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ABSTRACT: An investigation into behaviour and potential applications of a polymer-enhanced bentonite-sand mixture (PEBSM) in its
compacted state had been carried out in an environmental controlled laboratory. The experiments undertaken included microscopic
visualization of the mixture, drying-wetting processes, consolidation and shear strength tests. The results obtained indicate that depending on
the overburden pressure acting on the compacted mixture and its water content, settlement in combination with swelling and shrinkage may
result in cracks or on contrary may close the initial cracks induced by the mechanical compaction in the field. The conclusions have been
drawn based on an analytical assessment performed on the field and laboratory data gathered. A discussion is aso brought up on the
difference between two approaches used — single-valued effective stress and two-independent stress state variable approaches. The two

approaches predict different values of suction at which crack starts to occur and different time-settlement behaviour.
Keywords: Bentonite, swell/shrink, settlement, shear strength, unsaturated soils, cracks.

1. INTRODUCTION

Polymer-enhanced bentonite-sand mixture (PEBSM) has been
adopted as landfill liner and/or landfill cover in several countries
particularly in Europe. A study on a PEBSM was undertaken
pertaining to this application and a field measurement was taken in a
location in Germany. Thisinnovative material was developed for the
landfill usage and mainly consists of a granular material (sand)
mixed with a small amount of sodium type bentonite and a minute
amount of polymer with certain proportions. The following figures
show the environmental scanning electron microscopy photos taken
and reported by Agus et al. (2007). The photos clearly depict
bentonite-polymer nets that have been formed when water is added
to the mixture. The minute amount of polymer added to the mixture
covers the surface of bentonite clusters and sand grains.

Figure 1 Polymer in interaction with bentonite particles (from Agus
et a., 2007)

The bentonite presence is beneficia to the hydro-mechanical
behaviour as reported earlier by Arifin et al. (2006). As described in
various publications, the magnitude of swelling pressure of
compacted samples containing bentonite and its hydraulic
conductivity depend on the dry density of the compacted material.

Depending on the magnitude of vertical pressure acting in the
field, the compacted mixture, when in contact with water, may
exhibit swelling or settlement and/or cracks under the influence of
weather i.e. during drying-wetting cycles. In contrast, another
possible scenario may occur, whereby initial cracks earlier induced
by mechanical compaction or some other processes close during the
cycles.

During drying cycle, it is highly possible that suction exists in
the compacted mixture and its magnitude changes with time and
may reach zero value when saturation is attained. The addition of
polymer in the mixture improves resistance of the compacted
material to crack. Visual observation made by Schanz et al. (2004)
indicates that when exposed to the same suction vaue the
compacted PEBSM exhibits no apparent cracks in contrast to the
compacted mixture without polymer addition.
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(a) Without polymer addition (b) With polymer addition
Figure 2 Crack developed under suction application on
compacted specimens (from Schanz et al., 2004)

Theoretically, the development of cracks in the compacted
mixture can be predicted utilising the unsaturated soil principles.
Two different approaches can be used for this purpose; namely,
using the single-valued effective stress concept and the two-
independent stress state variables approach. This is the subject
brought out in this paper. Data from a field measurement have been
utilised in the study. Critical suction at which cracks start to occur is
aso formulated.
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2. FIELD TEST DATA

The field test data that have been used in the study had been
gathered from a landfill site located in Germany. A test field of
about 2,800 m? in area had been established at the site, where
suction measurement by means of tensiometer had been undertaken
in the PEBSM layer for about 4.5 years' duration.

The degree of saturation of the PEBSM was calculated from the
measured suction (in this case matric suction) using its soil-water
characteristic curve, which was measured and reported in Schanz et
al. (2004).

The SWCC of the compacted PEBSM portrays its good water
retention characteristic as indicated by a small drop in the degree of
saturation over a“wide’ range of suction (up to 100 kPa).

