given soil, Ls —  

stiffness limit for its suspension in percentage by weight.

The average mean error has been found for the above 

m ethod as 4 : 2-9 relative per cent.

To find the relationship between thixotropic properties 

o f suspensions and grain-size distribution o f soils and mineral- 

ogical character o f  their clay fraction, L s values for 60 various 

soils, with 7 —  73 per cent clay fraction ( <  2\i) content, were 

determined. Soils with organic matter or lime content ( >  3 

per cent) were not dealt with in the above investigations. 

The results are presented in Fig. 3 as function o f  clay fraction 

content —  /¿, and in Fig. 4 (39 soils only) as function o f  base 

exchange capacity —  p  w. “ A ” is the colloidal activity according 

to A. W. S k e m p t o n  (1953).

These diagrams permit to  draw the following conclusions :

1. Fig. 3 shows that L s values observed for kaolinitic soils 

and for loesses are not different from those for average (illitic) 

so ils; but they are much higher for montmorillonitic soils
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(bentonites); this fact m ay be explained either by a specific 

particle shape or by greater surface activity (higher exchange 

capacity).

The relationship between the values o f  L s and grain-size 

distribution o f  soils confirms to a large extent the conclu­

sions presented by E. A c k e r m a n n  (1948) and V. R o m a n o v s k y  

(1948).

2. The relation in Fig. 4, L s =  F (p w), on the other hand, 

shows that in the case o f kaolinitic soils and loesses (low  

exchange capacity) L s is not proportional to the mean density 

o f exchange cations on the surface o f soil particles; in this 

case a more pronounced density o f  cations (to a large extent, 

o f electrical charges) on particle edges and corners m ay be 

probably the decisive factor, that the L s values for both these 

soil types are higher than for corresponding average soils 

with the same p w values. This is confirmed in the case of 

m ontm orillonitic soils with a high exchange capacity, where a 

reverse phenom enon occurs (L s values lower than for average 

soils), possibly due to a more uniform distribution o f cations 

over the whole surface (and volum e) o f  particles.

The above interpretation o f these relationships does not 

take into consideration the influence o f  electro-kinetic potential 

but it m ay serve as a basis for the assumption that thixotropic 

properties o f soil suspensions are influenced, to a great extent, 

by particle shape and the distribution o f attractive forces 

forming mutual contacts over particle surface.

A  similar conclusion can be drawn from Theological invest­

igations, which were carried out and published in 1956 ( P i a s ­

k o w s k i , 1956), and partly will be published additionally. 

In these investigations the following empirical relation was

0

0

'• •  /

/ • • »  . * /

/D % /

/ g  •
'  o * 0 /

/  '
•  /  o As 075(loesses «, Kaolinitic soils wj

/  •  075<As i.25

/  o A > 1.25 (bentonites 0)

294



300

2 50

c:
a>

CD

Q.

200

£  150

<o

c:

100 /•
/«p

50 o A*0.75(loesses «, kaolinitic soils «) 

• 0.75<A ¿1.25 

□  A >1.25 (bentonites 0)

10 20 30 40 50 60 70 80 90

Base exchange capacity - p„, mval/lOOg of dry soil mass

Fig. 4

100 110

d e te rm in e d  b e tw een  t s  a n d  so il c o n c e n tra tio n  in  th e  su sp en ­

sio n s a n d  tim e  o f  stiffen ing  :

: kx e kt c», w here  cv =
100

100 +  w • G ,

(3a , b)

w here  

k i  =

in te re s tin g  to  n o te , th is p h e n o m e n o n  d id  n o t  o c cu r in  a n y  

n o tic e ab le  degree. I f  w e a ssu m e th e  d ep en d en ce  o f  ra tio  : 

t s fo r  th e  stiffen ing  tim e o f  5-1 m in u te s  to  th e  t s fo r  0-1 m i-

e m p irica l coefficient in creas in g  (p ro b a b ly  lo g a r ith ­

m ica lly ) as th e  tim e  o f  s tiffen ing  in creases a n d  d e p en ­

d in g  o n  th e  c h a ra c te ris tic s  o f  th e  g iv en  soil,

k2 =  em p irica l coefficient d im in ish in g  w ith  tim e  a n d  

d e p en d in g  o n  th e  c h a ra c te ris tic s  o f  th e  g iv en  soil,

cv =  v o lu m e  c o n c e n tra tio n  o f  th e  so il in  th e  su sp en sio n , 

in  p e r  cen t,

w =  m o is tu re  c o n te n t o f  th e  su sp en s io n , p e r  c en t by  

w eight.

