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Abstract
This paper illustrates the results of an experimental study on sand–bentonite mixtures for their use as confinement barriers

for solid waste landfills. The mixtures have been prepared parametrically varying the percentage of bentonite. The sample

preparation method was established willing to simulate the compaction processes on site. In fact, the compacted samples

were tested following two different stress-wetting paths representative of the possible stress and imbibition sequences

occurring on a landfill confinement barrier. In the first case, the barrier comes into contact with rainwater before being

subjected to the overloading stress induced by waste disposal, while, in the second case, the barrier is overloaded by the

waste before being wetted by the leachate. The compressibility and permeability of the sand–bentonite mixtures were

determined, in both cases, by oedometric compression tests. The experimental results are analysed and compared in order

to evaluate the influence of the bentonite content on the mechanical and hydraulic behaviour of the mixture. Interpretation

of the results is also accomplished with a micro-mechanical investigation of the mixtures fabric. Suitable compositions of

sand and bentonite are finally proposed for the design of effective confinement barriers.

Keywords Bentonite compaction � Bentonite swelling � Bentonite hydraulic conductivity � Compaction of sand–bentonite

mixtures � Hydraulic conductivity of sand–bentonite mixtures � Oedometer test on bentonite � Oedometer test on sand–

bentonite mixtures � Sand–bentonite mixtures � Swelling of sand–bentonite mixtures � Waste landfills confinement

1 Introduction

It is generally agreed that correct waste management must

promote the reuse and recycling of the waste itself, in order

to reduce the disposal rates. Nevertheless, waste landfills

still play a fundamental role in the management strategy of

the waste cycle. Different rules and regulations have thus

been developed in most countries to ensure safe and

effective operation of landfills. Among various require-

ments, isolation of the waste body from the natural envi-

ronment must be guaranteed by waterproofing the landfills

bottom. This goal is typically pursued with artificial con-

finement barriers, made up of geomembrane sheets (usually

high-density polyethylene—HDPE) placed on top of a

compacted clay layer [13]. The latter must be able to stop

leachate flow in case of malfunctioning of the geomem-

brane caused by a defective welding or punching of the

sheets or by any other reason. As an example, the Italian

regulation establishes a minimum thickness for the clay

layer of 100 cm and a hydraulic conductivity of the

material not higher than 10–7 cm/s.

However, suitable clay soil might not be always avail-

able at acceptable distances from the landfill. Thus, it

becomes necessary to use alternative materials that meet

the same regulatory requirements. A possible solution

consists in adding a hyperplastic material like bentonite, to
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granular materials available on site, in order to infer a

waterproofing capacity to the latter [8, 13, 34, 54]. The

principle of sand–bentonite mixtures stands in mixing two

materials that are chemically stable and currently available

from the mining industry, to combine their largely different

physical, hydraulic and mechanical properties in a new

product able to accomplish the isolation requirements.

Bentonite is a very active clayey material that infers a low

permeability and a high ductility to the mixture, allowing

to control seepage and undergo large deformations without

cracking [34]. Sand is a granular material capable of

forming a relatively stiff and strong fabric. In addition, it

provides stability against the swelling–shrinkage tendency

of the bentonite when the latter is subjected to cyclic

wetting–drying processes [9, 11, 53]. Cut-off walls for

hydraulic or waste-containment facilities [14], impervious

cores of earth dams [23] or barriers to the seepage at the

base of waste landfills [13] are among the typical appli-

cations of the sand–bentonite mixtures. In the past, this

material has also been exploited to seal nuclear waste

disposals [22]. More recently, El Mohtar et al. [12] and

Santagata et al. [37] have shown the capability to reduce

the liquefaction susceptibility by permeating bentonite

suspensions through the sand pores.

Each application is characterized by a variable amount

of bentonite, water and a different construction method. In

particular, cut-off walls are made by pouring the mixture as

a slurry prepared with very high water content, while earth

dams’ cores and landfills base layers are created with

mechanical compaction at much lower water contents

[13, 14]. For each case, it is necessary to understand the

working conditions to set a material’s composition that

enhances the required functions. In general, the water-

proofing capacity of the bentonite can be associated with

the relatively high shear strength typical of sand, being the

material’s composition a fundamental design issue. If the

swell capacity of the bentonite exceeds the void space

available among the sand grains, the pores are completely

filled with hydrated bentonite and the permeability of the

mixture becomes very low, approaching the characteristic

value of bentonite [20]; on the other hand, if the bentonite

content is too small, the sand pores are not completely

filled and water is able to seep with relative freedom.

However, large amounts of bentonite reduce the material

strength up to a point that the material might become

unstable and compaction troublesome.

A review of case studies regarding the use of bentonite

in earth dams shows typical percentages of bentonite

ranging between 0.5 and 5% [20, 23, 52], whereas, in the

case of liner systems used to reduce leakage of pollutants in

waste disposal landfills, variable proportions are assigned

with bentonite content varying from 15 to 100% [34].