60 — 100 =
- L-]
m p—
% 50+ 1.65 &
E =
w40 4 y 390 6
50l \ ./ . 5
s 1 — matric suction T8 3
= |: / degree of saturation E
@ 20 J\ 3 80
2 [ s
£ 104 175 &
E L T
0 - 70 g

5588888233833 33838388

v 0N DO NN O —F D~ D3N

o-—ooo—mggo-ooo—Qogr

o T T o TR - I o B o O T - o o T o T - = T - 5

DN DN O~"NODODOD~NO

Date

Figure 3 Measured matric suction and computed degree of
saturation of the compacted PEBSM layer
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Figure 4 Soil-water characteristic curve for the compacted PEBSM
speciemen (from Schanz et a., 2004)
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On site, the PEBSM was laid approximately 1 meter deep from
the final ground surface leading to a surcharge of approximately 20
kPa or dightly lesser. The initia conditions of the PEBMS in the
field test are as following:

e Initial dry density (v 1175 Mg/m®
e Initia void ratio (€) :0.52

e Initial water content (w) 1 5%

e Initia degree of saturation (S,) : 25.6%

With a 1-m thick recultivation and drainage layer, the tota
vertical overburden stress acting in the middle of the compacted
PEBSM of 7 cm can be computed to be equal to 20.6 kPa.
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3. STRESS-STRAIN RELATIONSHIP

As described in the preceding section, the field experimental data
had been analysed based on two approaches; namely, the single-
valued effective stress concept and the two-independent stress state
variables approach. The formulation of both approaches is described
below.

3.1 Single-Valued Effective Stress Concept

This concept is based on the framework proposed by Bishop (1959),
which isformulated as:

o=(oc—-U,)+xs (1)

Where (o - ug) isthe net stress, y is a coefficient which depends
mainly on the degree of saturation, S;, soil structure and cycle of
wetting, drying, or stress change, and s is suction, which is defined
as matric suction or (Us-Uy).

The y coefficient is afunction of degree of saturation of soil and
the following simple form can be used:

x=1(&)=S @
Vertica and horizontal effective stresses can subsequently be

defined as below, with K, represents the coefficient of earth

pressure at rest:

Gv':(av_ua)+srs (3)

o,'=(c,-u,)+Ss=K,(o,-u,)+Ss 4)

As suction in the field changes, the effective stress of the liner
will also change, which follows the following equation:

'=Ao,'= S As+SAS, (%)

Assuming the K, condition applies, which is reasonable for this
case, the relationship below holds:

A, OF A,y = éA{ [0, -u,)+S.]-20[(, ~u,)+Ss]} ©

where E is the modulus of elasticity with respect to change in net
stress and v is the Poisson ratio of the soil. The following figure
shows changes in the vertical and horizontal effective stresses due to
changes in the sail suction, which have been derived using Figure 3,
Figure 4 and Equation (5).
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Figure 5 Changesin vertical and horizontal effective stresses with
time
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The K, condition only holds when soil blocks do not develop as
a result of cracks that develop due to desiccation. In the case of
crack, the horizonta net stress follows:

v (1—2U)Q
(ah—ua)——)(ov—ua)— o) & 7)

- 1-v

The changes in vertical and horizontal strains in the event of
crack can be expressed as:

v

As :éA{ o, —u,)+S,sk-20S s) (®

Ac, :éA{(l—u)Srs—u [0, -u,)+Ss]} ©

v r

3.1 Two-Independent Stress-State Variable Approach

The formulation of this approach is outlined in Fredlund and
Rahardjo (1993), where changes in two state variables used (i.e. net
stress and suction) and the resulting effects are considered
separately.

In the case of the K, condition (Ae, = Agyq), the volumetric
strainisgiven as:

1+v)1-2v)

(@+v) (10)
E(l-v)

Mo H(l-v)

—u,)+

v

In the above equation, H represents the modulus of elasticity of
the soil with respect to suction change (the 2™ stress state variable),
while as described before, E signifies the modulus of elasticity for
the effect of net stress (the 1% stress state variable) change.

