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SYNOPSIS

Terzaghi’s one dimensional consolidation theory has been used widely to evaluvate
icient of consolidation, C,. This paper examines the effect of sample thickness, drainage
ions (one and two ways) and preconsolidation pressure on the coefficient of consolida-
-log p behavior and secondary compression coefficient. To bring out the effect of
solidation pressure (P,), the. results of a sample having P, of 100 kPa was compared
at of a normally consolidated sample. Experimental results reveal that sample thickness
es 1ot have much effect on e-log p behavior, coefficient of consolidation, and on the
ndary compression coefficient. Coefficient of consolidation determined by the rectangular
rhola method for the percent consolidation range of 60% to 90% is fairly constant for all
essure increments considered, The time, t versus compression "('§ } data was plotted in
venient form between t/F2 vs [(t/H2) x (H/ $)] to take care of the thickness, (H) effect
resulting:in a straight line plot which made the analysis easier, One way drainage has shown
er. coefficient of consolidation than that of two way drainage condition. Preconsolidated
:have shown higher C,. values than normally consolidated samples, The secondary
ession coefficient was found to be increasing with pressure for all the specimens

INTRODUCTION

erzaghi’s oné-dimensional consolidation theory is widely used to evaluate
ate of settlements with acceptable accuracy for various field conditions. One-
nsional consolidation fests are commonly used for the measurement of coeffi-
f .consolidation, C, and coefficient of volume change, m, for clayey soils.
ratory measured C, values depends on various factors such as load increment
duration, sample thickness, temperature and drainage conditions. Leonards
rault (1961) showed that by adopting large load increment ratios, the rate of

pore water pressure dissipation can be reliably predicted from Terzaghi’s
y. With regards to time consolidation data, it has been shown by Newland and
1960) that the effect of sample thickness was found to essentially agree with
zaghi’s theory of consolidation. The increase in the sample thickness in-
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+-different heights of 14 mm, 20 mm, and 25 mn and with the same inside diameter of
76 mm were specially made for use in the tests. The inner surface of the rings was
~ coated with silicon grease to minimise side friction between the rings and the clay
- soil, The representative soil with natural field moisture content of 105% and liquid
- limit of 117% was added with extra water to reach a water content of 140%, and
‘thoroughly mixed using 2 mechanical mixer. The higher moisture content was

~.chosen to remove any field prestress effects. For each series of prepared samples
. fresh soil was used from the bulk sample.

creases the total compression undergone by the specimen and the resulting iime-‘
compression curves were similar in shape but displaced with time. (Ab_oshl_, 1973).
Drainage is an another important factor which affects- the consolidation test
results.

Several methods have been proposed for obtaining a reliable valug of C, from
laboratory oedometer tests. The usual technique is to compare some characteristic
features of the theoretical time factor (T} and the degree of consolidation (U)
relationship with the time-compression data obtaineq in the la_boratory: The curve
fitting procedure forms the basis for most of the graphical techniques available in the
literature. :

The rectangular hypegbola method (Sridharan & Rao 1921, Srit_ihagan &
Prakash 1985 and Sridharan et al 1987) is a versatile method for Eietermmat:on. of
coefficient of consolidation. This method works for all types of time-compression
curves and is based on the fact that the theoretical time factor (T,) and degree of
consolidation (U) forms a rectangular hyperbola over a range of 60% to 90% qf_'
degree of consolidation. Similarities between theoretical T,/U vs T, apd ex;o)en-
mental t/8 vs t plot were used to develop this method. The advantage of using 60% to
90% consolidation data eliminates the effects of initial sample disturbance and of
secondary compression,

In spite of several contributions in consolidation testing, the results 'of sys-
tematic investigations on the effect of variation in samp}e thickness arfd d}fferent
drainage conditions on the compressibility and coefr{cxent of cqnsohc}aﬂon are
small. This paper reports the results and their anal.yms of one-dimensional con-
solidation tests carried out using three different thlckncs§es under one-way and
two-way drainage conditions. Tests have been conducted using fixed ring as well as
floating ring devices. One test specimen was preloaded_ to .10(} kPa to bring out the
effect of precompression on the coefficient of consolidation and secondary com-

pression coefficient.