The economic convenience of sand–bentonite mixtures

for waste confinement barriers must be each time evaluated

considering the amount of bentonite necessary to achieve

the desired goal, in order to compare the costs of materials

with those alternatively necessary to bring larger amounts

of clayey soil from long distances. A comparison is not

possible in absolute terms, as costs depend very much on

local conditions, logistic issues (primarily the distance

from quarries) and market (unit prices). However, the

economic convenience of sand–bentonite barriers relies on

the optimal setting of bentonite content which is among the

goals of the present study. Bearing this goal in mind, the

present study covers the full range of bentonite content

(from 0 to 100%), focusing on the properties of this com-

posite material relevant for confining solid waste landfills.

The transition from the response of a granular to plastic

material is studied looking at the properties that dictate the

material’s response in this specific application. Plasticity,

compaction, compressibility, swelling and permeability are

investigated to understand fundamental mechanisms and

define an optimal composition. The experimental evidence

noticed at the sample scale has then been interpreted with a

microstructural investigation.

To verify the property of sand–bentonite mixtures for

waste confinement, an extensive experimental study has

been thus conducted. Laboratory investigations have been

performed on samples prepared by mixing sand and ben-

tonite with different proportions. Samples have been pre-

pared reproducing the site compaction process induced by

drum rollers. Hence, the compacted samples have been

tested following two different stress-hydraulic paths, rep-

resenting possible extreme wetting and loading sequences

of the landfill bottom layer. In the first case, the confine-

ment barrier comes into contact with rainwater soon after

placement and is thus saturated before being subjected to

the overloading stresses induced by waste placement. In the

second case, it is assumed that the barrier is not wetted by

rainwater during landfill construction and is thus over-

loaded in partially saturated conditions by the waste mass.

This sand–bentonite layer could ultimately be saturated by

the leachate produced by waste degradation (in the event of

geomembrane malfunctioning).

Compressibility and permeability of the sand–bentonite

mixtures have been determined, for both stress-wetting

paths, by means of oedometric compression tests. Samples

saturation is accomplished in both cases by adding distilled

water. The experimental results are analysed and cross-

compared in order to evaluate the influence of the bentonite

content on the mechanical and hydraulic behaviour of the

mixture. Suitable compositions of sand and bentonite are

then proposed for the design of effective confinement

barriers together with practical design considerations.
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2 Physical properties

The materials used in the experimental investigation are a

quarzitic sand from a quarry located in the area of Fos-

sanova (Southern Italy) and a sodium bentonite quarried

from Milos Island (Greece). The particle size distributions

of both materials, obtained by standard sieving and sedi-

mentation tests, are shown in Fig. 1.

The Fossanova sand is composed by subrounded grains

having diameters ranging between 0.180 and 0.425 mm,

uniformity coefficient equal to 1.54 and specific gravity

equal to 2.65.

The Milos bentonite, composed by approximately 80%

clay, 15% silt and 5% fine sand has a specific gravity equal

to 2.83. X-ray diffractometry reveals montmorillonite to be

the principal component of the bentonite [33].

The two materials are mixed in variable proportions,

identifying each mixture with its bentonite content (BC)

defined as the weight percentage of dry bentonite referred

to the total dry weight of the mixture. Liquid limit (wL) and

plasticity index (PI) obtained for the different mixtures are

plotted on the Casagrande plasticity chart of Fig. 2. As

expected, the plasticity of the mixtures increases with the

fraction of bentonite, as also shown by previous studies

[42, 43]. In particular, the experimental data follow a linear

trend along the U line, typical of montmorillonites [18]

falling above the H line of high-activity materials [30, 31].

It is also worth observing that small quantities of bentonite

(BC = 5, 7 and 10%) affect the liquid limit of the material

but do not infer meaningful effects on the plastic limit,

which is zero for the above percentages and is measurable

only for quantities of bentonite greater than 10%.

3 Sample preparation and compaction

In order to define the compaction characteristics of the

mixtures [33], standard Proctor tests have been performed

on materials prepared with a wide range of BC adopting the

procedure named as b-method in the ASTM procedure [4].

Normally, the choice of Proctor test type, standard or

modified, stems from a consideration on the energy

involved in the examined application. The standard Proctor

procedure has been preferred to the modified one consid-

ering that the lesser energy inferred on the sample enables

to reach the maximum relative density at higher water

contents and thus to better identify the contribution of the

sample humidity.

The mixing of sand, bentonite and water was carried out

following the instructions given by Kenney et al. [20] to

form the most possible homogenous material. For low

bentonite content (BC B 30%), sand and bentonite were

first mixed in a dry state and then water was gradually

added while stirring the paste; for higher BC ([ 30%), the

above procedure did not guarantee homogeneity of the

material and therefore the sand was firstly mixed with

water, then dry bentonite was slowly added, carefully

mixing the material with a spatula.

