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GEOTECHNICAL CHARACTERISTICS OF BENTONITE/SANDY
SILT MIXES FOR USE IN WASTE DISPOSAL SITES

by

W. V. Abeele

ABSTRACT

The coefficient of consolidation for bentonite/sandy silt ratios of 0.04 to 0.14
decreases inversely proportional with the square of that ratio, whereas the com-
pression index, the swelling index, and the permeability change index increase
with increasing bentonite ratio. A strong relationship also exists between the void
ratio and the logarithm of the applied stress for any given bentonite ratio. The
empirical linear relationship between the void ratio and the logarithm of the
applied stress, developed by Taylor, is excellent and enables us to limit the
evaluation of conductivity at any void ratio to the measurement of the initial and the
desired void ratio, the initial conductivity, and the permeability change index. This
allows us to read directly, for a given bentonite ratio, the void ratio (or compaction)
needed so that a required hydraulic conductivity will prevail. This is crucial in the
choice of materials or mixes to be used in a wick system where an established
differentiation in hydraulic conductivity is desirable.

I. INTRODUCTION

The permeability of waste disposal facility liners
and caps, i.e., moisture barriers, is important in
geotechnical engineering. Permeability is the domi-
nant parameter in the design and implementation of
waste disposal facilities. Clay is prominent among the
materials usually considered to line or cap disposal
pits. Foremost among the problems connected with
the use of clays is cracking during periods of desicca-
tion, although both the Environmental Protection
Agency (EPA) and the Nuclear Regulatory Com-
mission (NRC) seem to feel that clays, as barriers to
water leachate migration and inflow of water, are the
principal materials to be considered as liners and
caps in waste disposal facilities. Clays and soils, in
general, also offer by far the longest service life of any
liner material.

Use of clay mixes instead of pure clays may be
warranted—not solely on the basis of economics;
mechanical benefits may even become overriding in

mandating the use of mixes. In Los Alamos, New
Mexico, the use of local tuff (texture of sandy silt,*
Abrahams 1963) with low amounts of bentonite ap-
peared to be very promising in greatly decreasing
hydraulic conductivity without showing any of the
mechanical impairments of clays. Saturated Na-ben-
tonite absorbs water up to 5 times its own mass to
form a gel up to 15 times its own dry volume. Besides
being less expensive, a liner or cap, consisting of a
mix of the local medium and bentonite clay, probably
would not crack when desiccated. Cracking from
desiccation can be further minimized by proper com-
paction. A low hydraulic conductivity, combined
with acceptable mechanical characteristics, should be
obtainable at some ideal mix of two materials, each
possessing one or the other property. The objective of
this research is to obtain the necessary data to assure
that the use of such a mixture (e.g., sandy

*Sandy silt: an unconsolidated sediment containing
10-50% sand and having a ratio of silt to clay greater
than 2:1 (Folk 1954).
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silt/bentonite) is effective in isolating waste irom the
environment. This research will also tell us the re-
spective ratios at which ideal hydraulic and mechani-
cal characteristics may be expected. Laboratory tests
were performed at 22°C ± 2°C. The bentonite used in
our experiments was 13—T and was obtained from
the International Minerals & Chemical Corporation,
Des Plaines. Illinois.

II. EVALUATION OF PERMEABILITY FROM
CONSOLIDATED TESTS

It has been ascertained that the coefficient of
consolidation of a soil sample under stress is related
to its permeability. Consolidation rates have, there-
fore, been considered as a means of indirect evalua-
tion of soil permeability (Olson and Daniel 1981).
Consolidation tests can be routinely performed in
geotechnical evaluations of construction sites, and
permeabilities at initial void ratio, eo , or any void
ratio corresponding to a known applied stress, o, can
readily be derived.

In our case, the permeability, k, was derived
from the coefficient of consolidation, C v . which was
measured in step-loaded oedometer tests. Terzaghi's
theory, used in the interpretation of consolidation
rates in terms of permeability, is based on assump-
tions that do not necessarily fit actual soil behavior
properly. Terzaghi's theory is based, according to
Head (1982), on the following assumptions:

"I . The layer of soil being consolidated is horizon-
tal, homogeneous, of uniform thickness, and is
laterally confined.

