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The factors controlling the engineering properties of bentonite-enhanced sand

D.l. Stewart, University of Leeds, Leeds, LS2 9JT, UK
P.G. Studds\V.S. Atkins, Leeds, LS2 7ES, UK

T.W. Cousens, University of Leeds, Leeds, LS2 9JT, UK

ABSTRACT: This paper considers the eregring behaviour of bentonite-enhanced sand
(BES) mixtures in relation ttheir performance as environmental barriers. Data on the
swelling and hydraulic conductivigre presented. At low effective stresses the bentonite
within BES mixtures swells sufficiently to septe the sand particlesn such states two
factors affect the void ratio reached by thatbaite after swding, the ionic concentration of
the pore solution and the bentonite fabriem€ompaction. Bentonite swelling is very
sensitive to the pore solution concentratiesduse increasing concentration suppresses the
diffuse double layer component of swellingemoulding during compaction can result in a
slight reduction in bentonite swelling, probablgcause of disruption to the cluster-based
fabric of bentonite. At highfective stresses the bentoniteshasufficient swelling capacity

to force the sand particles apart, anelgnd pore volume thus limits swelling.

A model to predict the swelling and hydrauwmnductivity of BES irdistilled water and
various salt solutions is defiwed. This model requires tisgvelling behaviour and hydraulic
conductivity of the bentonite ithe relevant solution, and theropressibility and porosity of
the sand component as input parameters. Saildasity is used as aftilhg parameter, and is
estimated from Archie’s equation. Applicatiohthis model to the swelling of compacted

mixtures is shown to produce a gdddvith the experimental data.
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1. INTRODUCTION

Bentonite-enhanced sand (BES) mixtures are lywideed as barriers tontrol the movement
of liquid from waste disposal facilities becal&#S can combine relatively high strength and
low compressibility with very low hydrauliconductivity. This isachieved by using a

mixture that contains sufficient sand to endie stability of the compacted mixture and
enough bentonite to seal the voids betweersdmel particles. Othdenefits are that
compacted BES containing modest amounts of bewetafairly resistant to the effects of
desiccation (Tay et al. 200Bnd the bentonite in BES hasigh chemical buffering capacity

(Yong, 1999b).

The aim of this paper is to review the fastaffecting the performance of BES as a landfill
liner, to report data from tests investigatthg influence of compaction on the properties of

BES mixtures and make recommendations atiwitlesign of compacted BES landfill liners.

2. BACKGROUND

2.1 The structure and engineering properties of bentonite

Commercially available processed bentonitespimcipally montmorillonite with impurities
such as fine quartz particles. Those used in the construction of BES landfill liners usually
contain sodium montmorilloniteMontmorillonite is an alunmo-silicate mineral with a 2:1
unit layer structure. Individual layers (amellae) are about 10A (1nm) thick, but up to

several orders of magnitudedear in the othedirections (Grim, 1968; Mitchell, 1993).



Stable montmorillonite unit particles aracks of 1 to 16 lamellae (Sposito, 1984), although
2-3 lamellae is typical of sodium montmauoitiite (van Olphen, 1991). These unit particles
can aggregate together to form clusters whdcie, to the tendency ttie platy unit particles
to align, are anisotropic (Pusch, 1999). Pusgh¢id.) suggests that bentonite clusters can
consist of many unit particles (possibly’16 1¢). Thus, structural elements exist at several
scales and can be arraalgin the size order:

Unit layers (Lamellae) < Unit particles < Particle clusters
A representative volume tientonite consists of particlescavoids which, arranged in size
order, comprise:

Interlayer pores < Interparticle pores foicropores) < Interckter pores (macropores)

(after Pusch, 1999; Yong, 1999b).

Exposure of bentonite powder to water, oerewater vapour, results initially in surface
hydration due to the attraction of water molecttethe clay surfaces. This is primarily an
interlayer process due to the relative amountsteflayer and external surface. Water uptake
beyond that needed to give an interlayer sspan of about 1.2 nm (3-4 layers of water)
results from diffuse double layer forces beém the hydrated montmorillonite unit layers
(Yong, 1999a). In a sodium montmorillonite uriramed double layer swelling can result in
the dispersion of the unit laggeand the formation of a gghase, where the plate-like unit
layers form a “house-of-cards” structure whion a macroscale, is a homogeneous system
with some rigidity and eldigity (van Olphen, 1991). Hower, complete dispersion of
lamellae is sometimes prevented by the formatictactoids (possibly due to Van der Waals
forces or edge-face bonding of occasional nograll layers), which are stable regions where

the lamellae are orientated essentially parédi@ne another atdistance of about 100A.