After mixing, the material was put in plastic bags and

allowed to hydrate for about 24 h, then compaction tests

were performed. For each BC, standard Proctor compaction

tests [4] were accomplished for variable water contents in

order to define a continuous compaction curve (dry unit

weight, cd, vs. water content, w). The optimal compaction,

defined as the maximum dry unit weights (cd,max) and theFig. 1 Grain-size distribution curves of Fossanova sand and Milos

bentonite used for preparing the mixtures

Fig. 2 Plasticity trend for increasing bentonite content (BC)
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related water contents (wopt), is evaluated for each mixture

from the regression curves. The results of compaction tests,

plotted in Fig. 3, can be summarized as follows:

• The density of the pure sand (BC = 0%) is dictated by

its uniformity coefficient [19] and, as expected, does not

depend on water content.

• The density of pure bentonite (BC = 100%) is much

lower, being slowly influenced by the water content.

• The mixture prepared with the lowest bentonite content

(BC = 5%) reaches a density higher than sand but

compaction is still negligibly affected by the water

content.

• All the mixtures with a bentonite content greater than or

equal to 7% (BC C 7%) show the classic bell-shaped

compaction curve, with a well-defined optimal com-

paction point (wopt–cd,max). Tatsuoka and Correia [47]

point out the paramount role of saturation degree on the

maximum density of clayey soils. According to this

evidence, the controlling variable should be the satu-

ration degree of the bentonite. Herein, it is not possible

to decouple the water contents of bentonite and sand

without making subjective assumptions. It was only

possible to compute a saturation degree for the pure

bentonite (BC = 100%) equal to 0.75, which is in line

with the indication of Tatsuoka and Correia [47].

In Table 1, the physical properties and the compaction

characteristics of each mixture are summarized.

The maximum Proctor density is now plotted versus the

bentonite content in Fig. 4. The plot clearly shows that

density increases with the bentonite content and reaches its

maximum for BC&20%, then progressively decreases.

This trend can be interpreted by identifying three different

fabric types of the sand–bentonite mixture considering the

interparticle void ratio concept [49–51]. A ‘‘coarse matrix’’

structure (i.e. sandy structure) is obtained when the sandy

matrix is predominant. This composition infers to the

mixture a mechanical behaviour similar to that of a cohe-

sionless soil (BC\ 10%, area A in Fig. 4); on the other

side, a ‘‘fine matrix’’ structure (i.e. clayey structure) is

created for high percentages of bentonite, when the sand

grains are dispersed within the clayey matrix. This com-

position induces a mechanical behaviour typical of a fine-

grained material (BC[ 50%, zone C in Fig. 4). A ‘‘com-

bined fabric’’ occurs for intermediate compositions of the

mixture, where it is presumed that both components con-

tribute to the mechanical behaviour of the mixture

(10%\BC\ 50%, zone B in Fig. 4).

The theoretical value of the maximum dry density (cd,-

max(A)) for the sandy structure material can be computed

with Eq. (1) as a function of the bentonite content (BC):

cd;maxðAÞ ¼
cs;sand

eþ 1
ð1aÞ

where e represents the interparticle void ratio:

e ¼ eg:min 1 � BC

100

� �
� BC

100
ð1bÞ

This relation considers the void ratio corresponding to

the maximum compaction of the pure sand (eg,min = 0.73,

computed considering the above given sand specific grav-

ity) and the partial filling of soil pores with the bentonite.

The basic assumption behind this calculation is that the low

content of bentonite does not interfere with the Proctor

compaction of sand [49].

On the other side, for the clay structure, the maximum

density of the mixture (cd,max(C)) can be correlated through

Eq. (2) to the bentonite content (BC):

cd;maxðCÞ ¼
1

eþBC
100

cs;bent
þ 1�BC

100

cs;sand

ð2aÞ

where

e ¼ ef;min �
BC

100
ð2bÞ

The minimum void index of the bentonite component

(ef,min = 1.49 i.e. minimum interfine void ratio) corre-

sponds to the maximum compaction of pure bentonite for

the above given specific gravity. The basic assumption

behind this calculation is that the low content of sand does

not interfere with the Proctor compaction of bentonite.

Results obtained by Eqs. 1 and 2 are plotted on Fig. 4

with two dashed lines, intersecting at a point which defines

the maximum theoretical value of the density of a mixture

made up of two different single-granular components. This
Fig. 3 Compaction curves of the sand–bentonite mixtures
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highest value cannot be reached due to the complex

interaction occurring between sand and bentonite during

compaction, when neither of the two components is pre-

dominant. However, it is worth noting from the plot that

the fabric of sand formed by compaction is not affected by

the bentonite until BC exceeds values of 10%, while the

fabric of the pure bentonite is limitedly affected by sand for

contents of the coarse material lower that 40% (BC = 50

7 60%). Interaction among the two components plays a

role in the intermediate phase (named transition in Fig. 4).

