pplication of rheological properties of clay pastes
‘and alluvial clays for the determination of liquid
0 further extended to determine the thixotropic co-
: clays at liquid limit consistency. The thixotropic
uid limit consistency, irrespective of clay mineral
anarrow range of 0.7 to 1.50. At this consistency,
tress and thixotropic area also vary in a narrow
een thixotropic co-efficient and moisture content
ﬂ-{ ‘various clays holds two linear relationships: (i) for
‘ ¥ing liquid limit above 50 and (if) for lean clays having
elow 50-+2. The small variations occurring in thixo-
 at liquid limit consistency have been atiributed to
hangeable and adsorbed ions, organic matter, non-
ace roughness on sand and silt particles etc. 3

tblications':* a rheological method for the
of liquid limit of various alluvial, black
of India has been reported. The method is
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based on (a) the extrapolation of Bingham yield stress
from the hysteresis curve of clay paste and (b) thixotropic
break-down of clay water system at various moistures
close to liquid limit consistency and when plotted against

‘moisture content yield two linear curves. The point of

intersection of these curves corresponds to Bingham
yield stress/thixotropic break-down of clay paste at
liquid limit consistency of the clays. The thixotropic
break-down and Bingham yield stress of various clays,
irrespective of its clay mineral composition, at liquid
limit consistency vary in a narrow range of 3.4 to 4.6 sq
cm and 16 to 32 gm/cm? respectively. This observation
corroborates the contention of Terzaghi,? Casagrande,’
and Norman® that cohesive clays at the boundary of
liquid and plastic behaviour should exhibit a small
threshold shearing strength, This study has been further
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to determine the variation of thixotropic co-
f clay paste at various moistures close to
- t consistency. The results of correlation be-
o thixotropic co-eflicient and Bingham yield stress
”'"‘kﬂ.t"f’ at liquid limit consistency, thixotropic break-
"d activity co-cflicient are reported in this paper,

ental
al, black, red and marine clays of India, having
ineralogical compositions, were selected for
y. All these clays were processed as specified in
designation 0423-66, 1966, The physical pro-
2 organic matter, soluble salts,”-10 clay and non-
erals associated with the soils as identified by
ay, thermal analysis, microscopic and megascopic
sination, adopting standard procedures™ 1 are given
b I as also in earlier publications.

; lay pastes at various moistures, close to liquid

g from 0.5 to 100 rpm using Brookfield Synchro-
viscometer! (RVT) with spindle No. 7 and at a
ature of 27-:2°C was determined. The procedure
the measurement of torque in the spring when
ndle of the viscometer is rotated at several constant
 has been reported:? earlier. The apparent visco-
been calculated from the equation

shear stress (F)

Napp = m

K is instrumental constant,

ment of Thixotropic Co-efficient

m'! postulated that the rate of shear of a true
ody is directly proportional to the shearing
0 excess of the yield value. Based on this concept,
m deduced a rheological equation

Tapp = 7ans 1 0/S
olds good for non-Newtonian fluid systems,

apparent viscosity at shear rates,
: absolute viscosity, and
co-efficient of thixotropy.

igh rates of shear, napp approaches navs. This is

able, since at high shear rates thixotropic break-
N will occur, Goodeve and Whitfield!? have applied
uation to clay slips and have obtained the values
otropic co-efficient 8 by plotting apparent Visco-
p against reciprocal of rate of shear 1/S. These
hould in fact yield a straight line of slope @ if
M equation holds good. The results of Goodeve
hitfield2 gave curve; the straight portion on ex-

1 (2) March-April 1982

trapolation gave the values of intercept 5ans and tangent
of tho curve gave thixotropic co-efficient 4,

It has been reported by Moore and Davies!® that
Bingham equation does not hold good at low rates of
shear (i.c. 0 is not constant) and has emphasised the
importance of time factor indicating the build-up of
viscosity or regain of strength in structure. Worrall and
Ryan' have adopted the aforesaid procedure of Goodeve
and Whitfield"* to compute the values of thixotropic co-
efficient (6) and absolute viscosity (%abs) of monoionic
clay suspension in the presence of electrolytes. They
have obtained a straight line indicating, over the range
of shear used, that thixotropic co-efficient is constant
and the Bingham equation is held valid.

Results and Discussion

The plots between apparent viscosity at various re- .

ciprocal rates of shear for three soils, namely, black soil
from Morbi (Gujarat), alluvial clay from Dimapur
(Naga Land) and red soil from Cheranmaha Devi
(Tamil Nadu) are given in Fig. 1, a, b & c. The curves
are linear at higher rates of shear, which however show
deviation from linearity at lower rates of shear, parti-
cularly in pastes containing moisture slightly below
liquid limit consistency. A similar observation has also
been reported by Goodeve and Whitfield,* Moore and
Davies'® as discussed earlier, -
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Fig. 1—Plot between apparent viscosity and reciprocal shear
rate at varying moisture contents of different soils. (a) Dimapur,
(b) Cheranmaha Devi and () Morbi (black).