When swelling is constrained, the density & bentonite varies spally in a manner that
suggests that some aspects of the clustestateuare preserved aftewelling (Pusch and
Schomburg, 1999). However, stacks of laaitan become exfoliated from the expanding
clusters and reorganise form gels that can invadiee macroporosity (Alonso et al., 1999;
Pusch, 1999). Thus, Pusch (1999) proposed thalteswbentonite can be conceptualised as
consisting of stacks of individual 10A montrilenite lamellae (hydrated unit particles),
stack aggregates (particle clusters), and nontmorillonite grains (as bentonite is not pure
montmorillonite), and gel-fillednd unfilled voids. Gens and Alonso (1992) relate different
aspects of the mechanical beioaur of swollen bentonite tthe behaviour of structural
elements at two different scales; the microstrad level at which swelling of active minerals
takes place, and the macrostructural leveltath major structural changes take place.
Similarly, Graham et al. (1992) suggest timeh dense state bentmsupports applied

loading both by direct contabetween the clusters of hydrated unit particles and by diffuse

double layer phenomena in the pore spaces between the clusters.

Studds et al. (1998) report the behaviouaiofdried bentonitpowder (SPV200 Wyoming
bentonite supplied by Volclay) swelling one-@nsionally against a surcharge (see figure
la). At vertical effective stresses belabout 200kPa the bentonite void ratio is very
sensitive to the applied stress, decreasing appetgly linearly with the logarithm of vertical
stress. Above about 200kPa the void ratioss kensitive to changén stress, but still

appears to decrease linearly witle thgarithm of vertical stress.

Studds et al. (1998) alseport similar tests where the saaedried bentonite is allowed to
swell with various chloride sa#iolutions. In such tests tleeis always concern that the

bentonite can act as a semi-permeable memebwace it is partialljydrated (drawing the



water in more readily than the salt). Thisymesult in a lower salt concentration in the
bentonite pores than in the kwdolution. Malusis and Shackelfb(2002) measured the rate

of aqueous potassium chloride diffusionadiiigh a geosyntheticay liner containing

bentonite. Their specimens had a similar thickness to those used by Studds et al. (about
10mm). Malusis and Shackelford found thabdk about 2 days to establish steady state
diffusion of the conservative Clpecie, but between 10 and 30 days to establish steady state
diffusion of the K because of retardatidny sorption on the claydiver solution strengths

being retarded more strongly). The tests regabby Studds et al. weo®nducted for periods

of up to 45days, and were not ended until alllsmgghad ceased. It is therefore thought that
the semi-permeable membrane effect did neeeskly affect these tests, and the final salt

concentration in the bentonite macro-pores willhaeen similar to that in the bulk solution.

Studds et al. (1998) found that at surchatgses than 200kPa the amount of swelling in the
salt solutions decreased with increasing solutmmcentration, and for each concentration the
void ratio decreases approximatehearly with increasing vertal stress (see figure 1b). All
the data converge at about 200kPa, wherb#ntonite void ratizvas approximately 1.5.

Data for different chloride saltat the same concentration gwoed broadly similar trends in
swelling behaviour, so the cati type has not been shownféigure 1b. However, Studds et
al. (1996) report that in satbncentrations of 0.01M arfid1M the amount of bentonite
swelling decreased with increasing valance efdblution cation, but itM salt solutions the
amount of swelling increased slighwith the valance of the solution cation. The trend in the
0.01M and 0.1M solutions is predicted by diffukmible layer theory, whereas the trend in
the 1M solutions suggests that such a conagatr is sufficient to suppress the diffuse double
layer, and that the amount ®ivelling is related to the hydrateaidius of the solution cation.

Interestingly, the relatively small differerscan swelling at a given solution concentration



suggests that cation type does hate a significanthfluence on cluster-based microstructure

of the bentonite when it swellsa@gst a surcharge from a dry state.

The insensitivity of bentonite void ratio tike pore solution composition and concentration
above a stress of 200kPa suggests that voidisatiot controlled by diffuse double layer
interactions in this range. yoid ratio of 1.5 is not much greatthan that of a hypothetical
system of perfectly aligned basic units sefgtdy 4 layers of hydration water (which would
be about 1.2). However, soil-water charaste curves for BES containing the same
bentonite presented by Tay (2000) indicate thatstress between unit layers when there are
four layers of hydration water absorbed itfie interlayer space &f the order of 2MPa

This is an order of magnitude higtiean the “averaged” applied stress.