The optimum water content wopt and the corresponding

saturation degree S are also plotted versus bentonite

Table 1 Physical properties and compaction characteristics of sand–bentonite mixtures

Physical properties Compaction characteristics

BC (%) wL (%) wP (%) PI (%) wopt (%) cdmax (kN/m3) emin

0 0.00 0.00 0.00 – 15.11 0.73

5 33.39 0.00 33.39 – 15.95 0.64

7 42.12 0.00 42.12 18.00 16.22 0.61

10 51.57 0.00 51.57 16.74 16.38 0.60

20 101.50 23.11 78.39 16.17 16.70 0.58

30 162.48 24.01 138.47 17.95 16.30 0.63

50 279.09 29.27 249.82 24.11 14.90 0.81

70 386.58 46.33 340.25 30.09 13.28 1.05

100 626.73 59.65 567.09 39.78 11.14 1.49

BC, bentonite content; wL, liquid limit; wP, plastic limit; PI, plasticity index; wopt, optimum water content; cd,max, maximum dry unit weight; emin,

void ratio corresponding to maximum dry weight

Fig. 4 Maximum dry density as a function of the bentonite content
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content in Fig. 5. It is observed that the saturation degree

varies randomly in a relatively narrow range

(S = 0.73 7 0.81), while the optimum water content var-

ies substantially as a function of the bentonite content. In

particular, a linear dependency of wopt on BC can be

inferred for materials with larger bentonite fractions,

meaning that the compaction is basically dominated by the

finer material. On the contrary, for relatively lower BC

(5 7 30%), wopt is more stable, meaning that the bentonite

plays a less important role or, at least, the response is also

ruled by the sand.

The results from the present experiment are combined in

Fig. 6 with the other literature data [2, 6, 39, 43]. Noting

that the present experimental campaign is the only one

accomplishing BC values higher than 50%, the comparison

of wopt–cdmax curves shows a similar response for all cases

in spite of obvious differences on the swelling properties of

the bentonite and on the grain size distributions of the sand.

It is, however, noted that, while the dry density of the very

uniform Fossanova sand starts from relatively low values,

and thus bentonite has enough space to fill the pores

without interacting with compaction, according to previous

observation of Santucci De Magistris et al. [38], the same

effect does not hold true for more heterogeneous materials

(e.g. Shaker and Elkady [39]) able to reach higher density.

Here, thanks to the lower volume of pores, bentonite starts

to interact with compaction much earlier. This phe-

nomenon has a relevant implication when defining the

mixtures design, i.e. the composition that combines low

permeability with stability.

4 Fabric of compacted mixtures

The three possible types of microstructural arrangement,

just figured out from the results of compaction tests

(Fig. 4), have now been observed with a microstructural

investigation. To this aim, scanning electron microscopy

(SEM) and mercury intrusion porosimetry (MIP) analyses

have been performed on samples compacted with the

standard Proctor procedure. It must be recalled that the

microstructure of a material formed by granular and plastic

particles is substantially affected by the water content. For

homogeneity among the studied composition, but also

consistently with a possible site application, all samples

subjected to the microstructural analyses have been pre-

pared at the optimum water content previously determined

with the Proctor tests. More details on these tests are

reported in [32].

It is necessary to point out that samples subjected to

SEM were prepared after air drying and this procedure

induced some shrinkage of the bentonite that masks its

relevance on the overall soil fabric. However, the scanning

reported in Fig. 7 clearly shows that for a low amount of

bentonite (BC = 5%-Fig. 7b), the coarse matrix prevails,

being the sand fabric only marginally affected by the

addition of bentonite. It just starts filling the pores and

partially coats the sand grains, but the material response is

still dominated by the grain-to-grain contacts, thus con-

firming the evidences by the compaction curves (Fig. 4).

Previous ESEM studies performed by Montanez [28]

noticed a similar response. The role of bentonite on the

whole response becomes progressively more important for

higher bentonite contents. In fact, the bentonite paste

adheres to the sand grains surface and forms bridges that

affect the grain-to-grain contact force transmission

(Fig. 7c, d). In the transitional zone, the mixtures show a

complex microstructure, with a mechanical response partly

dictated by the sand particles and their contacts, partly

affected by the bentonite compression. For higher bentonite

contents (Fig. 7e), the fine matrix response is predominant.

Here, the sand grains are progressively less recognizable

being fully surrounded by the bentonite matrix. This

arrangement, partly masked in the figure by the shrinkage

of the bentonite occurred upon drying, highlights the

marginal role of floating sand particles on the mechanical

response and compaction as well. The above evidences are

consistent with the conceptual model depicted in Fig. 4 and

previously envisaged by Thevanayagam et al., 2003 [49].

In the performed MIP investigation [26], freeze drying

of the samples was performed to eliminate the pore water

without modifying shape and dimension of the original

pores [58]. Briefly, MIP tests consist in filling the soil pores

with a very high surface tension fluid, the mercury,
Fig. 5 Optimum water content (wopt) and saturation degree (S) ob-

tained by compacting sand–bentonite mixtures prepared with various

bentonite contents (BCs)
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progressively increasing the injection pressure in order to

fill progressively smaller pores. Using a theoretical relation

between injection pressure and pores size [56], it is pos-

sible to relate the amount of mercury cumulatively intruded

in the material pores, proportional to the volume of voids

(eMIP), to the dimension of the occupied pores. Finally, the

pore size density function PSD = deMIP/d(logP) can be

computed as a function of the pores size (d), which rep-

resents the distribution of volume fractions corresponding

to each pore size. This analysis has been performed on

sand–bentonite mixtures compacted at the optimum stan-

dard Proctor for 10% B BC B 30% (transition phase, see

Fig. 4) and the curves are shown in Fig. 8.