During crack, the horizontal net stressis defined as:

L E
. —U )= o, —U )——— ¢ 11
( h a) (1_0)( v a) H(l—l))
The changes in vertical strain (Ag,) and horizontal strains (Agp)
after crack are formulated as:

1 1
EA{(O—\/ —Ua)—ZU(Gh _ua)}+ﬁAS (12)

2 Aoy -u)-vlo, ~u) + 0, -u)) 3

4. PARAMETERSUSED IN COMPUTATION

The following parameters have been used in the computation and
the values have been derived as outlined in this section.

1) Coefficient of earth pressure at rest (K)

2) Poisson ratio (v)

3) Modulusof dasticity with respect to change in net stress (E)

4) Modulus of elasticity with respect to changein suction (H)

4.1 Coefficient of Earth Pressure at Rest (K )

The Ko vaue was determined from the experiment carried out in
Geodelft, Netherlands. The valueis equal to 0.52.

4.2  Poisson Ratio (v)

The Poisson ratio (v) is calculated from the elastic theory as follows
(with K, equal to 0.52):

Ko _ 034 (14)

L= =
1+ Kq

4.3 Modulus of Elasticity with Respect to Change in Net
Stress (E)

The E vaue has been derived using the elastic theory from the
saturated oedometer test data for the unloading-reloading, which is
deemed to be within the elastic range:

_ Ae 1
m (l+e)Ac' E

1 (1+v)1-20)

-= (15
1-v)

where m, is the coefficient of volume compressibility of soil. The
average m, value obtained from the saturated oedometer test results
of the PEBSM specimen compacted at dry side as shown in Figure 6
is1.798x10°° /kPa. Thus, the corresponding E value is 36,134 kPa.
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Figure 6 Oedometer test result on a saturated compacted
PEBSM specimen

4.4 Modulus of Elasticity with Respect to Change in Suction
(H)

The H value was computed from the e-log suction plot that had been
obtained while determining the SWCC curve (Schanz et a., 2004).
The SWCC had been determined at three-dimensional free
swell/shrink conditions. Therefore, the following relationships hold:

Ag, = Ag,y = CA(o, —U,)+C,As (16)
_ A€ 1 _ A€ i (17)
' (l+eg) Al -u,) (1+¢€,) As

Analogous to the unloading-reloading path, from which the E
value has been derived, the corresponding drying-wetting cycles of
the PEBSM should also be used to determine C, value. However,
due to the unavailability of the wetting data, only the drying path
has been considered in the derivation of C, value. The following
figure shows the drying test on the material.
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Figure 7 Change in void ratio with increasing suction from a
drying test on compacted PEBM S
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The void ratio-suction curve exhibits a bimodal characteristic
with negligible changes for suction above 500 kPa. The linear
portion of the curve up to 500 kPa suction is within the suction
range, at which the material was subject to in the field and thus can
be used to determine the C, value. From the curve, the C, value is
1.017x10™ /kPa, and thus a H value of 29,500 kPa as for this case C,
=3/H.

5. DEFORMATION AND SETTLEMENT

Computation of settlement and deformation as a result of the change
in suction, which was measured by the tensiometer, has been carried
out using the parameters derived as described in the preceding
section.

5.1 Computation
Concept

using Single-Valued Effective Stress

As described in Section 2, a change in the net vertica stress (A(cy-
u,)) of 20.6 kPa was applied on the compacted PEBSM layer after
placement. The corresponding change in the net horizontal stress
(A(or-uy)) is therefore equal to 10.7 kPa. The initia suction of the
PEBSM was determined from the SWCC given the placement water
content and dry density of the compacted layer and the value was
4.4 MPa. Immediately after placement, the tensiometer measured
20.1 kPa and therefore the material was subjected to a significant
suction change once placed in-situ. The corresponding change in
degree of saturation of 59% can be computed from the SWCC.

The initiad strain and deformation due to placement can be
computed and the values are summarised in the following table.