2. The soil is fully saturated.

3. Soil particles and water are incompressible.

4. Darcy's law for the flow of water through soil is
valid.

5. The coefficient of permeability and other soil
properties remain constant during any one incre-
ment of applied stress.

6. The applied pressure is uniform along a horizon-
tal plane.

7. Flow of water takes place only in a vertical
direction, i.e., drainage and compression are one-
dimensional.

8. A change in effective stress in the soil causes a
corresponding change in voids ratio and their
relationship is linear during any one stress incre-
ment.
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9. The initial excess pore pressure due to the ap-
plication of load is uniform throughout the depth
of the clay layer.

10. The extended duration of the consolidation
period is due entirely to the low permeability of
the soil.

11. One or both of the strata adjacent to the clay
layer are perfectly free-draining in comparison
with the clay.

12. The weight of the soil itself may be neglected."

The fifth of the above assumptions cannot be
validated for sandy silt/bentonite mixes. Assumption
(3) is partly unfulfilled because soil particles can be
compressed. (This is generally thought to be of little
consequence.) Assuming these requirements are
fulfilled, the permeability may be derived from the
one-dimensional consolidation equation so that

Cv —
mvyw

and

k = Cvmvyw

(1)

with mv = coefficient of volume compressibility and
yw = unit weight of water. If the soil is not saturated,
rapid "consolidation" will be observed, except "con-
solidation" is really compression of gas bubbles. Con-
sequently, excessive values of Cv and k are measured
if the soil is not saturated.

One of the liabilities one faces when using
Terzaghi's step-loaded method lies in the assumption
that k, Cv, and mv remain constant during that
particular consolidation load step (Tavenas et al.
1979). Both Cv and mv show a tendency to decrease
with increasing stress (Abeele 1984) and there is n a
reason to doubt that the behavior would be different
as the void ratio is reduced during any particular
consolidation step. Tavenas et al. (1983, Part I) show
that the coefficient of consolidation may decrease by
more than a factor of 4 during a particular clay
consolidation load step. The variability of the coeffi-
cient of consolidation with changing stress is not as
drastic when the clay content in the soil decreases. No
trend in the Cv values was detected for any of the
lower bentonite/crushed tuff ratios considered in this
study. Therefore, the coefficients of consolidation
computed for each stress were averaged and used as
the mean coefficient of consolidation at a particular



mixing ratio. Table I shows decreasing Cv values with
increasing bentonite/tuff ratios, R, whereas the mv

values are more susceptible to changing stresses. The
relationship between Cv and R can be written as

C =O.O6R"2 with r* = 0.99. (2)

To ensure that Cv is more or less constant during
any load increment, the applied stress increase is
never more than double the previous applied stress.
Table II indicates the relationship, based on Eq. (1),
of the computed values of k to R for a particular
stress. The computed hydraulic conductivity is ex-
pressed in 10'10 ms'1.

In view of the liabilities we encountered when
deriving hydraulic conductivities by application of
the consolidation method and considering the dif-
ficulties in determining the coefficient of consolida-
tion at lower bentonite contents, direct measurement
of conductivity was also performed using the con-
stant head method. At low bentonite ratios, the con-
solidation rate is too fast to be measured with any
degree of accuracy.

During consolidation of pure crushed tuff (sandy
silt), the void ratio-log time curves were concave
upward from the start, indicating extremely fast con-
solidation and subsequent low degree of accuracy.
The coefficient of consolidation averaged 8.7- 10"4

m V for repetitive stresses of 50, 100, 200, 400, and

TABLE I

mv AND AVERAGE Cv VALUES FOR VARYING
MIXING RATIOS AND STRESSES

R
0.04

0.06

0.075

0.09

0.11

0.14

o(kPa)

100
200
400
800

100
200
400

-.-.. 800

100
200
400
800

100
200
400
800

100
200
400
800

100
200
400
800

Cy(10"
X

41.6

18.2

11.6

8.0

5.3

3.2

• ms-1)

s

6.18

5.90

4.84

6.20

3.29

0.72

my(10^Pa')

34.5
20.3
12.2
7.1

39.1
30.2
18.1
10.0

66.3
39.7
22.7
11.5

43.5
37.2
22.5
14.6

40.3
43.0
23.4
13.6

40.0
43.0
25.9
13.4



TABLE II

SATURATED HYDRAULIC CONDUCTIVITY (10"I# ms"1

EXPRESSED AS A FUNCTION OF MIXING RATIOS
FOR DIFFERENT CONSOLIDATION PRESSURES

Stress
(kPa)