All mixtures in the plot present a trimodal distribution.

This result, also seen by Dixon et al. [10] despite their MIP

tests were performed on oven-dried samples, implies that

the microstructure of the material includes three families of

pores with largely different dimensions and relative pro-

portions: the macro-pores, having dimensions in the range

10–100 m, that represent the inter-grain spaces, i.e. the

voids formed among the sand particles (whose diameters

range between 0.180 and 0.425 mm Fig. 1) and free from

the bentonite occupation; the mesopores, with dimensions

in the order of few microns and a larger amount, represent

the inter-cluster spaces, i.e. the voids intercluded among

bentonite clusters; the micropores, with dimensions in the

order centi-microns, represent the intra-cluster spaces, i.e.

the voids entrapped within the bentonite clusters.

For completion, the presence of mesopores and micro-

pores was already observed by previous investigations

performed on compacted bentonite samples [35], and a

bimodal distribution was observed on compacted sand–

bentonite mixtures with high bentonite contents [1, 7, 25].

The distributions of the three pore classes obtained for

materials with, respectively, BC = 10, 20 and 30% show

some differences that deserve attention (Fig. 8). The

presence of bentonite somehow affects the compaction of

sand as slightly larger volumes of macropores (inter-grain)

are seen for BC = 20 and 30% compared with BC = 10%.

It was noticed before (Figs.4, 5 and 7) that, with these

fractions, the material fabric is still influenced by sand, but

the bentonite starts playing a progressively more relevant

role on compaction (see the transition phase in Fig. 4). The

macropores are partially filled by bentonite clusters, but the

voids formed among them (mesopores) are the widest pore

component. In terms of volume and dimensions, this vol-

ume is higher for the lowest bentonite content (BC = 10%)

while tends to decrease for higher BC values. The increase

of BC produces a progressive reduction of the volume and

dimension of the inter-cluster voids (mesopores) possibly

because, with higher bentonite fractions, compaction starts

to act on the clusters entrapped in the grain spaces.

Finally, there seems to be no clear trend between

amount of micropores and BC. In fact, while the volume of

micropores increases for BC passing from 10 to 20%, it

reduces for BC = 30%. Some role of the water–bentonite

interaction on the fabric of the compacted soil could be

envisaged [41], but data are too scarce to draw any

conclusion.

As a general conclusion from both the above analyses, it

is quite evident that for contents higher than 10%, there is a

Fig. 6 Comparison with the literature data for compaction characteristics of sand–bentonite mixtures
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transfer of compaction effects from the sand to the

bentonite.
5 Swelling and compressibility

The compressibility of the mixtures was investigated by

means of one-dimensional (i.e. oedometer) compression

tests [3], performed with different procedures conceived to

Fig. 7 SEM micrographs on oven-dried sample (a BC = 0%—cd = 14.99 kPa—w = 0.10; b BC = 5%—cd = 16.00 kPa—w = 0.18;

c BC = 20%—cd = 16.59 kPa—w = 0.17; d BC = 30%—cd = 16.20 kPa—w = 0.18; e BC = 50%—cd = 14.74 kPa—w = 0.24)
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simulate the conditions that may occur at the bottom of a

landfill (Fig. 9). In general terms, the application of sand–

bentonite mixtures at the bottom of waste deposits implies

compaction, soaking and loading induced by waste place-

ment. The latter two steps normally occur simultaneously

or, more rarely, with one phase anticipating the other. For

instance, soaking may occur before waste placement due to

heavy rainfall, or during and after waste placement due to

leakage. In the present study, two extreme conditions have

been considered, with soaking occurring up to saturation

before load application, or loading applied on freshly

compacted material and soaking occurring thereafter.

In the first case, it is assumed that the landfill bottom is

saturated by rainwater before placing the waste and

therefore the sand–bentonite layer can swell freely before

being subjected to overloading. To simulate this first

condition, the samples marked with the acronym CS

(compacted-swelled) in Fig. 9 were first compacted to the

Proctor’s optimum state, then soaked with water up to

saturation and left free to swell one-dimensionally in a

confining ring until no more deformation was recorded.

This process was accomplished on average in 29 days.

Thereafter, the samples were transferred in the oedometer

equipment and subjected to confined compression tests.