Table 1 Initia Strain and Deformation Computed using the Single-
valued Effective Stress Concept

Without cracks  With cracks
Vert. strain, g, (%) -3.3 -3.2
Hor. strain, g, (%) 0 -3.3
Vert. deform. ,d, (cm) -2.3 -2.3
Hor. deform. ,d,, (cm) 0 -3.3
Note: -ve indicates expansion
5.2 Computation using Two-Independent  Stress-State

Variable Approach

As mentioned earlier, the H value for the compacted PEBSM layer
was derived from the drying path. Redlistically, the value for the
wetting path is much higher than that from the drying cycle. The
following table summarises the initial strain and deformation due to
placement computed using the two-independent stress state variable
approach.

Table 2 Initiad Strain and Deformation Computed Using the Two-
independent Stress-state Variable Approach

Without cracks  With cracks
Vert. strain, g, (%) -3.3 -1.6
Hor. strain, gy, (%) 0 -1.7
Vert. deform. ,d, (cm) -2.3 -1.3
Hor. deform. ,d,, (cm) 0 -1.7

Note: -ve indicates expansion

In this computation, the redlisic H value used in the
computation was first approximated by matching the settlement plot
from both approaches. It is later demonstrated that taking the
realistic H value of 8 to 10 that of the drying is reasonable and an
average value of 9H (i.e. 265,500 kPa) was subsequently used.
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The subsequent changes in vertical and horizontal strains were
computed based on an assumption that the changes in vertical and
horizontal net stresses are equal to zero. This is adopted for both
approaches when computing the evolution of deformation and
settlement due to changes in suction of the PEBSM layer on site.

5.3 Comparison of Computed Strain and Settlement

It is shown in the two tables that the use of two different approaches
affects the initia strains and deformation computation for the case
with cracks with the two-independent stress-state variable approach
estimating half the values compared with the single-valued effective
stress concept.

The following figureillustrates that, for the case of K, condition,
the use of H value from the drying curve result in much higher
settlement estimated using the two-independent stress-state variable
approach. This is inconsistent since at the K, condition, cracks do
not occur and both approaches should give approximately the same
result.
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Figure 8 Comparison of settlement with time from two different
approaches

The variation of time-settlement plot for the two-independent
stress state variable approach is shown in the following figure using
the redlistic H value equal to 8 and 10 times that determined from
the drying test as described earlier. It is demonstrated that an
average value of 9H provides the best fit to the settlement plot from
the single-valued effective stress concept.
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Figure 9 Determination of actual H value

The evolution of vertical strain assuming K, condition is shown
in Figure 10 for both methods. The single-valued effective stress
concept consistently gives lesser vertical strain compared with that
given by the two-independent stress-state variable approach,
although the magnitude does not differ significantly.
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Figure 11 and Figure 12 demonstrate that the two-independent
stress-state variable approach produce lower values of vertical and
horizontal strains for the case when crack occurs.
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Figure 10 Vertical strain with time computed using the two
approaches (K, condition)
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Figure 11 Vertical and horizontal strains computed using the single-
valued effective stress concept (after crack occurs)

< -1.68

S i

<

< L

o [

5‘—1.66--

c [

= i

s -164 +

v [

< - —

= [ s

c -1.62 . .

N A horizontal strain

b . .

o [ — vertical strain

5_160 | I IS (S [ N S S S — S S E_— S_—__—

© oI d NN N N®OM O S SE SO0 0 W

0 S s e e e e B e N e S N S s A =

= N d N WD ON M O O d < 0+ N WD O N

) O 49008648 99999 99 Qg H

> O UM< 40 O 00 O© M dO M~ 00 W <
N O 4 N O 4 NN O d N O O -+ N O -

Date

Figure 12 Vertical and horizontal strains computed using the two-
independent stress-state variable approach (after crack occurs)

5. CRITICAL SUCTION
OCCURRENCE

AT FIRST CRACK

Resistance to cracks is provided by the tensile strength of the soil
and thus crack occurs when the negative net horizontal stress
exceeds this value. Nevertheless, when desiccation takes place, the
extent of cracks in the PEBSM layer in the field may not be

sufficiently deep to facilitate full development of preferential flow
paths.