Bentonite specimens that are prepared fromdsswvill consist of clusters of hydrated unit
particles separated by gel-filled and unfilledaropores, and it is suggest that an applied
stress of about 200kPa is sufficient to producetaard& of particle clusters in close contact.
Compression of such a network must involve de&dgrom of the particlelusters. Thus it is
suggested that, when bentonite plewswells one-dimensionally from an air-dried state, there
is a change in the dominant process at afiexpptress of about 200kPa. At lower stresses
the dominant process is diffuse double layer adgon between particle clusters, which (with
exfoliation of unit layers) will eventually produeefabric of isolated clusters separated by

gel. At higher stresses the clusters are in close coatativolume change involves

deformation of the clusters.

2 An estimate of this stress can be obtained from avetér characteristic curve if it is assumed that water will
occupy only the interlayer space at laxater contents, and that this space must be saturated with four layers of
hydration water before watean occupy other pore spaces.



Mollins (1996) determined the one-dimensional swelling behaviour of air-dried bentonite
powder (Conquest Wyoming bentonite supplied by Colin Stewart MinChem) placed in an
oedometer and allowed access to wated, @mpared it witlthe one-dimensional
consolidation behaviour of tleame bentonite mixed with water at a moisture content just
above its liquid limit (LL) of 407% (see figu®. It can be observed that the swelling
behaviour of initially air-dry Conquest bentonisevery similar tahat of SPV200 under the
same conditions (Figure 1a). During consatidn the void ratio of the LL specimen was
significantly above the treniihe for swelling. Mollins ¢p. cit.) reports that an initially air-
dried specimen that had swollen against a ssuatiharge exhibited very similar behaviour to
the LL specimen upon subsequent consolidation.unloading the expansion (or rebound)
index of the LL specimen was significantly aiher than the compression index, indicating
that the consolidation results in a change in betgdabric. It is suggestl that the fabric of
specimens prepared as air-dried powdersd@enly orientated clusters of aligned unit
particles) is only preserved diig swelling if the bentonite isonfined, and the structure
becomes dispersed (i.e. essentially a systemdrksd unit particles) if sufficient swelling is
permitted (either by mixing at the LL or if the confining stress during swelling is sufficiently
small). Subsequent consolidatiresults in realignment of thentonite unit particles, but not

the formation of particle clusters.

Studds et al. (1998) measured the “hydrauligidiactivity to various cloride salt solutions

of bentonite specimens that wenéially prepared in an air-dry state, then allowed to swell in
the selected solution against acharge stress (Figure 3). Feach strength of solution, there
is a linear trend between tlegarithm of hydraulic conductity and the logarithm of void

ratio (different chloride saltst the same concentration produced broadly similar trends; see

Studds, 1997, for more details). Also, at\eegivoid ratio, the hydraulic conductivity of the



bentonite increases as the sauntstrength increases. Thisdatrend probably results from

the influence of the permeant on the effective pityo Dixon et al (198) suggested that the
effective porosity of a clay is less than wobklexpected consided the total pore space per

unit volume because some of the pore space is occupied by bound water which has a greater
viscosity than free water. fhuse double layer theory pretscthat the diffuse double layer
thickness decreases with incremspore-solution concentratiof.herefore, at a given void

ratio the effective porosity of the bentonitél increase as the solution strength increases.

2.2 The engineering properties of BES

Studds et al. (1998) report the swelling behaviour of init@lydried BES with distilled
water (see figure 4). When the surcharge strdssvismixtures contaiing 20% bentonite (by
dry weight) swell in water to higher overabid ratios than do those containing 10%
bentonite, whereas at high suraistresses the two mixtureseddd to similar void ratios.
The response of the bentonite in the migtufexpressed as a bentonite void ratje, e
volume of water/volume of dry bentonite) Isosvn in Figure 4b, together with the swelling
behaviour of bentonite powder for comparigthe broken lines were generated by the
proposed model). Atle surcharge stresseswithin the mixtures is similar to that of
bentonite alone, whereas at high surcharge stressgthim the mixtures is higher than that

of the bentonite under the same surcharge.

Mollins et al. (1996) idealised such belawi by proposing that BES containing modest
amounts of bentonite can be characterisedthyeshold stress that is a function of the
bentonite content. Below theréshold stress the clay in thextuire is able to swell against
the surcharge and separate the sand partcleeach the same void ratio, for a given

surcharge, as the bentonite aloddove the threshold stress thevalue, upon filling the



sand pores, is greater than the void ratio of bentatotee that would be in equilibrium with

the surcharge stress, and the saaudicles remain in contact.

Studds et al. also report theadiing behaviour of initially atdry BES with 0.1 mol/l chloride
salt solutions (see figure 5Mixtures containindlO and 20% bentonite swelled to similar
overall void ratios when subjected to the sameharge (Figure 5a). However the bentonite
in these mixtures responded differently (g 5b). Mixtures @ntaining 10% bentonite
exhibit an g that is consistently highéinan that of the 20% mixturesixture which, in turn is
consistently higher than that béntonite alone. This suggestat in both mixtures the sand

matrix supports a proportion of the surchargesst over the entire stress range investigated.

