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A STUDY OF THE SWELLING CHARACTERISTICS
' OF A REMOULDED CLAY

ATLAGAIAH THURAIRAJAH?

SYNODPSIS

~The results of swelling tests performed on remoulded, saturated, overconsolidated
g mp]es of a local clay in one-dimensional consolidometers are discussed here. The
vatiation of swelling with time is observed for different equilibrium pressures and pressure-
decrement ratios for a duration of two weeks, A linear relationship is obtained for the
variation of swelling with the square-root of time for small values of time. For large
lues of time swelling is found to vary linearly with the logarithum of time for most of
est samples,

The experiments show that the swelling-time curve can be defined satisfactorily by
heory suggested by GIBSON and LO (i961) to explain the consolidation behaviour
ays. Values of the soil parameters are determined from the swelling tests and their
hahavxour with equilibrium pressures and pressure-decrement rafios are studied, The
oefficient of secondary swelling is found to increase with i increasing ultimate voids ratio
nd the variation is represented by a lincar relationship.

INTRODUCTION

‘Consolidation properties of clays have been studied extensively by many
carch workers but very little published literature is available on the
welling characteristics of saturated clays with time effects. Hence, as part
a testing programme initiated in this laboratory for studying the deforma-
n behaviour of a local clay, it was considered that a study of the swelling
aracteristics of this clay would be valuable.

“The soil tested is a black clay from Thunukkal which is situated in the
C rthern province of Ceylon. This clay resembles the black cotton clays
ound in the central and southern parts of India and is suitable for growing
otton. Due to the high shrinkage and swelling capacity this clay possesses,
foundation engineer is forced to face a mumber of problems during the
onstruction of civil engincering structures on this clay,

he swelling process that takes place in a saturated clay due to a decrease
the pressure under which the clay has reached equilibrium conditions is
imilar to the consolidation process., Hence, Terzaghi’s theory for one-
ensional consolidation of saturated clays can be used to predict the
eaves in excavations made in saturated clays for founding structures.

‘Seijor Lecturer in Civil Engineering, University of Ceylon.
iscuission on this paper is open until 1 November, 1970,
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Some of the results of a series of one-dimensional swelling tests perff;rlned
on remoulded, saturated, overconsolidated sample_s of the .Thu_nukkal clay,
in which swellings were measured with time, are dlscu§sed in t_hls paper. Al}
attempt is made to investigate the suitability of applying t?xjstlng theor{es o
consolidation of saturated clays to explain the swelling characteristics

exhibited by this clay.

EXPERIMENTAL PROGRAMME

clay tested has the following properties:-
Theliqui{i limit = 58 %; plastic limit =22 ;; p]asticit;{ index =36% ; per-
centage clay fraction = 32; percentage sand fraction = 45; activity =
1.13; specific gravity = 2.60. . -
The clay was tested in standard fixed ring t)lqu consolidome_ters with
3 in, diameter and 2 in, high brass rings, The inside .of thfesc? rings were
lubricated with silicone grease in order to re'duce ﬂ.lc side friction bet'ween
the rings and the soil. The clay was mixed thI} deaired water at a mmstl}re
content of about 78 %, in a specially designed mixer under' 2 vacuum of ‘15 in,
of mercury, and the saturated remoulded clay thus obtained was set m.thc
consolidometers with porous stones at both ends of the sample. Fllt;:lr
papers were placed between the clay and the porous stones to prevcgt tne
clay being forced into the pores of the stones. The sample§ were gra ue;. };
loaded to a pressure of 16 ton/sq. ft and aIloweq to .consohda‘te under { 1a
pressure for one week. Initial laods were applied in sm.all mcrement.s in
order to prevent the soft clay being squeezed out along the sides of the porous
stones.