100
200
400
800

k

0.021R-2098

0.024R-'968

0.015R"1-934

0.009R"1"0

r2

0.996
0.995
0.996
0.996

800 kPa. An analysis of variance detected no trend in
Cv with increasing stress because of the high values of
the standard deviations for Cv at 0% bentonite. The
conductivities obtained using the constant head
method on uncompacted tuff (0 kPa) with low ben-
tonite ratios (0-0.04) are in general agreement with
the results obtained using the consolidation method
for higher bentonite ratios (0.4-0.14). This is demon-
strated in Fig. 1.

Table II shows, for varying consolidation
pressures, the close exponential relationship existing
between R as independent variable and k as depen-
dent variable*(all r are better than 0.99!). That trend
is displayed linearly on a log-log plot in Fig. 2, with k
decreasing with increasing clay fraction. Figure 2
contains only the results obtained using the con-
solidation method and R values varying from 0.04 to
0.14. The results obtained using the constant head
method (0 kPa) are not shown in Fig. 2 because the
regression equation showing the best fit is not an
exponential one. The best fit for uncompacted mixes
(R = 0 to 0.04) is log k = 5.065-94.298R, with r2 =
0.982 and k in 10"10 m s"'. Figures 1 and 2 further
demonstrate that hydraulic conductivity is not only a
function of particle size distribution or varying ben-
tonite ratio, but also of void ratio (or applied stress).
The conductivity of a porous material obviously
decreases with void ratio, e, and e. in turn, decreases
with increasing compaction pressure or stress, 0. The
former is clearly shown in Table III and Fig. 3. Direct
measurement of hydraulic conductivity using either
the constant head method or the consolidation
method produces a linear e vs log k relationship. A
predictive empirical linear relationship between log k
and e was first proposed by Taylor (1948)

where k0 and eo may be in situ, remolded, or known
preconsolidated values and Ck is a permeability
change index. This type of relationship has become
regarded as the most accurate way of expressing the
variation of permeability with void ratio (Tavenas et
al. 1983, Part II). The linear relationship between log
k and e extends beyond strains of 20% for sandy
silt/bentonite mixes, whereas Tavenas et al. (1983,
Part II) limit the validity of this relationship to
strains of less than 20% for most natural soft clays.

The interrelationship between log k and e is very
important in the study of materials in caps or liners
that can in any way influence the migration of pollut-
ants from waste disposal pits. Indeed, in a
homogenized material with uniform grain size dis-
tribution (as the one likely to be used to line or cap a
waste disposal pit), the porosity would be the only
variable to influence the conductivity. The slope of
the void ratio vs log k is defined as the permeability
change index, C t (Tavenas et al. 1983, Part II). Table
IV seems to indicate that the permeability change
index, Ck. and the compression index, Cc, are both
increasing with increasing bentonite ratio. (The com-
pression index, Cc, is the slope of the straight-line,
where e = —Cc log a/ao). The values for the Cc/Ck

ratio average 0.677,-with s = 0.035 or a CV (coeffi-
cient of variation) of 5.1%.

A linear relationship can be established between
Ck and Cc with

Ck = - 0 . 0 5 3 + 1.706 Cc (4)

with r2 = 0.983.
For sandy silt/bentonite mixes. Ck relates to e0 as

= -0.835 + 1.585c. (5)
log k = log k0 - ' (3)
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TABLE III

HYDRAULIC CONDUCTIVITY (in 10 1 2 ms1)
AS A FUNCTION OF VOID RATIOS
FOR VARYING CLAY CONTENTS

R logk

0.00
0.04
0.06
0.075
0.09
0.11
0.14

2.722c +
4.893e +
3.871c +
2.519e +
2.274e +
2.107e +
1.9l6e +

4.499
0.406
0.132
0.918
0.814
0.713
0.559

0.846
0.980
1.000
0.965
0.960
0.954
0.946
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Fig. 3. Hydraulic conductivity as a function of void ratios for varying clay
contents.