In the second case, it is assumed that landfill construc-

tion proceeds without infiltration of meteoric water and that

imbibition takes place only subsequently due to the

deferred production of the leachate. In this situation,

swelling induced by the imbibition is counteracted by the

weight of wastes and the final state is dictated by the

comparison between the applied vertical loading and the

swelling pressure. The former is proportional to the

Fig. 8 Pore size density function (PSD = deMIP/d(logP)) versus pore diameter (d)
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thickness of the deposit and thus depends on the specific

application, the latter can be measured with an ad hoc

laboratory procedure. In the present study, the swelling

pressure has been inferred soaking the sample with water

up to saturation directly in the oedometer cell while pro-

gressively increasing the vertical load in order to fully

compensate swelling [17]. This process took about 26 days

on average to finish. After reaching the swelling pressure,

the oedometer tests were prolonged increasing the vertical

load as in the previous case. These samples are marked

with the abbreviation CP (compacted-prevented Swelling)

introduced in Fig. 9. The main results obtained for both

loading paths are summarized in the following figures.

The experimental evidence shows a good correspon-

dence between swelling deformation of the CS samples

(Fig. 10) and swelling counterbalancing pressure of the CP

samples (Fig. 11). Both values increase with the bentonite

content, in agreement with the previous literature studies

[27, 44, 57]. It is also worth noting that swelling defor-

mation and swelling pressure are practically zero for

BC = 5% and start to increase for rather low BC (say less

than 10%). Considering water adsorption peculiar of the

plastic materials, this result implies that bentonite swells

within the sand pores, i.e. without affecting the fabric of

mixture, for contents lower than 10%. For higher BC,

swelling of the bentonite forces the sand fabric to expand,

with particles moving away from each other. This result

represents the other side of the medal with the evidence

previously seen on compaction where the effect of ben-

tonite was seen starting from BC approximately equal to

10% (Fig. 4).

The oedometer test results are summarized in Figs. 12

(from a to f for BC ranging between 0 and 50%) combining

in each plot the results of samples left free to swell (path

CS) with those of samples with prevented swelling (path

CP) for different bentonite contents. A third set of results is

added in the plot for reference, representing the compres-

sion curves of samples reconstituted in a fully saturated

state without compaction following the procedure proposed

by Burland [5]. It consists in adding to each mix a water

content contained between 1 and 1.5 times the liquid limit

to derive the curve in the e–rv plane defined by Burland as

intrinsic compression line (ICL). In all plots, the ICL curve

of the pure bentonite is also reported.

Considering the large compressibility of the bentonite,

all curves are plotted on bi-logarithmic planes adopting the

same scale [40]. In fact, the compression curves do not

show the typical linear trend of the normal consolidation

line when plotted on the classical e-log(r’v) plane, while

are better interpolated by straight lines (characterized by

high R2 values) in the bi-logarithmic plane log(r’v)–log(e).

It follows that the compressibility of the mixtures can be

characterized by the index a included in the following

relation Eq 3:

log eð Þ ¼ b� a� logrv0 ð3Þ

All curves for increasing BC values start from pro-

gressively larger initial void ratios being those obtained on

slurry samples (S) always above those representative of

free swelling samples (CS), the latter always above those

Fig. 9 Loading/wetting paths of the bottom barrier of a solid waste

landfill

Fig. 10 Swelling of samples with CS path as a function of bentonite

content

Fig. 11 Swelling pressure of samples with CP path as a function of

bentonite content
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obtained on samples with prevented swelling (CP). Nota-

bly, after an initial portion, the curves for S and CS samples

tend to be almost parallel, this response kept during both

the primary loading and unloading paths. This evidence

implies that the reconstitution process affects the fabric of

materials. Compaction of the partially saturated mixes

results in a void ratio gap but, at least for the considered

stress levels, does not affect much compressibility, this

Fig. 12 Oedometer test results on samples left free to swell during saturation (CS) and on samples with compensated swelling during saturation

(CP) (a sand and bentonite; b BC = 5%; c BC = 10%; d BC = 20%; e BC = 30%; f BC = 50%)
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property dictated primarily by the bentonite content. The

relative position of the curves confirms the evidence of

Burland [5] who attributed the differences in the com-

pression response of clayey materials to the different fabric

induced by the reconstitution method.

In general, for low bentonite content (say less than 10%)

compressibility is very low and primary loading and

unloading curves are rather overlapped. On the contrary,

there is a progressive detachment of the primary loading

from the unloading curves and a clearer appearance of

yielding for the S and CS curves. In other words, the

overall soil response is similar to that of granular materials,

i.e. slightly irreversible with a limited compressibility, for

low BC values; response becomes similar to plastic soils

for larger BC values. When BC increases, the curves tend

to the upper bound represented by the ICL of the pure

bentonite, i.e. presenting higher initial void ratio and

compressibility index.

However, a difference must be noted in the initial por-

tion of the curves for S and CS samples. While S samples

present an almost straight line during primary loading, a

knee typical of yielding becomes progressively sharper for

BC larger than 20% on CS samples. A yielding stress p’c

approximately equal to 50–60 kPa can be identified for

samples with BC[ 20%. This result suggests that the

compaction effort coupled with the matrix suction induced

by the partial saturation of CS samples induces a sort of

overconsolidation. This concept is clearly formulated into

constitutive models [46] that postulate a double hardening

mechanism with past stress history quantified by two

summed contributions, volumetric strain and matrix

suction.