The samples were then allowed to swe%l unde.r pressures of 1,2, 4 anth
ton sq./ft for one week; these pressures will heremafter.be referred to as t g
equilibriwm pressures and will be denoted by p. .Swe]lmg tests were carrie .
out on these samples for pressure-decrement ratios (defined as the ratm5 (;;
decrease in pressure to the equilibrium press‘urc). of 1/8, 1/4, 3,’%, 1/2% /8,
3/4 and 7/8, and swellings were measured with time foF a dufatton ]obt\:m
weeks. As constant temperature facilities were not avallable' in the labora-
tory, the tests were conducted under normal laboratory conditions.

CONSOLIDATION CHARACTERISTICS OF CLAYS

Before discussing the results of the swelling tests, some of the consolidation
characteristics of the Thunakkai clay are prese{ltcld here, as the two processes
of consolidation and swelling are essentially similar.
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Experimental evidence furnished by a number of authors, based on
easurements made both in field and laboratory, show that the rate of settle-
‘ment observed for a saturated clay towards the end of the consolidation
rocess is faster than the value predicted by Terzaghi’s theory of consolida-
on. This settlement, which occurs even after the excess pore water pressure
in.the clay has been dissipated, is generally referred to as ‘secondary com-
ssion’,

Taylor and Merchant were the first to propose a rational theory to account
secondary compression and their work was reviewed by CHRISTIE
964), GIBSON and LO (1961) suggested that the soil skeleton can be
esented by a rheological model consisting of a Hookean spring connected
inseries with a Kelvin body, and they consequently derived a theory for
e-dimensional consolidation. This theory involves four parameters which
0. be determined from consolidation tests; permeability %, viscosity
the ' soil structure 1/\, primary compressibility a4, and secondary
essibility 5. CHRISTIE (1964) showed that the theory of Gibson
0.1s mathematically equivalent to that proposed by Taylor and
Méfbh:é;nt.
“Settlement-time curves observed during secondary compression can be
ssified into three types (LO, 1961). Inthetype Icurve, the rate of seconda-
ompression gradually decreases with the logarithm of time until the
dtimate ‘seftlement is reached. In the type IT curve, the rate of secondary
sion is proportional to the logarithm of time for an appreciable
ftime, then decreases rapidly until the ultimate settlement is reached.
type III curve, the rate of secondary compression increases with the
rithm. of time and then decreases rapidly until the ultimate settlement
ached. 1O (1961) showed that the consolidation behaviour characterised
urves of types T and 11 can be adequately represented by the theory
son-and Lo, and that this theory can be extended to accommodate
of type IIL ‘
ome, of the consolidation characteristics of Thunukkai clay have been
nted elsewhere (THURAIRAJAH, 1967).  Settlemeni-time ocurves
ned for this clay showed that the secondary compression curves belonged
fypg_s I and II, type 1T being generally obtained for lower pressure-
‘ratios. Figure 1 illustrates the settlement-time curves obtained
our. pressure-incremeit ratios where obscrvations were continued for
f:two months. The samples were found to be still settling at the
f the'two months,

1.this clay confirmed that the shape of the settlement-time curves
fined more accurately by the theory suggested by Gibson and Lo
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than by the theory of Terzaghi. The coefficient of sccondary compression,
defined as the voids ratio change per logarithmic cycle of time, was found
to increase with increasing ultimate voids ratio. It was also observed that
the ratio of secondary compression to primary compression increased with
decreasing pressure-increment ratio.
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Tig. 1. Settlement-time curves for consolidation tests on Thunukkai
clay for an initial pressure of 1.0 ton/sq. ft.

RESULTS OF SWELLING TESTS

L 1 i 1 L -

Variation of Swelling with Time

The curve of variation of the swelling of this clay with time is found to
be similar to the consolidation curve, following a linear relationship with the
square-root of time for small values of time. A typical curve for a swelling
test is presented in Fig. 2. In every test, an immediate swelling follows the
application of the pressure decrement. The ratio of the immediate swelling
to the ultimate swelling varies from 37 to 20% for these tests. This ratio
is found to decrease with the equilibrium pressure for any pressure-decrement
ratio Ap/p.