TABLE IV

COMPRESSION INDEX, PERMEABILITY CHANGE INDEX, AND
DERIVED RELATIONSHIPS AS A FUNCTION OF CLAY RATIOS

ck
Cc/Ck 1 /C-l /Q

0.04
0.06
0.075
0.09
0.11
0.14

0.145
0.210
0.259
0.280
0.292
0.311

0.200
0.304
0.383
0.401
0.453
0.494

0.722
0.692
0.676
0.697
0.646
0.629

1.926
1.463
1.251
1.084
1.213
1.196

0.569
0.571
0.581
0.564
0.557
0.542

No apparent relationship seems to link the Q/Ck

ratio with the void ratio, e.
According to Tavenas et al. (1983, Part II), the

condition for a constant Cv during consolidation may
be written /

1 (6)

As can be seen from Table IV, the left side of the
equation exceeds the right side by a factor of 2 or 3,
thus failing once more to invalidate Terzaghi's as-
sumption of the constancy of Cv during any
particular loading step. This requirement had to be
fulfilled for the consolidation method to be valid for
the computation of k. However, our practical results
using the consolidation method show a good com-
patibility with the results obtained using the constant
head method or with the ones obtained by Daniel and
Olson (1980) when using the same materials (luff +
bentonite). In fact, the results obtained by Daniel and
Olson at 0 kPa are identical to our results at 400 kPa.

The predictive empirical linear relationship be-
tween log k and e first proposed by Taylor (1948) [Eq.
(3)] allows us to compare the predicted (Taylor) vs
measured hydraulic conductivities (in 10~12 ms"')
using the consolidation method. In no case did the
discrepancy between the two methods amount to
3.5% (see Table V).

HI. CONSOLIDATION AND SWELLING

The consolidation data were readily available
because the computation of the hydraulic conduc-
tivity, in accordance with Terzaghi's theory, required
measurement of the consolidation. Table VI shows
how the void ratio, e, varies as a function of stress, a
(or pressure), for different bentonite ratios, R. The

goodness of fit of the data to the equation is expressed
by the coefficient of determination r̂  (log a).

Cc and Sc are the consolidation and swelling
indices obtained for different bentonite ratios. Figure
4 shows how both increase with increasing bentonite
ratios. The Sc/Cc ratio averages 0.117, with a stan-
dard deviation of 0.018 or a coefficient of variation
close to 16%. A linear relationship established be-
tween Sc and Cc yields Sc = -0.005 + 0.140 Cc and
r2 = 0.823.

IV. EVALUATION OF CHEMICAL INTERAC-
TIONS

Direct measurement of conductivity using the
constant head method enabled us to evaluate even-
tual chemical interactions between influent and the
bentonite/crushed tuff mix. In the case of pure
crushed tuff (CEC = 0.3 meq/100 g), the effluent
indicates that tuff contains a high concentration of
water soluble sodium relative to concentrations of
water soluble calcium and magnesium. Concentra-
tions of Na, Ca, and Mg in influent and effluent were
measured using inductively coupled plasma spec-
trometry and flame atomic absorption.

On leaching the initially Na-saturated bentonite
mixes with tap water (50 ppm Ca, 5 ppm Mg, and 16
ppm Na), exchange sites eventually became saturated
with Ca. Data for 1% behtonite indicate that the
originally higher effluent Na-concentration is equal
to influent Na-concentration after approximately 20
pore volumes, suggesting a probable Ca-saturation.
However, it should be noted that Ca is still less
concentrated in the effluent than in the influent,
which could indicate that concentration is controlled
by precipitation. Sodium, because of its large hydra-
tion radius, is the primary cause of the sealing powers
of bentonite.



TABLEV

PREDICTED (TAYLOR) AND MEASURED HYDRAULIC CONDUCTIVITIES
(in 10'" ms1) AS A FUNCTION OF VOID RATIO

FOR VARYING CLAY RATIOS

R

0.04
0.06
0.075
0.09
0.11
0.14

k
Predicted

2.613
2.270
2.081
1.896
1.759
1.626

TABLE

k
Measured

2.636
2.299
2.114
1.964
1.799
1.602

VI

0.009
0.013
0.016
0.035
0.022

-0.015

CONSOLIDATION AND SWELLING OF
BENTONITE/SANDY SILT MIXES

R o) Cc sc/cc

0.00
0.04
0.06
0.075
0.09
0.11
0.14

0.915-0.129 logo
1.047-0.145 logo
1.171-0.2l01ogo
1.240-0.259 logo
1.333-0.280 logo
1.381-0.292 logo
1.465-0.311 logo