Studds et al. measured the hydraulic conductityentonite-Knapton Quarry sand mixtures
(Figure 6a and b, where the sdiites represent the best-fit line for the relevant bentonite data
presented in Figure 3 and theken lines were generated ttne model proposed later).
Despite some scatter in the data, the main trends are:

(a) at a given gthe hydraulic conductivity of the 10% xbires is lower than that of the

20% mixtures, which in turn is lowéhat that of the bentonite alone;

(b) the hydraulic conductivity of each mixture increases, ascesases.
These results suggest that fltwough the mixtures is tbugh the bentonite phase occupying
the pores of the coarse soil matrix. The reasgloythe 10% mixtures appear to have a lower
hydraulic conductivity than 8120% mixtures is that the datgpiesented in terms of the clay
void ratio, and at the samgtée sand particles in the 10%xtures must be more tightly
packed together (resulting in reduced cross-segtiarea for flow and longer flow-paths
though the mixture). The ratio of the mixéuo bentonite hydraulic conductivity which can

be determined from Figure 6 is generally lmgicating good filling of the pores in the sand



matrix. The difference in hydraulic conductivitisggenerally more than can be explained by
considering the effects of sand porosity &mtuosity, which may indicate a difference

between the bentonite fabric in thexinires and that of bentonite alone.

Borgesson et al. (2002) reporvery different trend in the liyaulic conductivity of BES.

They found that the hydraulic condivity of the bentonite in th pores of BES mixtures was
frequently higher than that of the bentonite aloméey attributed thisffect to an uneven
bentonite distribution in theixtures. The most obvious difference between the mixtures
report by Borgesson et al. and those of Studds &t that the former used Volclay MX-80
bentonite, which has a granular structure aigmarticle size (0.06 to 0.6mm) similar to the
effective size of their ballast ¢(B<0.1mm), whereas the latter used SPV200 bentonite, which
had an average particle sizeui2) more than an order of magrde smaller than the effective
size of their sand ({3<0.07mm). Thus it appears that problems associated with an uneven
bentonite distribution gaoccur when the bentonite gransiee is similar to the typical pore

size of the ballast material.

Studds et al. proposed a model to predicsthelling behaviour of BES from the swelling
response of the bentonite alomeldhe load-deformation charactéids of the coarse soil. It
assumes that the overall vertiedfiective stress applied to the mixture is equal to the sum of
the stress components supported by the coaillsensbthe bentonite (Graham et al. 1986).
Also, as the load deformation characteristitthe coarse soil with a mixture cannot be
directly measured, it is assumed ttie change in coarse soil porosity, with logarithm of
vertical effective stress is indament of the initial value ofsga(which is similar to the

assumption of parallel elastic rebound lines made in critical state soil mechanics).

10



The relationship between bentoniad ratio and vertal effective stress of a particular BES

mixture can then be generated by repeatgalication of the following procedure:

1. For a givens'y in the coarse soil matrix, calculatg asing the load-deformation
relationship for that soil.

2. For the desired bentonite content, calculgt®ecomplete filling of the soil pores.

3. From the bentonite swelling data, estimaterequired to confine thhydrated bentonite

at the calculated,e

4. Calculate the overadl’, supported by the mixture by summing the components supported

by the coarse soil matrix and the bentonite.
Studds et al. used this model to generate tblkeorlines shown in Figs 4 and 5. They also
used their model to estimate the hydraabaductivity, k, of BES (the broken lines on
Figures 6a and b) from the calculated an estimate of the caar soil tortuosity, and kse
data for the bentonite. It sholbe noted that soil tortuosity, is essentially unmeasurable
(Clennell, 1997), and the valoé the coarse solil tortuosity estimated from Archie’s

equation,rcszncs(m'l) (Archie, 1942), where m is used withiime model as a fitting parameter.

In summary, the microstructure of bentorites a significant effeacn its swelling behaviour,
a property that is important to the performant8ES as an environmental barrier. Field
compaction methods are not replicated in thearedework to date. Compaction in the field
is likely to be conducted at a moisture closéhwoptimum (the moistureontent at which the
maximum dry density is achieved for a givemgactive effort). Optimum moisture content
for heavy manual compaction (BS 1377: Part990, Method 3.5) is around 10% moisture
content (Tay et aR001). As most of the vex in a BES is associated with the clay minerals
this is equivalent to a bentonite moisturatemt of around 100% in a 10% mixture. At high

bentonite moisture contents, mechanicalaking of a BES during mixing and compaction

11



is likely to cause sigficant disruption to the microsicture. At present it is unknown

whether this will affect the subsequeswelling behaviour after compaction.