The representative soil with water content of 140% was well mixed and hand
: remouided into the consolidation rings of required height (14 mm or 20 mm or 25
--mm). The rings were attached with an adapter of 5 mm to increase its height and the
~$oil was hand remoulded to the increased height. Care was taken to hand remould

-'the samples uniformly, Reproducibility tests carried out twice, indicated that
-variations were neglegible.

The remoulded sample was deaired for entrapped air bubbles using a vacuum
“dessicator containing distilled water. The adapter was removed carefully and the
~sample was then trimmed to the thickness equal to the height of the ring (14 mm or
20 mm or 25 mm) and placed into the consolidometer. The tests were performed

in a room maintained at an uniform temperature of 20 & 2°C. After preparing the
~samples, they were placed into the consolidation cell and oedometer.

Several series of experiments were conducted using the fixed ring consol-
~idometers; (i) double drainage tests where drainage from both top and bottom of the
“specimen was allowed and (ji) single drainage tests where drainage only from top of
the specimen was allowed. In the “double drainage” series, porous stones were

placed both at top and bottom of the specimen with filter papers in between the soit
-specimens and the porous stone. For the single drainage series, a perspex plate of 8
mm thickness was fixed at the bottom of the ring and sealed allround. For the test
series on “floating ring” both top and bottom porous stone had a diameter of 74
min, slightly less than the ring diameter of 76 mm and can freely move inside (he ring,
Fig. 1 shows the various arrangements for “single drainage”, “double drainage” and
“floating ring” tests.

 Samples were loaded gradually starting with a seating load of 1.56 kPa with
load increments equal to load increment ratio of 1. Thus the various increments
were 1,56, 3.125, 6.25, 12.5, 25, 50, 100, 200 and 400 kPa, To bring out the precon-
solidation effect, one sample was loaded gradually to 100 kPa (Load increment
ratio = 1) unloaded to 6.25 kPa and reloaded to 400 kPa.

MATERIALS AND METHODS

Sample collection

Samples were collected from Parur site located 25 km from the Cochin airport
in the Kerala State of India. Boreholes were made by the shell and auger method at
selected locations to determine the soil profile and to collect representative samp_les
for laboratory work. Casing pipes were driven to p_rotect the sides. Beprgsentatlvc
samples were collected in 100 mm diameter thin stainless steel san}plmg tubes from
150 mm diameter boreholes. Sufficient quantities of repre§entatlvc sa'mples were
collected in polythene bags and sealed immediatety to_ avoid pore ﬂmc.i lo§s. Ths
varicus representative samples were later thOfougly mixed and stored in air, tight
polythene bins taking precauntion to avoid moisture loss.

Methods

Three standard fixed ring consolidometers (supplied by '\'Nykhamfarztnce &
Co) were used to carry out simultaneous consolidation tests. Stainless steel rings of

Time-compression readings were taken at regular intervals (e.g. 10 sec, 30 sec,
45 sec, 1 min, 2.25 tnin, 4 min, 6.25 min, 9 min, 12.25 min, 16 min, ..... ). The duration
of cach load increment was kept to a minimum of 1 day for 14 mm thick samples and
with two way drainage and a minimum of 4 days for 25 mm thick samples with one

way drainage. The duration of each load increment was sufficient to allow secondary
compression,
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Fig. 1 Arrangcments for different drainage conditions.

RESULTS AND DISCUSSION

The basic properties of the soil used in the present investigation are presented
in Table 1. Fig. 2 shows typical variation of % strain with t/H? (where t is the time
and II is the length of the drainage path at the beginning of the load increment) for
a pressure range of 100 kPa to 200 kPa for both drainage ‘conditions. The time-
compression curves were drawn separately for different thicknesses and the imme-

Table 1 Index properties of the soil studied.