E x am p les  o f  th e  a b o v e  re la tio n sh ip  a re  g iv en  in  F igs. 5 

a n d  6 . I t  is o b v io u s  th a t  th e  re la tiv e  in crease  o f  t s  in  tim e, 

fro m  0-1 to  5-1 m in u te s  fo r  these  tw o  d iffe ren t c lay s is n o t 

th e  sam e. F o r  th e  b e n to n ite  (F ig . 5) i t  g row s w ith  th e  m o is tu re  

c o n te n t  o f  su sp en s io n s  ; th is  m a y  b e  d u e  to  a  h ig h er deg ree  o f  

freed o m  o f  p a rtic le s  in  a  su sp en s io n  o f  low er c o n c e n tra tio n  

a n d  to  a lte ra t io n  o f  ty p es  o f  b o n d s  be tw een  p a rtic le s , p ro b ­

a b ly  ; in  th e  case  o f  flat p a rtic le s  o f  m o n tm o rillo n ite  it m a y  be 

p a r tic u la r ly  m ark e d . In  th e  case  o f  illitic  c la y  (F ig . 6) it is
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Suspensions of activated bentonite-. ft = 

o -tim e  of stiffening ~01 minute 

•  -tim e of stiffening ~5.i minutes
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Fig. 6

n u tes , o n  th e  m o is tu re  c o n te n t  o f  su sp en s io n s , w e o b ta in  th e  

fo llo w in g  d a ta  :

1. A c tiv a ted  b e n to n ite  (co m m erc ia l p ro d u c t)  —  fo r  m o is­

tu re  c o n te n ts  fro m  300 to  1 160 p e r c en t th e  a b o v e  ra tio  

in creases f ro m  1 ■ 3-1 ’4 to  a b o u t 3 -0 -3 T , w h a t is sh o w n  in  F ig . 5.

2. Illitic  c la y  w ith  sm all c o n te n t o f  m o n tm o rillo n ite , a c tiv ­

a te d  by su itab le  a d d itio n s  o f  chem ica ls  —  fo r m o is tu re  c o n ­

te n ts  fro m  320 to  700 p e r cen t, th e  a b o v e  ra tio  w as p ra c tic a lly  

c o n s ta n t  v a ry in g  w ith in  th e  lim its 2-5 —  3-2 o n ly . I t  is in te r­

e s tin g  th a t  a t  low  m o is tu re  c o n te n ts  th is  ra tio  fo r  th is  c lay  is 

g re a te r  th a n  fo r  th e  a b o v e  b e n to n ite .

T h e  a b o v e  re su lts  m ay  be e x p la in ed  o n  th e  basis  o f  th e  

n e tw o rk  h ip o th e s is  o f  T a n  T j o n g  K i e  (1957), p ro b a b ly  as 

fo llow s :

(a ) In  case  o f  b e n to n ite s  a t  low  m o is tu re  c o n te n ts  th e  

w eak  p a r tic le -b o n d s  “ fla t su rface  to  fla t su rfa ce ” p ré d o m in a n te , 

w h ile  a t  h ig h  m o is tu re  c o n te n ts  p ro b a b ly  th e  s tro n g e r  b o n d s  

“ c o rn e r  to  flat su rfa c e ” a p p e a r .

(b) In  case  o f  k a o lin itic  a n d  illitic  so ils, h o w ev er, b o n d s  o f  

th e  seco n d  ty p e  (a n d  “ ed g e  to  flat su rfa ce ” ) p ré d o m in a n te  

p ra c tic a lly  a t  a ll m o is tu re  c o n te n ts  o f  in v es tig a te d  su sp en sio n s .

T h e  a b o v e  e x p la n a tio n  is o n ly  a  h y p o th es is , its essence  is 

th e  p o ss ib ility  o f  d e te rm in in g  th e  c h a ra c te r  o f  p a r tic le  b o n d s , 

o n  th e  basis o f  a n  a n a ly s is  o f  B in g h am  lim its  c h an g es  d e p e n ­

d in g  o n  c o n c e n tra tio n s  a n d  ch a ra c te ris tic s  o f  c la y  a n d  o n  th e  

tim e  o f  stiffen ing .

W ith  re g ard  to  th e  a b o v e  in v es tig a tio n s  it sh o u ld  be p o in te d  

o u t  th a t  o n ly  th e  d e te rm in a tio n  o f  th e  c h a ra c te r  o f  th e  a b o v e  

re la tio n sh ip  is o f  so m e  re a l v a lue , th e  n u m erica l v a lu es o f  

t s  d e p en d in g  ch iefly  o n  th e  v a rio u s  c o n d itio n s , in  th is case  

m ain ly  o n  th e  d iam e te r o f  “ R h eo -V isc o sim e te r”  tu be. T h u s , 

fo r  e x am p le , fo r  th e  su sp en s io n s  w ith  c o n c e n tra tio n s  o f

11 —  1 2  p e r c en t by  w e ig h t, th e  t s  v a lu es o b ta in e d  w ith  tu b e  

d iam e te rs  16-50 m m , 17-40 m m  a n d  20-23 m m  (th e  d iam e te r 

o f  th e  b a ll b e in g  c o n s ta n t  a n d  e q u a l to  15-96 m m ) sh o w ed  

th e  ra tio s : 2-34 : 1-00 : 0-78, re sp ec tive ly .

In  a d d it io n  it sh o u ld  b e  p o in te d  o u t  th a t  stiffness lim its 

o b ta in e d  fo r  soils p re v io u s ly  d ried  (a t +  105° C ) w ere  g en era lly  

so m e w h a t low er ( th e  c o rre sp o n d in g s  ra tio s  b e in g  0-66 —  1-00) 

th a n  fo r  c o rre sp o n d in g  so ils n o t  b e in g  d ried . A s a sc e rta in e d  

it w as c au sed  b y  th e  fo rm a tio n  o f  irrev e rs ib le  ag g reg a tes o f  

fine so il p a rtic le s  d u r in g  th e  p ro cess o f  d ry in g , i.e ., b y  th e  

ch an g e  o f  th e  g ra in -s ize  d is tr ib u tio n  o f  soils.
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