3. MATERIALS

The materials used were SPV 200 Wyonidegitonite supplied by Cetco Europe Ltd
(formerly Volclay), and Sherburn yellow i#ding sand supplied by Tom Langton and Sons,
Leeds, UK. SPV 200 bentonite originates frbavell, Wyoming, USA, and is a well ordered
sodium montmorillonite with minor quartz andstobolite impurities (Studds et al., 1998).
Sherburn sand is predominantly a quartz sand (guppecification).Other properties of

these materials are given in Table 1.

4. METHODS

BES containing either 10 or 20B&ntonite was mixed at thesieed moisture content for 20

to 25 minutes in a Hobart bench mounted mixer. Immediately after mixing, BES specimens
were compacted into specially designed oedomatgs. These rings have the same internal
diameter (105mm) as a standard compactionld) but are 20mm highThe original mild

steel rings were chrome plated to prevaotosion, but when the plating became chipped
they were replace by stainless steel ringse ddmpaction moisture contents were within
+1% of optimum for heavy manueompaction (which are 9.5% and 11.5% for the mixtures
containing 10 and 20% bentonite, respectivéby et al., 2001). The one exception was a
specimen containing 20% bentonite, and latecharged by a stres6190kPa, which was
compacted at a moisture content 1.5% bedptimum. The BES was compacted in a single
layer by 27 blows of the heavy manuafrmq@action drop-hammer (heavy manual compaction
in a standard mould is under&akin five layers of about 23mm final thickness, with each

layer subjected to 27 blows of the drop-hammé&he final dry densities achieved were on

12



average 96% and 95% of the maximum dry dessfor these mixtures. The compacted
specimens were trimmed, subjected to a surehlaad, inundated with water, and monitored

until swelling ceased.

5. RESULTS

The one-dimensional swelling behaviour of 8Eontaining 10 and 20% bentonite compacted
by heavy manual compaction at optimum moistiaetent is shown in Figure 7a and 7b,
respectively, expressed in terms of thedvaitio of the bentonite in the mixture)Xe The
trend-lines from figure 1a, showing the swelllghaviour of the bentonite prepared as a dry
powder, are also shown on these figurésend-lines presented by Studds (1997), for the
swelling behaviour of BES containing 10 and 2béttonite prepared in a dry state, are
shown as heavy dashed lines on figure 7 (Sttelsted BES containing Knapton Quarry sand,
which is a fine quartz sand). At low surchagiresses, Studds found that the behaviour of

the BES mixtures was indistingtible from that of the bentonite prepared as a dry powder.

Compacted mixtures containid@% bentonite (Figer 7a) swell against a nominal surcharge
(~1kPa) to reach a bentonite vaatio that is slightly great than that achieved by the
bentonite swelling from a dry powder. Under low surcharg2SkPa) compacted mixtures
containing 10% bentonite reached void ratioshshiglower than that of bentonite powder.
However, at higher surchagtresses (>25kPa), compacted mixtures containing 10%
bentonite reached higher bentonited ratios than the bentonipmwder. A straight line (in
e-logs,’ space) has been fitted to the data over the range of surcharge stresses from 1 to
25kPa (f=0.97). A second straight line has beenditier surcharge stresses greater than or

equal to 25kPa {r0.91).

13



Compacted mixtures containi2@% bentonite (Figer 7b) swell against a nominal surcharge
to a bentonite void ratio that is similar tatlachieved by the bentonite swelling from a dry
powder. However, under low surcharge23kPa) these mixtures reached void ratios
significantly lower than @i bentonite powder. At higher stresses (>25kP & gignificantly
less sensitive to stress, such that th&BRecimen subjected to a surcharge of 190kPa
reached anpdarger than that dfentonite powder specimens. A straight line (iogo,’
space) has been fitted to the data over thgeaf surcharge stresses from 1 to 25kPa
(r’=0.97). A second straight line hlasen fitted for surcharge ssses greater than or equal to

25 kPa (f=0.99).

6. DISCUSSION

It has been proposed that BES containirgglest amounts of bentonite can exist in two
characteristic states: below a threshold apgtegss the bentonite septes the sand particles
and must support the whole okthpplied stress, whereas abdwethreshold sess there is a
matrix of sand particles thatigport most of the stress. Té&weelling behaviour of compacted
BES containing 20% bentonite (Figure 7b) is distinctly bilinear on a graphagiénst

logo,’, with a threshold stress of about 20kH#&is behaviour supporthe proposition that

BES exhibits two characteristic states.