Field water content 105%
Remolding Water Content 140%
Specific gravity 2.76%
Liguid limit 117%
Plastic limit 335.4%
Plasticity Index 81.6%
Shrinkage limit 23.3%
Clay size 52%
Silt 23%
Sand 25%
32
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diate compression was determined by Casagrande method (Taylor, 1948). Fig. 2
shows the time-compression behavior (devoid of initial compression) for samples
-having various thicknesses: By this procedure, it is possible to compare the time-
compression results of various thicknesses. Similar results have been obtained for
other pressure increments. In spite of two fold variation in thickness, the exper-
. ;imental points lie along a unique line up to about 80% of consolidation. The results
_suggest that sample thickness has a negligible effect on Casagrande’s t versus
8 relationship. ‘

For clarity, the results of one-way and two-way drainage conditions are
" plotted separately. The inset of Fig. 2 represents the mean line of different thick-
- nesses for single and double drainage conditions. At lower t/HZ ratio single drainage
~-has shown slightly higher 5/H values and at higher values of t/H?, double drainage

and single drainage lines merge. Single drainage gives larger values of % strain or
“larger change in void ratio at any t/H? value and the difference almost vanishes at
large t/H? value,

Sridharan and 'Rao (1981}, Sridharan and Prakash (1985), Sridharan et al
1987) have shown that Terzaghi’s Time Factor - % consolidation relationship and
experimental t-§ relationship behaves as a rectangular hyperbola for the range of
60% to 90% consolidation. Following the above conclusion the plot of t/H? vs
t/H? x H/5) relationship should give a straight line. Further, C, could be calculated
rora the slope and intercept as ; (Sridharan, Murthy and Prakash, 1987)

C, = 024 m)/Cy .. 0
where m, is the slope and C, i§ the intercept of t/H* vs (t/H? x H/8) plot.
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Fig. 2 Variation of % strain with t/H2,
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The t/H? vs (t/H? x H/8) relationship for different thicknesses and for one- way
and two-way drainage conditions, respectively for the test resulis in the range of 60%
to 90% consolidation was examined. Figs. 3a and 3b represents the variation of t/H*
vs (t/H? x H/8) for one-way and two-way drainage conditions respectively for a
pressure range of 100 kPa-200 kPa. The line shown represent the best fit line for the
three different thicknesses. It can be seen that although a good correlation exists
[r = 0.9985 for double drainage and r = 0.9585 for single drainage] between t/H2
and (t/H? x Y1/8), the scatter of points is more for one way drinage. Between 60% to
90% consolidation the effect of thickness on -t behavior is negligible.

-

Pressure range ¢00-200 kPa
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Fig. 3a Variation of t/H? with t/H* x H/ § for two way drainage conditions.

Fig. 4a represents the variation of t/H? vs (t/H? x H/8) for two way drainage

condition for different pressure increments, For clarity the experimental points are -
not shown. Each line represents the best fit for different thicknesses for a particular
pressure increment considered. The lines for different pressure increments have |

fallen in a narrow band. The mean line of all pressure incremenf_s is having a cor-
relation coefficient of 0.987.

Fig. 4b represents the variation of t/H?® vs (t/H? x H/8) for all the pressure

increments for one way drainage condition, The best fit line for cach pressure
increment have shown a correlation coefficient, of more than 0.94. The mean line of
all the individual lines is also shown in the figure, which has a correlation coefficient
of (,983. In both these Figures (4a and 4b), the time-compression data, devoid of
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i_-‘ig. 3b Variation of ¢/H® with t/H® = H/5 for one way drainage conditions.