The thixotropic co-efficient of clay paste at various
moisture contents from the linear portion of the curve
was extrapolated and the values so obtained are given in
Table 1. On plotting thixotropic co-efficient & against
moisture content two linear curves are obtained. The
point of intersection of these curves correspond to liquid
limit and thixotropic co-efficient at liquid limit consis-
tency (Fig. 2). At this point, the behaviour of clay water
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mass just tends to change from liquid state to plastic
state,’® and the clay mass may show an optimum thixo-
tropic behaviour and a critically small threshold stress.
The thixotropic co-efficient at liquid limit consistency
for 20 different clays, containing different clay mineral
composition, has been found to vary in small range of
0.70 to 1.50 (Table I). It has been reported!.® earlier that

e—o MORBI (BLACK ) SOIL
e—e DIMAPUR SOIL
AH—A CHERANMAHADEVI SOIL

80

70

Moisture content (%)

1
0 1.0
Thixotropic coefficient

Fig. 2—Plot showing variation of thixotropic coefficient
and moisture content of Morbi (black), Dimapur
and Cheranmaha Devi Soil,

2.0 3.0

thixotropic break-down and Bingham yl;eld §

liquid limit consistency vary in a narrow Tange ot;ea‘;
4.6 sq cm and 16 to 32 gm/cm® respectively, Furthe,
Cr,

liquid limit determined by thixotropic Co-eﬁicientm.aﬂ_, :
: 6th,
801 . K : ]
2 .
60[-
iy § Fig, 3—ply
'E' E bCIWQen 5
¥ "% 401 ]ln'lit ob
;‘E:!’ E) by Casagyg
g a 20r me"hodand
8 lhixotrop;cm“
0 1 ] 1 e efficient mﬂl‘q
0 20 40 &0 80 100 Wi
Liquid limit by §

thixotropic co-efficient method

(Fig. 2) for 20 soils is comparable with the values o
tained by Casagrande’s method,* holding a linear
lationship which follows a regression equation (Fig 3
y =x -+ 0.3 and co-rrelation co-efficient r — 0,99 fot
20 dof with probability factor'® p = 0.001. L0

It may be observed that the plots between thixotropig
co-efficient on x-axis and moisture content at liquid limiy
consistency of various clays on y-axis (Fig. 4) hold yy
linear curves with regression equation @) y=
—24.76x + 86.30 for plastic clays possessing ligid

limit values above 5042, r = —0.95 for 8 dof '-

Table I: Results of organic matter, soluble salts, activity and thixotropic co-efficient and minerals present in various soils * i

Minerals present

Soil Sample Organic  Soluble  Activity Thixotropic—
from matter salts co-eff co-eff Predominant Accessory.

) (%) (7
Roorkee A 0.12 0.09 0.65 1.06 illite, kaolinite quartz, attapulgite
Roorkee B 0.16 0.14 0.70 0.90 illite, kaolinite quartz, vermiculite, goethite
Patna 0.21 0.10 0.62 1.05 illite, kaolinite (disordered) quartz, hematite, goethite
Kharkhoda 0.06 0.22 0.55 1.05 illite, kaolinite biotite, calcite
New Missamari 0.23 0.12 1.70 0.85 muscovite, kaolinite vermiculite, quartz, chlorite
Dimapur ‘A’ 0.17 0.09 0,90 0.85 illite, muscovite, kaolinite . hematite, biotite, quariz, magne
Dimapur ‘B’ 0.26 0.14 0.82 0.90 halloysite/kaolinite goethite, zircon, orthoclase,

: . (disordered), illite magnetite {
Shillong. 0.32 0.07 0.86 0.85 montmorillonite, illite hematite, quartz, garnet, C0
Morbi ‘A’ 0.49 0.16 1.70 0.70  montmorillonite, kaolinite = quartz, calcite, zircon *
Pondicherry 0.06 0.12 0.89 1.05 kaolinite, montmorillonite quartz, calcite, attapulgite
Madras 0.32 0.14 0.86 0.90 montmorillonite, illite; biotite, calcite, hematite

. kaolinite 3

Indore 0.43 0.12 0.55 1.00  montmorillonite, kaolinite quartz, goethite, dolomitt?
Gulbarga 0.37 0.16 1.00 0.70  montmorillonite, kaolinite quartz, dolomite, microcling !
Quilon 2.17 0.18 0.85 1.20  Kkaolinite goethite, gibbsite i
Cheranmaha Devi 015 .. 012 050 0.95 kaolinite (disordered), illite hematite, quartz, chel:t
Manmadurai 0.36 0.16 0.60 1.50  kaolinite (disordered), quartz, hematite, augite

muscovite |
Bangalore 0.31 0.10 0.40 0.95  kaolinite quartz, hematite, olivine
Jhansi 0.23 0.08 0.44- 0.95 beidellite, kaolinite, quartz, “hematite, goethitey

montmorillonite clase, dolomite L
Morbi ‘B’ 0.14 0.12 0.74 . 1.00  kaolinite hematite, quartz, calcit® lf"“ 8
Kandla 1.26 431 1.10 0.90 illite, glauconite, halloysite - quartz, carbonates, augite, 84 -
34 Transactions of the Indian Ceratic S0