The swelling behaviour of compacted BE#taining 10% bentonite (Figure 7a) is less
clearly bilinear, partly because there is meratter in the data, batso there is less

difference in gradient above and below teswaned threshold stress. However, there is
clearly a change in érelationship between and logs,’ in the stress range 10 to 30kPa, with
the gradient at higher stressesy similar to that meased by Studds (1997) for 10%

mixtures in the stress range where the sandoating most of the applied stress. Itis

14



therefore suggested that twoasght lines on a graph of egainst log,’, with a threshold
stress of about 20kPa, is a good charactesisaf the experimental data, which again

supports the proposition that BEShébits two characteristic states.

Below the threshold stress, it is thought that stress applied to BES is supported entirely by
the bentonite in the mixture. Thus it canibierred from Figures 7a and 7b that compaction
at optimum moisture contehas only a slight effect on the swelling properties of the
bentonite powder within the 10% mixture#tfjaugh it does seem todrease the threshold
stress), but a marked effect on that witthia 20% mixtures. In the background section air-
dried bentonite powder was de$&i as consisting primarily eindomly orientated clusters
of aligned unit particles, and it was reported that cluster-based faibris preserved during
swelling if the bentonite isonfined. It is proposed that during compaction at optimum
moisture content the cluster-based fabric efwet bentonite within a mixture is partially
disrupted by the mechanical action of #amd particles during ¢hshearing induced by
compaction. The difference in behaviour betwientwo compacted mixtes is attributed to
the relative amounts of remoulding undergbgesandy and clayey soils during compaction,
with less effect on the bentdaiin the mixtures with the higher amount of sand. The
convergence of the swelling behaviour of botmpacted mixtures with that of bentonite
powder at very low surcharges indicates théficient swelling can occur under very low

stresses for the bentonite fabric to become dispersed.

Above the threshold stress the relationships betweandelogs,’ for the compacted mixtures
have similar gradients to those measurg&tudds (1997) for initially dry mixtures
containing the same proportion of bentonite arsimilar sand. However there is a significant

difference in the magnitude of,dor the 10% mixture. Malhs (1996) reports the swelling

15



behaviour of Conquest Wyoming bentonite/Ktan Quarry sand mixtures containing 10 and
20% bentonite prepared balhy and by heavy manual coangion at optimum moisture
content. Above the appropridtereshold stresses dry prepdiBES had similar bentonite
void ratios to those represedteeported by Studds (1997), areas compacted BES achieved
void ratios similar to those of the compactedtonies reported herel'he observed difference
between the dry-placed andepacted mixtures above thedkhold stress is therefore
thought to be associated with thigher density (i.e. closer paok of the sand particles) that
can be achieved when compacting at optimum tm@scontent, rather than the difference in

the sands used.

The threshold stress for the compacted 10%ure corresponds to a sand void ratio of 0.69,
whereas the threshold stress for the 20% umgxtorresponds to a sand void ratio of 1.12.

The maximum void ratio of Sherburn sand measured by the method recommended by Head
(1980) is 0.82. Thus compaction resulted idense packing oférsand within the 10%
mixture, whereas the larger volume of clayhe 20% mixture prevented such a dense sand
packing being achieved. Indeed it may initiaypear unlikely that that there is a contiguous
matrix of sand particles in &20% mixtures when the sanddoatio is 1.12. However, it
should be recognised that the “standard” test las been used to find the maximum void
ratio of a sand is intended to obtain an “indajlue” to be used primarily for comparative
purposes. For illustration, a void ratio féinerburn sand of 0.93 has been achieved by a non-
standard preparation method (careful pounhthe sand down the side of an inclined
measuring cylinder). Secondly, it ignores the wiléhe clay in stabilising the columns of
contiguous sand particles that support the appdieding. Thirdly, there is an abrupt change

in BES compressibility at thertashold stress, and above the shi@d stress it is significantly

less compressible than the bentonite it aorgt implying a contiguous sand matrix.
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The data reported in this paper came froecgpens compacted at a moisture content very
close to optimum for the compaan method used. Also all specimens were compacted as
soon as practicable aftmixing (typically about 30 minuteafter the start of mixing) to
replicate the typical field situation wherengpaction takes place shortly after mixing. As
clayey soils tend to undergo more remouldinggwlompacted wet of optimum than they do
at optimum moisture content, compacting®&et of optimum, common for clay barrier
materials, may further suppress the swelbhdentonite in BES due to the increased
disruption to the cluster bas&bric. Delaying the compaction of BES after mixing may also
affect the subsequent bentonite swelling behavamsirt will allow betér penetration of water

into the bentonite particlewsters which may affect thestability during compaction.