The coefficient of swelling, s,, for these samples was estimated using
Taylor’s square-root of time fitting method. The values obtained varied from
2 x 1075 sq. in /min to 50 x 1075 sq. in/min. These values are of the same
order of magnitude as the values obtained for the coefficient of consolidation
of this clay. The test results show that the coefficient of swelling decreases
with increasing pressure-decrement ratio for any equilibrium pressure.
1t is also found to increase with increasing equilibrium pressure for any

pressure-decrement ratio.
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£ spa
L X . -
- ya’ x . * x
L]
] I ] I ! I 1 [
Fig, 3. Variation of U with 7y during swelling tests for an initial pressure

¢curve in Fig. 3 shows the variation in the degree of consolidation I/

with-‘the time factor 7,, as predicted from Terzaghi’s one-dimensional

5 _ati_on theory. The Points plotted in this figure are the results ob-
1ed:for three typical swelling tests on samples at an equilibrium pressure
on:_/sq. ft. Tn a manner similar to that used for consolidation tests,
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Taylor’s square-root of time fitting method has been employed to determine
the cocfficient of swelling and the 100% primary swelling for these tests.
The experimental points closely fit the theoretical curve up to about 909,
primary swelling. Beyond this, the observed degree of swelling is greater
than that given by Terzaghi’s theoretical curve.

The curves showing the variation of swelling with the logarithm of time,
for large values of time, arc found to be similar to the curves of types I, IT
and 11T obtained for the consolidation tests. The curves obtained for seven
different pressure-decrement ratios applied to samples at an cquilibrium
pressure of 2 ton/sq. {t are given in Fig. 4. Observations made on some of
the test samples show that swelling continued even after a period of two
months. Curves of type I are obtained for samples with large equilibrium
pressures (small overconsolidation ratios) and small pressure-decrement
ratios. Type IIT curves are obtained for samples with small equilibrium
pressures (large overconsolidation ratios) and small pressure-decrement
ratios. Most of the secondary swelling curves obtained are of type IL
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Fig. 4. Swelling-time curves for different pressure-decrement ratfos for an initial
pressure of 2.0 ton/sq. ft.

The percentage swelling at any instant to the ultimate swelling is plotted
against the logarithm of time in Fig. 5 for three pressure-decrement ratios
applied to samples at an equilibrium pressure of 2 tonfsq. ft. Distinct
differences in shape between the curves obtained for the three pressure-
decrement ratios can be noticed.

34

SWELLING OF REMOULDED CLAY
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Variation in v -olli T re 4 e
of 2.0 ton ,"sq.pg.cenhge swelling with time for an initial pressure

icient of Secondary Swelling

Figure 6 shows the variation in voids ratio with the logarithm of time
the se?oudary swelling process for five tests with a typical pressure-
_6@8]11"{3{10 of 3/8. The slopes of the straight lines drawn to fit the experi-
en 1 points are found to increase with decreasing equilibrium pressire
(increasing overconsolidation ratios). i
The coefficient of secondary swelling, 5, which is defined as the voids
:_.-:qh_ange per logarithmic cycle of time, was determined for each swellin
t,;and was 'found to depend on the final pressure under which the sam li
yeﬂmg, ie. t?le ultimate voids ratio. In Fig. 7, s, is plotted against 51(3
ate voids ratio ¢ for the swelling tests. The straight line shown was
to these points using statistical analysis. The equation for the line ‘is

So=— 3614 % 107 4+ 691.2 x 10% .M

u,s_l'_egressi011 line has a sample correlation coeffici
ey > i é icient of 0.89 i
rror of estimate of 20.5. and a standard

termindtion of Soil Parameters

1f the theory of consolidation ‘
: presented by GIBSON and LO (1961) is
1;11_1;:@ to be applicable to the swelling process, then the swe][ilgg dt) at
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Fig. 7. Variation in cocfficient of secondary

Fig. 6. Variation in voids ratio with o it voids ratio.

tinte during sweliing tests fora
pressure-decrement ratio of 3/8,

[ is given b
any time ¢ after the application of the pressure decrement Ap is given by

do= H. Ap [a+b(1-—e‘1‘-'b)] TR )