12] compression and data points between 60% and 90% consolidation have been
sed. This has been done intentionally because in the rectangular hyperbola method
Srldharan and Rao, 1981, Sridharan et al [987) the plot of T, vs T,/U between
and 90% consolidation is essentially Enear. Thus the coefficient of consolida-
ion for the average line was calculated using 60% 90% consolidation data and is
ulated in Figs, 4a and 4b.

Unlike what is observed for the two way drainage condition, different lines are
ned for different pressure increments for one way drainage conditions (Fig. 4b).
The coefﬁc;ent of consolidation general!y increases with increase in pressure
ement. This may be attributed to the increase in pressure gradients with increase
ressure increment. It should be noted that the increase in pressure increment is
oubled :for each increment to kesp the load increment ratio of 1. Except for one
dei(ie. C, = 2.35 x 10~ cm?/sec. for the pressure increment of 100-200 kPa,

ig. db); the results for the coefficient of consolldatlon range from 1.00t0 1.75 x 107

/sec. The overall mean value is 1.56 x 10™* cm®/sec. Consideting the various
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Fig, 4a  Variation of t/[1* with ¢/H*> x H/&for two way drainage condition for differ-
ent pressure increments.

factors involved viz different pressure increments and different thicknesses, the
variation in C, can be considered as marginal for the one-way drainage condition.

For the two way drainage condition (Fig. 4a) the variation in C, is lower (0.69 x 107 4
em?/sec. to 0.91 x 107* cm?/sec).

The resuits indicate that C, values for one-way drainage are almost twice that
of the two way drainage condition. The authors do not advance any specific reason -
to explain this other than differences in the drainage conditions. This requires
further verification to obtain additional results vsing different soils. In order to :

further clarify this point, some limited results were analysed using the conventional
‘84T (Taylor’s method) and 3-logt (Casagrande’s method). Table 2 shows the results.

It can be seen that the C, values obtained from one way drainage is more than the
two ,way drainage condition and it is more than two fold, thus corroborating the

results obtained using the rectangular hyperbola method. The C, obtained by 8-+1

method is from tgg, 5-logt method from L5, and the rectangular hyperbola method .

uses the data obtained from 60% to 90% conselidation.-

The effect of thickness is more significant for one way drainage than two way :
drainage condition. Newland and Allely (1960) conclude that C, is independent of °
sample thickness. Only one test result is available in their paper with regard to the -

drainage condition on C, which agrees well with the results reported here.

The coefficient of secondary compression per log cycle was célculéted using -
equation (ji) (Sridharan and Rao 1982) using 8-logt curve. For this purpose the 3,4 '
point was identified in the conventional way (Taylor, 1948), beyond which the =

straight line portion was identified in the 8-logt plot.
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One way drainage

Correlatio 3]
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ig. 4b  Variation of t/H* with t/H* x H/$ for one way drainage condition for differ-
ent pressure increments.

Coefficient of Cousolidation Values x 107* cm?/sec

Method -
One-way Drainagg Double Drainage
H=20mm H=2mm H=M4mm | H=20mm H=20mm H = |4mm
Pr:50-100 Pr:100-200 Pr:50-100 | Pr:50-100 Pr:i00200 Pr:50-100
kPa kPa kPa kPa kPa kPa
i B-logt 2.90 232 2.69 1.05 0.93 0.95
Casagrande’s)
"3 At 2.79 239 2.59 098 163
Taylor’s) o

Cye= (AS/Alog )/H; ... (ii)

“Where Cg = .Coefﬁcient of secondary compression AS/ Alogt = Slope of the
econdary compression part of the time-compression curve on the §-logt plot H; =
Height of the specimen at the end of each load increment.
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One way drainage
20p [serial [symbel |thickness
Q. mm

F g . 14-0
" 200
15r v | 250

Table 3 Variation of Coefficient of Consolidation C, x 10~* cm®/min with pressure
increments for over and normally consolidated samples.

