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Abstract Mixtures of sand and bentonite are generally

used as a liner material at the waste disposal site. Sand is

added to bentonite to achieve a higher compaction density

and lower desiccation shrinkage. A review of the literature

showed that most of the past research works has focused to

study the influence of bentonite on the various geotechnical

properties of sand–bentonite mixtures. Although sand

occupies a larger proportion in a sand–bentonite mixture, the

effect of proportion of sand and its particle size on the

characteristics of the sand–bentonite mixture is still unclear

as very little information is available. This study is an

attempt to understand the effect of the particles size of the

sand on the behaviour of various sand–bentonite mixtures

mixed in different proportions. Various mixtures of fine

sand–bentonite and medium sand (MS)–bentonite were

prepared by varying the sand content from 50 to 90 % by

dry weight of the mix. Mixtures were tested for Atterberg

limits, compaction characteristics, swelling and hydraulic

behaviour. Results indicated that variation in liquid limit is

not linear even though the clay content in the mixes varied

linearly; mixtures with fine sand (FS) displayed relatively

higher liquid limits compared to MS counterparts. FS mix-

tures exhibit relatively high optimum moisture content and

low maximum dry density. Consolidation test indicated that

irrespective of the sand particle size, mixes with bentonite

content\20 % showed a general lack of appreciable swel-

ling. This implied that bentonite content available was not

sufficient for filling the voids created by sand skeleton. For

the same bentonite content, mixtures with FS displayed

relatively higher swelling pressure and lower hydraulic

conductivity. For a given void ratio, FS mixtures exhibited

lowest hydraulic conductivity for all bentonite contents.

Keywords Sand–bentonite mixture � Atterberg limits �

Swelling pressure � Swelling potential hydraulic

conductivity

Introduction

Compacted soil-bentonite mixtures have been used as a liner

material at the waste disposal site and as a buffer material at

the nuclear waste repository. Clay liner, which is an integral

part of a landfill, acts as a barrier between the leachates and

the ground water to prevents the ground water from being

contaminated due to migration of the leachate. Similarly, the

buffer material protects the canister, which is used to store

the nuclear waste material, from being coming in contact

with water and getting corroded. Therefore, achieving a low

hydraulic conductivity [1] is considered the key objective

amongst other important parameters like desiccation sus-

ceptibility [2], compressibility, thermal conductivity [1],

longevity [1], shear strength, resistance to chemical attack

[3] etc. while selecting materials for the use as a liner and

buffer application [4].

Due to its high swelling, lower hydraulic conductivity

and contaminant adsorption capacity, bentonite forms an

integral part of a liner and buffer material. However, high

compressibility, high desiccation shrinkage, low shear

strength and low compaction density [5] are reasons of

concern. Generally, a locally available soil, such as sand, is

mixed with bentonite to improve its certain engineering

characteristics like maximum dry density, shrinkage [5],
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shear strength, and thermal conductivity [6]. When bentonite

is added to sand, due to its very small particle size, it

occupies the pore space present between the individual sand

grains. Once the bentonite comes in contact with water, it

starts to swell and fill these void spaces resulting in a

decrease in the hydraulic conductivity of the mixture [1, 7].

Various researchers have suggested of adding different

proportions of sand to bentonite to achieve the required

specification for the liner and buffer applications. From

their studies Mollins [8] found that the addition 5 % of

bentonite to sand can achieve the hydraulic conductivity

criteria of 10-9 m/s required for a liner material for the use

at a landfill disposal site [4, 9]. Cowland and Leung [10]

had suggested of adding a high quality bentonite in the

range of 5–7 % to a completely weather granite to achieve

the desired design hydraulic conductivity value for liner

material. Similarly, Hoeks et al. [11] had suggested of

adding 5–15 %, whereas, Gueddouda et al. [12] suggested

of adding 12 % bentonite to local soils to achieve the

design hydraulic conductivity value for a landfill liner.

A review of literature on the behaviour of sand–ben-

tonite mixtures indicated that sand, which has been used as

a filler material, has only been considered for its volumetric

stability in the mixture and no importance has been given

to assess its effect due to variation in its particle size dis-

tribution on the behaviour of sand–bentonite mixture. Most

of the previous researchers have focused only to study the

impact of bentonite proportions and quality on the beha-

viour of sand–bentonite mixture.

Few studies have been carried out in the past to inves-

tigate the effect of the particle size on the behaviour of

sand–bentonite mixture. To understand the effect of mixing

silt and sand sized materials with bentonite on liquid limit,

Sivapullaiah and Sridharan [13] conducted a series of tests

by adding bentonite to silt and sand in various proportions

and concluded that at same bentonite content mixtures with

fine sand (FS) exhibits higher liquid limit in comparison to

the mixtures with coarse sand. Though shrinkage limit is

influenced by the type of clay minerals and amount of clay

present, Sridharan and Prakash [14] concluded that

shrinkage of clay-sand mixture is not a plasticity charac-

teristic as it was thought before; instead, it is a function of

relative particle size distribution.

Jong et al. [15] used clay-spherical glass beads mixture

to study the influence of particle size and concentration of

glass beads on the shrinkage characteristics of clay and

observed that at low clay content the glass beads were in

contact with each other and the clay particles oriented

parallel around the glass beads. Due to this arrangement a

higher porosity and consequently a higher shrinkage limit

was observed by the mixtures.