The model proposed by Studds et al. (1998pfedicting the swelling behaviour of BES
requires data on the swelling properties of th&tdidte, and data on thvariation in coarse
soil porosity with the stress that it supports #relproportion of bentonite in the mixture.
Thus application of the model in enginiegrdesign will require a limited experimental
programme to calibrate the model to thegfic materials and compaction method being
used. As a minimum, this would involve;
(i) anumber of low surcharge stress swellingstéstestablish the swelling behaviour of
the bentonite within a compacted mixture,
(i) high surcharge stress swelling tests toldistia the sand porosity when a particular
stress is supported by the sand matrixh@ surcharge stress is sufficiently high, the
stress supported by therttenite can be ignored),

(i) measurement of the sand porosity, with stress.
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Tests required under (ii) and (iii) above will tegatively rapid, as those required under (ii)
will exhibit very little volume change becautbee sand is supporting most of the applied
stress, and those required undgy ¢an be conducted on the saaldne if it is assumed that
the change ingwith logo,’ is independent of thinitial value of s (as previously proposed).

Use of the model calibrated in this yaroduced the curved lines on Figure 8.

It is not possible to measure the hydrauboductivity of the bentonitéhat has exactly the
same fabric as the bentonite within a com@achixture. This would appear to make it
impossible to predict the hydraciiconductivity of BES from thaif the bentonite. However,
the tortuosity relationship that is used withie thodel is essentiallyalibration factor that
must be determined by experimental measwants on BES. Thus, provided the fabric
produced by compaction has only a modésiceon the hydrauliconductivity of the

bentonite, the effect will be accomnaidd within the tortuosity factor.

7. CONCLUSIONS

e The swelling behaviour of BES compacsdptimum moisture content can be
characterised by a threshold stress. Belowhreshold stress the bentonite in the mixture
has sufficient swelling capacity to separtie sand particles, and supports the entire
applied stress. Above the threshold streseetis a contiguous matrix of sand particles
that supports a proportiaf the applied stress.

e The swelling potential of the bentonite witl#&ES can be reduced by the disruption of its
cluster-based fabric by the mechanical@cbf the sand particles during compaction.
The swelling potential of the bentonite within a 10% mixture compacted at optimum
moisture content was only slightly redugaccomparison with that of initially dry

bentonite powder, but the swelling potentthe bentonite witim a 20% mixture was
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significantly affected. The difference betwedlp two mixtures is due to the larger
amount of remoulding undergone by the migtaontaining sufficient hydrated bentonite
to prevent a tightly pa@d sand matrix forming.

e The model proposed by Studds et al. (1998) for predicting the swelling behaviour of dry-
prepared BES can be applied to compaantedures provided account is taken of the
impact of compaction on both the bentorsteelling behaviour and the initial sand

porosity.

REFERENCES

Alonso, E.E., Vaunat, J. and Gens, A. (1990podelling the mechanical behaviour of
expansive clays. Engineering Geolo§¥, 173-183.

Archie, G.E. (1942). The electrical resistivitg as an aid in determining some reservoir
characteristics. Petroleum Technolotyy55-62.

Borgesson, L., Johannesson, L-E. and Gunnar8sd2002). Influence of soil structural
inhomogeneities on the behaviour of backfithterials based on mixtures of bentonite
and crushed rock. Presented at thek&loop on Clay Microstructure and its
Importance to Soil Behaviour, Lun8weden, October 15th to 17th, 2002.

British Standards Institute, BS 1377 (1990). Mets of test for soils for civil engineering
purposes. HMSO, London.

Clennell, M.B. (1997). Tortuosity: a guide through the mazeDekelopmentsin
Petrophysics (Eds. Lowell, M.A. and Harvey, P.K.), Geological Society Special
Publication 122, 299-344.

Cornforth, D.H. (1973). Prediction of the drad strength of sandisom relative density

measurements. Am. Soc Test. Mat., Special Tech. Publ. No.523, pp 281-303, American

Society for Testing and Merials, Philadelphia.

19



Dixon D. A., Gray M. N. and Thomas A. W.985) A study of the compaction properties of
potential clay-sand buffer mixtures for useninclear fuel waste disposal. Engineering
Geology,21, 247-255.

Gens, A. and Alonso, E.E. (1992). A framew&okthe behaviour of unsaturated expansive
clays. Canadian Geotechnical Jour@d|,1013-1032.

Graham, J., Gray, M.N., Sun, B.C. & Dixdn.,A (1986) Strength and volume change
characteristics of a sand-bentonite bufféroceedings, 2nd International Conference on
Radioactive Waste Managent, Winnipeg, Man., 188-194.

Graham, J., Oswell, J.M. and Gray, M.N. (199Zje effective stress concept in saturated
sand-clay buffer. Canaah Geotechnical Journ&9, 1033-1043.

Grim, R.E, (1968) Clay Minerology.”‘?Edition. McGraw-Hill, New York.

Head, K.H. (1980). Manual of Soil Laboragdresting, vol. 1. Reech Press, London.