0.993
0.994
0.996
0.999
0.990
0.997
0.998

0.129
0.145
0.210
0.259
0.280
0.292
0.311

0.0'6
cm 3
0.021
0.025
0.033
0.035
0.047

0.108
0.121
0.101
0.096
0.119
0.121
0.151

0.32

0.00

0.050

0.010
0.150.05 0.10

MASS RATIOS

Fig. 4. Consolidation and swelling indices as a function of bentonite/sandy silt ratios.



Increases in permeability with leaching time
were observed with 1 and 2% bentonite. Equilibrium
was reached after 3 pore volumes. No changes in
permeability occurred in the 3 and 4% bentonite
mixes. To evaluate the effect of sodium on
permeability, 1M NaCl was added to the 1 and 2%
mixes after constant hydraulic conductivities were
observed. Sodium equilibrium (effluent concentra-
tion = influent concentration) was reached within 3
pore volumes, indicating the bentonite/sandy silt
mix was Na-saturated. No further changes in
hydraulic conductivity took place in the mix contain-
ing 1% bentonite. Paradoxically, addition of IM
NaCl increased the hydraulic conductivity of the 2%
bentonite mix. Redispersion, caused by Na satura-
tion, led us to expect a decreased permeability. In-
creased permeability may be caused through over-
crowding by the sodium ions.

In the case of the 3 and 4% bentonite mixes,
there was a very steady decrease of a relatively high
Na-concentration in the effluent. The decrease in Na-
concentration averaged a factor of 8 per pore volume.
Such a change in Na-concentration suggests a signifi-
cant change in Na adsorbed to exchange sites without
any significant effect on permeability.

V. CONCLUSIONS

• The coefficient of consolidation decreases in-
versely proportional with the square of the ben-
tonite/tuff ratio. This relationship has been
validated for bentonite/tuff ratios in the 0.04 to
0.14 range. The coefficient of volume com-
pressibility is more susceptible to changing stresses
and is inversely related to it.

• The hydraulic conductivity, when expressed as a
function of mixing ratios, shows a sleeper decrease
at lower consolidation pressures. This is indicated
in Fig. 2 but is not consequential enough to be
clearly visible. Table II shows a trend that is clear
(exponent varying from —2.10 to —1.91) but not
strong enough to enable us to draw any con-
clusions.

• The compression index, Cc; the swelling index, Sc;
and the permeability change index, Ck, increase
with increasing bentonite ratio. Although a reason-
ably accurate prediction of Sc can be made based
on known values of Cc (Sc = 0.14 Cc), regression
analysis shows that a much better relationship

exists between Ck and C c . The permeability
change index can be predicted to be close to —0.05
+ 1.71Q.

• A strong relationship exists between the void ratio
and log a (stress) for each bentonite ratio.

• Several indicators lead us to believe in the eventual
inadequacy of Terzaghi's method for the computa-
tion of conductivity [e.g., 1/CC - 1/Ck ¥= l/(l+e0),
the variability of Cv and mv ...j.

However, results obtained using the constant
head method or obtained by Daniels and Olson
(1980) confirm the validity of the consolidation
method.

• The predictive empirical linear relationship be-
tween log k and e, where

log k = l o g k o - ^ ^ '

is excellent and enables us to limit the evaluation
of conductivity at any void ratio to the measure-
ment of the initial and the desired void ratio, the
initial conductivity, and the permeability change
index.

• The data shown in Fig. 3 enable us to read directly,
for a given bentonite ratio, the void ratio (or
compaction) necessary to obtain a required
hydraulic conductivity. This is crucial in our
choice of materials or mixes to be used in a wick
system where an established differentiation in
hydraulic conductivity is desirable.

• The hydraulic conductivity of a mix of 10% ben-
tonite or more is nearly equal to that of pure
bentonite. Conductivities in the 1010 ms"1 are
common for bentonites. The strong impact of
small amounts of Na-bentonite is probably be-
cause bentonite solids may form a ?,el or paste that
fills most of the voids of the aggregate
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