The CP curves also start from initial higher void ratios

with increasing BC, as an effect of the bentonite content on

compaction (see Fig. 3). The suppression of swelling dur-

ing saturation (see CP compared with CS curves) makes

soil less compressible even for effective stresses exceeding

the pressure applied during saturation. The differences

between CS and CP curves can be explained considering

that water saturation induces a relaxation of the matrix

suction activated in the bentonite during compaction in the

unsaturated state. In the case of free swelling, the applied

total stress is zero throughout the wetting process and nil

effective stresses are applied in the final saturated condi-

tion. This state enables the soil pores to dilate adsorbing

water which is thereafter expelled during the subsequent

oedometer compaction. In the prevented swelling, the

reduction of matrix suction is simultaneously compensated

by an increase of the total stresses in order to prevent

expansion. Thus, the soil is progressively brought to its

final effective stress state (variable with the bentonite

content) without an unloading–reloading cycle but by a

progressive transfer of stresses from matrix suction to

external load. The observed differences can thus be

explained with ageing. In fact, the saturation process and

the simultaneous prevention of swelling lasted several

weeks during which load was progressively increased up to

the final values reported in Fig. 11. Leonards and Girault

[24] (reported by Burland [5]) claim that the micro-fabric

of a clay can develop increased resistance to compression

during ageing and that this resistance does not depend on

volume reduction due to creep. When aged clays are loa-

ded, the structural resistance breaks down at a critical

pressure and the subsequent compression curve is initially

significantly steeper than the standard virgin line. The

authors introduced the term ‘quasi-preconsolidation pres-

sure’ to describe this critical pressure.

The dependency of the compressibility index on the

bentonite content and sample formation is summarized in

Fig. 13. For BC = 5%, the compressibility is very low and

not influenced by the load path induced by the CS and CP

reconstitution procedures. This result may be explained

considering that the behaviour for such low BC values is

governed by the sand matrix. For higher BC values, the

compressibility increases for all cases, with similarly

higher for CS and S, lower for CP loading path. The

increase of compressibility proceeds with slower rates after

BC = 30%, meaning that the role of sand on the soil

compressibility becomes more marginal after this

percentage.

As a conclusion, the most meaningful change of

response between the two considered conditions occurs

within the BC interval 10–30% (named transition phase in

Fig. 4), while the role of coarse soil on the compressibility

of material ceases when sand particles become floating in

the bentonite matrix. It also follows from the performed

tests that compressibility of the sand–bentonite layer is

higher in case of saturation induced by rainwater before

placing the waste and that prevention of swelling by the

weight of wastes makes the material less compressible

even when vertical stress exceeds the swelling pressure.

The difference between the two conditions deserves to be

Fig. 13 Compressibility (a) versus bentonite content (BC) for differ-

ent reconstitution processes
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carefully evaluated as it could induce unforeseen stresses

or strains paths in the waste disposal linings at the contact

between zones undergoing different placement histories.

6 Permeability

The hydraulic conductivity of the mixtures k has been

determined by oedometer compression tests, inferring the

time-settlement curves with the classical one-dimensional

consolidation theory of Terzaghi [48], i.e. computing the

permeability through Eq. (4):

k ¼ cv � cw
Eoed

ð4Þ

where cv is the vertical consolidation coefficient, cw the

specific weight of water and Eoed the oedometric modulus

(Dr0v/Dev). The same procedure was applied by Sun et al.

[45] to measure the permeability of saturated sand–ben-

tonite mixtures.

The analysis has been performed on CS samples

(Compacted-Swelled) and on samples prepared at a water

content equal to 1 7 1.5 times the liquid limit (S). How-

ever, inference of the tests on CP samples (compacted-

prevented swelling) was rarely possible due to the irregular

shape of the time–settlement curves.

The correlation k(e) is plotted in Fig. 14 for the CS and

S samples prepared with three different bentonite contents

(BCs, respectively, equal to 5, 50 and 100%). The com-

parison reveals a fairly good agreement of the data

obtained with the two sample formation procedures, with

the same linear relationship between log(k) and log(e) for

each mixture and without a systematic difference. This

outcome somehow confirms the evidence shown in previ-

ous studies [16, 21, 29, 59].

Moreover, it is pointed out that the hydraulic conduc-

tivity of a soil in unsaturated conditions is lower than the

corresponding value (at the same void ratio) obtained on

saturated soil. In fact, it is well known that permeability

decreases as soil becomes unsaturated since less pore space

is filled with water [15]. For instance, several studies car-

ried out on compacted sand–bentonite mixtures show a

decrease in hydraulic conductivity for the microstructural

change during the saturation process [55] and a relationship

of the hydraulic conductivity with the amount of bentonite,

dry density of the mixture and water content at compaction

[36, 41]. For this reason, the dependency of the hydraulic

conductivity on the bentonite content has been evaluated

on the S samples, i.e. on the samples formed with a very

high water content that better guarantees saturation, and

reported in the bi-logaritmic e–k plot of Fig. 15.