Malusis, M.A. and Shackelford, C.D. (2002Fhemico-osmotic efficiency of a geosynthetic
clay liner. J. Getdmical and Geoenvironmental Engineering, 128, No.2, 97-106.

Mitchell, J.K. (1993). Fundamentals of Soil Behavioul Edition. John Wiley & Sons,
New York.

Mollins, L.H. (1996) The design of bentonite-sand mixtures. Ph.D. Dissertation, University
of Leeds.

Mollins L.H., Stewart D.I. and Cousens T.W. (1996) Predicting tbpesties of bentonite-
sand mixtures. Clay Minerals, 31, 243-252.

Pusch, R. (1999). Microstructural evolution of buffers. Engineering Ged@dg$3-41.

Pusch, R. and Schomburg, J. (1999). Impaatiofostructure on the loyaulic conductivity of
undisturbed and artificiallprepared smectitic clayd€Engineering Geology4, 167-172.

Sposito, G. (1984) The Surface Chemistry of Soils. Oxford University Press, New York

20



Studds, P.G. (1997) The effect of ionidudimns on the propeds of soil. Ph.D.
Dissertation, University of Leeds.

Studds, P.G., Stewart, D.I. and Cousens, TM96). The effect of ion valance on the
swelling behaviour of sodium bentonite. lIBted and MarginaLand-96, Proc. 4th Int.
Conf. on Re-use of Contaminated Land aaddfills, Engineering Technics Press,
Edinburgh, 139-142.

Studds, P.G., Stewart, D.I. and Cousens, TM98). The Effects of Salt Solutions on the
Properties of Bentonite-Sand Mixtures. Clay Minerals, 33, 651-660.

Tay, Y.Y. (2000) Effect of desiccation on therformance of bentonigand landfill liners.
Ph.D. Dissertation, University of Leeds.

Tay, Y.Y., Stewart, D.l. and Cousens, T.J&001). Shrinkage and Desiccation Cracking in
Bentonite-Sand Landfill LinersEngineering Geology, 60, 263-274.

van Olphen H. (1991) An introduoti to clay colloid chemistry. "2Edition. Krieger
Publishing Co., Florida.

Yong, R.N. (1999a). Soil suction and soil-watetentials in swelling clays in engineered
clay barriers. Engineering Geology, 3-13.

Yong, R.N. (1999b). Overview of modelling dhy microstructure and interactions for

prediction of waste isolation barriperformance. Engineering Geolo&y, 83-91.

21



LIST OF TABLES AND FIGURES

Table 1:  Properties of SPV200 Wyominghbenite and Sherburn yellow building sand

Figure 1: One-dimensional swelling behaviour of SPV200 benton{#® idistilled water
and (b) various chloride salt soloris (after Studds et al., 1998).

Figure 2: Comparison between the one-dimamai swelling behaviour and consolidation
behaviour of Conquest Wyomingritenite (after Mollins, 1996)

Figure 3: Hydraulic conductivitgf SPV200 bentonite preparadan air-dry state with

distilled water and various chlorigalt solutions (Studds et al., 1998).

Figure 4: One-dimensional swelling behaviofidry prepared BE®ith distilled water
(Studds et al., 1998).

Figure 5: One-dimensional swelling behaviofidry prepared BES with various 0.1 mol/I
chloride salt solutions (Studds et al., 1998).

Figure 6: Hydraulic conductivitgf dry prepared BES witfa) distilled water and (b)
various 0.1 mol/l chloride salt solutions (Studds et al., 1998).

Figure 7: One-dimensional swelling behaviofiBES compacted at optimum moisture
content.

Figure 8: Comparison of the swelling behaviol BES compacted at optimum moisture

content with model predictions.

22



Table 1:  Propertié8 of SPV200 Wyoming bentonite drsSherburn yellow building sand

SPV200 Wyoming Bentonite Sherburn yellow Building Safd
Average particle size = 2m Effective size (g = 212uim

Specific gravity = 2.751 Fines = 0.36%

Liquid limit = 354% Coefficient of Uniformity = 2

Plastic limit = 27% Specific gravity = 2.68

Moisture content = 13% (asipplied) Max & min void rati§’ = 0.82 & 0.38

Moisture content ~ 4% (as supplied)

Angle of repos& = 34

(1) Tests performed in accordaneéh B.S. 1377: Part2: 199inless otherwise indicated
(2) Data from Studds (1997)

(3) Data from Tay (2000)

(4) Determined by methods described in Head (1980)

(5) Determined by method recommended by Cornforth (1973)
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Figure 1: One-dimensional swelling behaviour of SPV200 benton{#® utistilled water

and (b) various chloride salt soloris (after Studds et al., 1998).
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