Pressure increment, kPa

Sl No Soil Description

625125 12525 2540 50-100 100200 200400 10
1 Over consolidates sample 4.26 1.80 L1l 2,75 0.96 0.52 5F
P, = 100 kPa =15
2 Normally consolidated sample  0.43 0.7 0.47 0.51 0.84 079 | =
: : x
EJ £ 10F15
Figs. 5a and 5b present the variation of secondary compression coefficient with ;—ﬁ
pressure. The secondary compression coefficient increases with the increase in pres- 8 5©10 8 .
sure for all the sample thicknesses. Fig. 5a and 5b also compare the results of dif- é - o
ferent thicknesses. No significant variation or definite trend is observed between | b4 5
. . . + . . N [<%
samples having various thicknesses. Fig. 5c compares the mean line of variation of : £
coefficient of secondary compression with pressure for one way and two way o
drainage conditions. The rsults indicate that one way drainage condition shows a ° 3
: O

Two way drainage
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ng. mm

BT [ . %
@ | o 20

Q 9 25
i %7//
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%
10 'g;______v/v’lj
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: Flg 5b  Variation of coefficient of secondary compression with pressure for one way
drainage conditions.
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‘5S¢ Comparison of variation of coefficient of secondary compression with pres-
sure for one way and two way drainage conditions.

Fig. Sa Variation of coefficient of secondary compression with pressure for two way
drainage conditions.
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Fig. 6 e-log p behavior of different specimens studied.

. 7 Variation of §/H wi 2 : . ..
device. with tl?l ohtained vsing floating ring and fixed ring

higher coefficient of secondary compression, although it is negligible when com
pared to the variation due to pressure increment. These results agree with results

reported by Gray (1963) and Sridharan and Rao (1982). 5 [_ v
Fig. 6 plots the e-log p behavior of the specimens with different thicknesses and
drainage conditions studied. For clarity only lines have been shown without ex- B
perimental points. The void ratio at the nominal load of 6.25 kPa is taken as the o
average void ratio of the specimens. The maximum variation in the initial void ratios s g
of various samples is of the order of & 0.05. The e-log p behaviour of all the specimens © 2l g
tested is essentially the same which suggests that thickness and drainage path have a = v
negligible effect on the e-log p behavior. Ocuble drainage o
. Thickness of the sample’ 20mm
Fig. 7 plots t/H? vs 8/H for the results obtained using floating ring and fixed v Fixed ring .
ring device for a pressure range of 100 kPa - 200 kPa as typical results. Similar results ©  Floatirg ring ° v
have been obtained for other pressure ranges. The results obtained have shown that WL l | R
the floating ring gives slightly higher 8/H values for all the presssure ranges, Fig. 8 625 125 25 5'0 ibl] 2'00 T

compares the e-log p behavior. The equilibrium void ratio obtained using the float- Pressure, kPa

ing ring device show slightly lower values than fixed ring. This is presumably due to
‘the larger compression by the soil specimen in floating ring device under each load
increment in comparison to fixed ring device. The t/ H? vs (t/H? x H/8) plot of the
results between 60% to 90% consolidation is presented.in Fig. 9 using both fixed and

. " . . ‘Variati 2 : 2 A ..
floating ring, The resuits of both fixed and floating ring tests lie on a straight line on of t/H" > LI/ with t/H obtained using floating ring and fixed ring

device.
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3. 11b  Comparison of variation of t/H? x H/$ with t/H? for over consolidated and

normally consolidated samples for a pressure range of 100 kPa - 200
kPa.

Fig. 10 Comparison of % strain with t/H? for normially consolidated and over con
solidated sample,

43
42



SRIDHARAN et al

that has a correlation coefficient of 0.9959. These results suggest that the coefficients

of consolidation obtained using floating ring and fixed ring devices are essentially |

the same.