The suction value, at which cracks first occur is defined as the
critical suction (si) and the value can be computed by equating the
net horizontal stress with the maximum tensile strength (tya)-
Schanz et al. (2004) reported that t,,, value of the PEBSM is 20 kPa
on average.

The following equations represent the critical suction for the
single-valued effective stress concept and the two-independent
stress-state variable approach, respectively.

%=kf@®r%%%4£;%; (18)
%=hf@@—%%%4wkw (19

E

Equation (18) must be solved iteratively since S; is the function
of suction, while s, from Equation (19) can be computed
straightforward since both E and H are assumed to be constant with
net vertical stress and suction, respectively. Nevertheless, it is
imperative to note this assumption may not be always valid since in
reality, E, H and t,, are also stress and suction dependent.

The critical suction can aso be plotted as a function of the total
vertica stress using both the above equations. The following figure
shows such plot for the PEBSM studied.
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Figure 13 Critical suction versus tota vertical stress computed
using the two approaches

The above figure reveals that at the applied total vertical stress
of 20.6 kPa (the air pressure is atmospheric), the s, value is 85 kPa
computed using the single-valued effective stress concept and 147
kPa using the two-independent stress-state variable approach. At
any given applied total vertica stress, the two-independent stress-
state variable approach gives a higher value of s, compared with the
other approach. Further detailed investigation will warrant clarity at
which cracks really commence during drying.

Considering that the maximum measured suction is only
approximately 50 kPa (see Figure 3), cracks will not occur in the
compacted PEBSM layer. It may not be the case when polymer is
not added to the compacted bentonite-sand mixture due to presence
of macro- and micro-pores within the mixture.

The mechanism of crack in the compacted bentonite-sand
mixture has been described in detail by Agus (2005). Consider a
representation of a compacted bentonite-sand mixture in Figure 14.
A rapid desiccation results in movement of water in the inter-
aggregate pores (macro-pores), which is not accompanied by
sufficient macro-pore volumetric contraction. The presence of
polymer in the compacted mixture will prevent this rapid
desiccation process to occur, at least at low suction (i.e. below 100
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kPa), which is practically even higher than the maximum value that
can occur in the field when the compacted PEBSM layer is used in
landfill.

Clay aggregate
(cluster)

Silt particles
Air

Inter-aggregate
pore

COMPACTED BENTONITE-SAND MIXTURE

Figure 14 Possible representation of a compacted bentonite-sand
mixture (from Agus, 2005)

6. POSSIBLE APPLICATIONS

Due to its characteristics as described, the compacted PEBSM is
suitable for landfill application. The material is better placed under a
drainage layer to ensure that suction remains low and deep cracks
are not present during the landfill design life. The effectiveness of
placing the compacted PEBSM below the waste is questionable
since interaction between the bentonite-polymer with leachate from
the landfill may degrade the beneficial properties of the mixture.

7. CONCLUSION

An investigation into the behaviour of a compacted PEBSM has
been conducted by means of a field case study. The following
conclusions can be drawn from the outcome of the study.

1) A maximum suction value of 50 kPa was measured during an
approximately 4-year period in the case study presented in this
paper. The corresponding drop in degree of saturation as
computed from the soil-water characteristic curve (SWCC) is
hardly below 80%, which indicate a good water retention
capability of the material.
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2)  Strain and deformation computed using the two-independent
stress-state variable approach are approximately half those
derived using the single-valued effective stress concept. The
former computation is redlistic when adopting a realistic
modulus of elasticity with respect to change in suction
(redlistic H) of 8 to 10 times H derived from the drying test.

3) Critica suction at which cracks start to occur (scr) has been
computed and the value is consistently lower for the two-
independent stress-state variable approach at any given net or
total vertical stress (with atmospheric air pressure).
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