2x-+ 70.2 for lean clays possessing liquid
0-f- 2;r = —0.40 for 12 dof. The co-cflicient
n for clays having liquid limit below 50 4 2
on (ii) is low as the probability factor (p)
1 is above 0.10. This could be attributed
sizo ofloct, presence ol large proportions
on-plastic matter in the soil, poor cohe-

properties and flow behawour of clay
consistency.

()
()
()
0,
(0]
§ Fig. 4—Plot showing
variation of liquid limit
_ with thixotropic co-
QO efficient (at liquid limit
) consistency).
o) ¥)
()
(*)
| 2.

reak-down (absclssa) and Bingham yield
te) for various soils at liquid limit consis-
& B), shows ill-defined linearity, asin a
ingham yield stress is largely modified,
he order of rigidity with which few outer
layers of water contributing to the slip-
ing property, are adhering over the well
Ik of clay-water skeletal structures!®-%1
mi consmtency ‘This rigidity is expected to

behaviour of the clay mass (Fig. 5, A & B).
Houwink,?2 Anderson and Low,2?® and
ported that the water within the few mole-
lay mineral surfaces has different pro-
€ Water in the bulk. The manner in which
S of the near surface water differ, from
mal water, remains unresolved. In clay-
ere is hke!y to be a range in the forces of

P L.
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| particles ctc which largely modify, tho

With the increase in cohesion between particles |

interparticle attraction, due to differences in bond type, -

so that tho energy barrier to motion between the partis
cles will vary. Application of the force, insufficient to
cause rupture, may cause yielding of the weaker bonds
andfor slippage in the few outer most lnyers of water
adhering over the net-work of gel structure,
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Fig, 5—Plots showing variation between Bingham yield stress
and thixotropic co-efficient (A) and thixotropic * .
break-down (B) at liquid limit.

An inverse relationship is obtained when thixotropic
co-efficient at liquid limit consistency is plotted against
activity (plastm index/clay content) of various clays
holding an“equation (Fig. 6) y = —1.15x+1.97, r =

o0
1ef
1"2F
E
3
H
8
B 98 Fig 6—Plot showing
= variation of activity of
g clays with thixotropic ‘
coeflicient at liquid
limit consistency.
0’4} :
0 1 )
.0 ] F]
Thixotropic coefficient

—0.49 for 20 dof and probability factor p = 0.02 to

0.05. This shows that clays of high activity possess low

thixotropic co-efficient at liquid limit consis_\tency.
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It is well-known that thixotropic property of clay-
water mass involves a combination of attractive forces
between the particles!® and the lubricating action of a
liquid between the particles,1 the shape and size of the
particles, the distance of their separation, the strength
of attractive forces and the physical state®-25 of the
liquid. The nature of exchangeable cations, absorbed
cations, organic matter and non-clayey fractions greatly
modifies the forces of cohesion and friction, and ulti-
mately the shearing resistance between the particles in
the clay-water mass. Similarly, friction is likely to result
from surface roughness of sand and silt, clay-sized
mineral particles which may result in enhanced frictional
resistance of the shearing plane. The combined effect of
these factors can be attributed to the variations observed
in Bingham yield stress, thixotropic break-down and
thixotropic co-efficient at liquid limit consistency of
various clays reported in this paper. (Further work on
flow properties of clay pastes is in progress.)

Conclusions

(i) Liquid limit of various clays determined by thixo-
tropic co-efficient method is comparable with the values
obtained by Casagrande’s Cup method, one point
method and rheological method.

(ii) The plots between thixotropic co-efficient and
moisture content at liquid consistency hold two linear
relationships:

(a) for plastic clays, having liquid limit above 50 4 2;

(b) for lean clays, having liquid limit below 50 - 2.

The co-efficient of co-rrelation () for plastic clays
under (a) is high (r = —0.95 for, 8 dof) and for
lean clays under (b) is low (* = —0.40 for 12 dof).

The probability factor (p) for co-rrelation is, however,
above 0.1 for clays having low liquid limit due to particle
size effect, extraneous non-plastic matter etc present in
the clays,

(iii) Irrespective of the clay mineral composition of
the soils, the thixotropic co-efficient varies in a narrow
-range of 0.70 to 1.50 at liquid limit consistency. The
variations in the thixotropic co:efficient (f1r) at liquid
limit consistency can be attributed to the nature of ex-
changeable and adsorbed ionms, organic matter, non-
‘clay fraction, surface roughmess of sand and silt
particles etc. - i
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