To study the variafion of coefficient of consolidation betw:etla(n ?\grcci:?-
solidated and normally consolidated soils, specimens of 20.9 mm thicll 01 doc;'i tg
marine clay (Table 1) were remolded at 140% water content.and gradually loade
6.25 kPa in a standard consolidation apparatus of fixed ring type un(%er ﬁtwlo t\;ai
drainage. They were further loaded to 100 kPa with a loa‘d increment raucc; =1 e?] :
unloaded to 6.25 kPa and further reloaded to 400 kPa with the same loa dmlcgg_nzloo)
ratio. The time-compression results for pressure ranges (50-100) kPa and ( % 200
kPa are presented in Fig 10 and the results of both normally and over(;lonso idate !
specimens are compared. For a pressure range of 50 kPa-100 kPa, the overc:ll;
solidated specimen has shown much lesser 8/H values in comparison tot /nIfI)gmlOt)sr
consolidated sample as one would expect, For the same samples, 8/H vs g (il oL
for a pressure range of 100 kPa-200 kPa shows thfa results ot: over COHSEI ¢
specimen lying very close to that of nom.lally f:on§011dated specnmer;} in s?c :i.n \;Hy
that 5/H values of over consolidated specimen is slightly lower than that o noll'-d ) ()jr
consolidated specimen and tending towards the results of normally consolida eis
specimen. The t/H? vs(t/ H? x H/3) plots of the results for the same pl’GSS}iI‘lf: raﬁgeﬁer
shown in Fig. 11a and Fig. 11b. Fig. 11a shows that o.vcrconsohdated i:.)l X as ]gfﬁ.
slope than the normally consolidated samp](? which suggests a 1]% ecrv i{;elzues
cient of consolidation for overconsolidated specimens. Table 3. shows t g aluc
calculated from t/H? vs (t/H? x H/§) plots for overconsolidated and normally

tar Drainage: double

T Initial thickness of the sample - 20 mm
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g o Over consolidated
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Fig. 12 Variation of secondary compression with pressure for ever consolidated and
normally consolidated specimens,
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~consolidated specimens, The C, for overconsolidated specimens up to 100 kPza is
much higher than that of nommally consolidated sample and beyond this pressure

the C, of over consolidated specimen is close to that of normally consolidated
specimen.,

: Fig. 12 compares the variation of secondary compression coefficient with
ipresssure for normally and overconsolidated (P = 100 kPa) specimens. The se-
‘condary compression coefficients of the over consolidated sample at stresses below
the preconsolidation pressure are much less than the values for the normally con-
“solidated sample. At stresses: greater than the pre-consolidation pressure the

econdary compression coefficient of over consolidated specimens tends to merge
ith those of the normally consolidated soil.

CONCLUSIONS

" The e-log p behavior is essentially same for all
of two fold variation in their sample thicknesses a
tions (one way or two way) and the type of consolidation ring (fixed or floating)
ed. The t/H? vs t/H? x H/8 plot between 60% and 90% consolidation results in a
nique stright line irrespective of different thicknesses of specimens and for all
essure increments suggesting that the variation in C, can be considered as neghi-
gible for different pressure ranges and thicknesses of specimen. However, samples
th one way drainage conditions have shown higher coefficients of consolidation by
factor of about two than with two way drainage conditions. A compatison of
results obtained using floating ring device and fixed ring device indicates that while
the coefficient of consolidation is essentially the same, compression obtained to be
arginally more for floating ring device. Sccondary compression increased with
pressure for all the specimens tested and no definite trend was observed in secondary
mpression between satnples of different thicknesses. One way drainage has shown
marginalty larger coefficient of secondary compression than two way drainage
system.-Overconsolidated specimens had higher coefficients of consolidation than
rmally consolidated specimens at the same pressure increment. Stress history
ects had little influence at stresses greater than the preconsolidation pressure.
Also over consolidated specimens show less secondary compression than normally
nsolidated specimen for pressures less than the preconsolidation pressure. Beyond

econsolidation pressure, secondary compression of normally consolidated and
oyer consolidated specimens are essentially same.

the specimens tested irrespective
nd variations in drainage condi-
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