The hydraulic conductivity values of the pure sand,

measured in previous direct permeability tests performed

on the sand in a loose (e = 0.82, k = 4.94�10-5 m/s) and

dense state (e = 0.51, k = 3.82�10-5 m/s), are reported for

reference in the plot. As logically expected, and noticed by

Sun et al. [45], permeability decreases with increasing BC

values. However, even small percentages of bentonite

(BC = 5%) provide a very low permeability to the satu-

rated mixtures, able to satisfy the minimum value (kmin-

= 10-9 m/s) usually required for the hydraulic barriers of

landfills. These results can be seen in conjunction with the

previously shown microstructural analysis. In particular,

the function k–e shows different rates for the lowest (5 and

7%) and the largest BC ([ 10%). This evidence can be

related to the material’s microstructure, dominated by the

sand at the lower bentonite content (Fig. 7b), progressively

more influenced by the finer soil (Fig. 7c–e). On the other

side, the larger permeability of sand–bentonite mixtures

compared with the pure bentonite can be related to the size

Fig. 14 Hydraulic conductivity versus void ratio for CS and S

samples formed with different bentonite content

Fig. 15 Hydraulic conductivity of sand–bentonite mixtures in fully

saturated condition
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and amount of intra-grain and inter-cluster pores (Fig. 8a,

b) that increases while reducing BC.

7 Conclusions

The experimental investigation has shown, in general, that

the properties of the sand–bentonite mixtures are markedly

influenced by the percentage of bentonite (i.e. bentonite

content BC), as could otherwise be expected. In particular,

three different structural types were observed after

mechanical compaction to Proctor’s optimum: a first

structural type is obtained for low values of the bentonite

content where the sandy matrix, being predominant, pro-

vides the mixture with a mechanical behaviour similar to

that of an incoherent material; a second type is determined

for high percentages of bentonite, since the grains of sand

are dispersed in the clayey matrix which gives the mixture

the mechanical behaviour typical of a fine-grained mate-

rial; finally, a mixed structure occurs for intermediate

compositions of the mixture, where both granulometric

components contribute to the mechanical behaviour of the

mixture itself.

The three possible types of microstructure identified in

the compaction tests have been confirmed by means of a

direct microstructural investigation (scanning electron

microscopy and mercury intrusion porosimetry).

The permeability of the mixtures decreases significantly

as the bentonite content increases and when the void ratio

decreases during one-dimensional compression. It is noted,

however, that even small percentages of bentonite (i.e.

BC = 5%) provide a very low permeability to the mixtures

which could satisfy the minimum value (kmin = 10-9 m/s)

usually required for the hydraulic barriers of landfills.

The compressibility of the compacted mixtures was also

investigated, by means of numerous oedometer tests

planned in order to simulate two different limit conditions

that can occur at the bottom of a landfill. In the first limit

case, it is assumed that the landfill bottom is wetted by

rainwater before placing the waste and therefore the sand–

bentonite layer can swell freely before being subjected to

overloading. In the second limit case, it is assumed that

landfill construction proceeds without the influx of mete-

oric water (or leachate) and that the imbibition occurs only

subsequently, due to the deferred production of the lea-

chate. Therefore, swelling induced by the imbibition is

counteracted by the vertical loading of the waste.

The swelling mechanism, induced by saturation of the

compacted samples, was evaluated for both stress-wetting

paths previously recalled. It was thus found that both the

volumetric expansion and the swelling pressure increase

almost linearly as a function of the bentonite content. Even

the compressibility, measured for both paths, increases

markedly as a function of the bentonite content.

In conclusion, the results obtained by this investigation

provide valuable indications on the possible use of sand–

bentonite mixtures for the construction of confinement

barriers to be placed at the bottom of waste landfills. The

first design requirement to consider is the permeability of

the barrier which must be usually lower than 10-9 m/s; this

requirement was respected for all the sand–bentonite

mixtures and therefore provides a positive indication.

It is also necessary, however, to consider the workability

of the mixtures and their tendency to swell if saturated by

water or leachate. To this end, it is suggested to keep the

bentonite content lower than 10%, in order to reduce and

possibly eliminate swelling.

The tendency to shrinkage due to drying of bentonite

[11] remains, however, to be investigated, as it could

determine the appearance of cracks in the confinement

barrier if exposed to air and sun drying.

Anyway, the design of a sand–bentonite barrier should

be based on appropriate laboratory investigations per-

formed on the sand and bentonite to be actually used.

Specific tests may also be conducted using solutions sim-

ilar to the expected leachate.

Expected settlements of the barrier should be computed,

in order to verify deformation compliance of the sand–

bentonite mixture. As a general rule, the Authors suggest to

keep the placement water content slightly on the wet side

of the compaction curve in order to provide larger flexi-

bility and also to reduce the swelling tendency of the

bentonite.

The design should be finally verified on site, in order to

optimize the construction process and verify the behaviour

of the barrier through appropriate investigations and

checks.
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