- - . d k

Y thickness of sample and a, b an

for large values of f, where H Is th_e ’ and
are soilgparameters. If dy; is the swelling at any time T after the application

of Ap, where T = [ + f;, then
dp=H. Ap [a+b[i —e-““f"t””]}

Therefore,
dp—d,= H. Ap. b.e M (1 —g Mty
1f ¢, is sufficiently large such that & M1/6 is small compared to unity and
can‘be neglected, then from Eq. (4)
log (dp - d) = log (H. A p.b) — 0434 (At/B) ... . .. i (S)

i i i ight line graph with gradient

flog (dr— d,) is plotted against 7, a strfught
—]il 3123:?& ;u/boilnginteiept log (H. A p.b) is obtained for large values of 1.
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Fig. 8, Variation in (d1 - dD) with time for a_pressure-decrement
ratio of 3/4,

In-swelling tests conducted over a long duration of time, it was noticed
t the samples continued to swell even after a period of two months and
the swelling—log ¢ relationships generally followed curves of the type IT.
e, the value of d for T 100,000 minutes is estimated on the assumption
\at the secondary swelling tail on the lograithmic time scale is a straight
ne in this time range, and this value is used in estimating the soil parameters
band ). Log (dy—d,) is plotted against ¢ in Fig. 8 and 9 for swelling tests
L two typical pressure-decrement ratios of 3/4 and 1/2 respectively, The
ints plotted for each test lie reasonably well on a straight line for large
alues of ¢, This result confirms that the swelling characteristics of this
clay can be represented by the theory of consolidation suggested by Gibson

td Lo. Values of the soil parameters for these two typical tests are presented
able 1.

Table 1, Values of soil parameters

. a b b A Sy
A plp qud“mat‘? (safifton] (sq.fifton | (Ifmin |(sq.fifton/ (sq.in/min
oidsRatiof 10y | 104y | x 1004 minx 10-8)| x 10-5)
3/4 0.685 345 196.0 0.36 70,3 3.1
3/4 0.667 280 711 0.33 25.5 3.3
3/4 0.631 145 259 0.3] 8.0 5.7
3/4 0.624 73 6.4 0.38 2.4 7.2
172 0.685 279 201.0 0.31 62,3 6,7
12 0,655 206 73.9 0.33 24.3 5.5
172 0.589 107 18.8 0,37 7.0 6.3
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Fig. 9. Variation In (d1 - d) with time for a pressure-decrement ratio of 172,

The soil parameters are estimated for the thirty five swelling tests carr'ied
out and the following general observations are made about the numerical
values obtained: .

1. The ratio A/b is approximately constant for the soil, being inde;_)endent
of the equilibrium pressure and the pressure-decrement ratio, and
has a mean value of 0,35 x 10~4 per minute. )

2. For any pressure-decrement ratio, the viscosity of the soil skeleton,

1/), increases with jncreasing equilibrium pressure.
For any pressure-decrement ratio, the parameters « and b for the soil
decrease with increasing equilibrium pressure.

4. For any equilibrium pressure, the ratio of secondary swelling to. primary
swelling, bja, decreases with increasing pressure-decrement ratio.

5. For any pressure-decrement ratio, the ratio b/ decreases with increasing
equilibrium pressure.

The soil parameters obtained fron consolidation tests on this clay (THU-

RAIRAJAH, 1967) possessed the same general characteristics as listed above.

CONCLUSIONS

All the samples tested of Thunukkai clay exhibited an immediate swelling
on the application of the pressure decrement. The swelling was then found |

to vary linearly with the square-root of time for small values of time. For
KH]
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rge :values of time, the variation of swelling with the logarithm of time was
erally found to be linear. '

I'he resuits show that the swelling characteristics of the clay can be defined
sfactorily by the theory suggested by GIBSON and LO (1961) to explain
he consolidation behaviour of clays. Values of the soil parameters based
oit-their theory have been determined from the swelling tests, and these
bit the same general characteristics as the parameters obtained earlier
from consolidation tests.

The coefficient of secondary swelling increases with ultimate voids ratio
n-be represented approximately by a linear relationship.
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