Clay clods are formed at lower water content due to

flocculation nature of clay particles [16, 17] and influences

significantly on the hydraulic conductivity [17, 18]. To

study the clod size on hydraulic conductivity, Benson and

Daniel [18] used different clod sizes (4.8–19 mm) and

observed a six fold decrease in the hydraulic conductivity

value for the smallest clod size and concluded that the

hydraulic conductivity of a compacted soil also a function

of clay clod size. Dixon et al. [10] observed that with the

increase in the sand content in the bentonite the maximum

dry density increases, whereas, the optimum moisture

content and volumetric shrinkage due to drying decreases.

Gueddouda et al. [12] observed that with increase in the

sand content in a sand–bentonite mixture the friction angle,

hydraulic conductivity increases and swelling potential

decreases. Using mixtures of bentonite and locally avail-

able Mikawa silicate with bentonite content varying from 5

to 50 %, Komine [7] reported that that hydraulic conduc-

tivity decreases as the bentonite content increases in the

mixture and the decrease in the hydraulic conductivity was

particularly notable for bentonite contents in the range of

5–20 %. However, a further increase in the bentonite

content in the mixture did not decrease the hydraulic

conductivity appreciably indicating most of the void spaces

formed by the non-swelling particles gradually filled up by

the swollen bentonite up to a bentonite content of 20 % and

as almost no voids left for the swollen bentonite to fill, a

marginal decrease in the hydraulic conductivity occurred

due to further addition of bentonite. Sridharan et al. [19]

and Sivapullaiah et al. [20] attempted to explain the

influence of the grain size of non-swelling soil on the

swelling behaviour of soil-bentonite mixtures and observed

a rise in hydraulic conductivity value with increase in

coarse fraction in the mixture.

A review of the past studies clearly suggests that the

sand content has a definite controlling behaviour on the

various engineering properties of sand–bentonite mixtures;

where, the behaviour depends on how effectively the

bentonite fills the void space formed between the sand

particles. Since the void space between the sand particles

depends on the particle size of sand, which may vary from

sand to sand depending upon its gradation, it is quite

essential to study the effect of sand particle size on the

behaviour of sand–bentonite mixture. Hence, the main

objective of this study was to investigate the effect of

proportion of sand of different sizes on the behaviour of

sand–bentonite mixtures.

Materials and Methods

To investigate the effect of sand content of a particular size

on the behaviour of sand–bentonite mixture, a locally

available sand was used for this study. Further, to inves-

tigate the influence of the bentonite quality on sand–
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bentonite mixture, two bentonites of different mineralogi-

cal composition and swelling properties were selected for

the study and procured from Rajasthan state of India. These

bentonites are named as Bentonite-1 (or B1) and Bentonite-

2 (or B2) in the further discussion for brevity. Bentonite-1

(B1) was a moderately swelling bentonite, whereas, Ben-

tonite-2 (B2) was a higher swelling bentonite. After a

thorough wash with de-ionized (DI) water, sand was sieved

following the guidelines provided in ASTM D 422–63 [21]

by using a sieve shaker and then separated into two groups,

i.e. FS (i.e. 0.075–0.425 mm) and medium sand (MS) (i.e.

0.425–2 mm).

Liquid limit test was performed on bentonites using

Casagrande’s liquid limit test apparatus in accordance with

ASTM D 4318 [22]. Both wet sieve analysis and

hydrometer analysis were performed in order to determine

the particle size distribution of bentonites. Standard proctor

test was conducted as per ASTM D 698 [23] to obtain

optimum moisture content (OMC) and maximum dry

density (MDD) of bentonites. Various properties of ben-

tonite used in the study are presented in the Table 1.

Fine and MS were added to both of the bentonites sep-

arately in a proportion of 50–90 % by dry weight and were

tested for Atterberg limits, compaction characteristics, and

one dimensional consolidation characteristics. Liquid limit

of the mixtures was determined by cone penetration method

as suggested by Sivapullaiah and Sridharan [13]. Com-

paction characteristics of sand–bentonite mixtures were

determined by standard protector compaction method as per

ASTM D 698 [23] and tabulated in Table 2.

Consolidation test was carried out in a standard con-

solidometer according to ASTM D 2435 [24] to assess the

hydraulic conductivity and compressibility behaviour. Mol-

lins et al. [8] indicated that due to swelling nature of ben-

tonite the consolidation testing data is more suitable than

other methods for hydraulic conductivity determination of

the sand–bentonite mixtures with bentonite content[5 %.

To bring out the significance of the water content on the

behaviour of mixtures, each mixed were compacted at 5 %

dry of OMC, OMC and 5 % wet of OMC.

Each sample was packed in an airtight polythene bag and

left for a period of 24 h in a desiccator for moisture equi-

librium. Samples of 60 mm diameter and 15 mm thickness

were made by statically compacting the moisture equili-

brated soil to its corresponding MDD. An allowance of

5 mm was given between the top of soil specimen and

consolidation ring to accommodate the swelling upon water

intake [25]. The entire assembly was placed in the consol-

idation cell and positioned in the loading frame with a

seating pressure of 4.9 kPa, distilled water was added at top

cap and allowed to swell until the swelling was completed

and corresponding vertical swelling with time was mea-

sured. Then samples were consolidated by increasing the

pressure gradually by an increment ratio of 1 (i.e. increased

by 4.9, 9.8, 19.6 kPa at each step) to a maximum pressure of

784.5 kPa. For each pressure increment the change in the

thickness of soil sample was measured from the dial gauge

Table 1 Characteristics of bentonites used in the study

Properties (%) Bentonite-1 Bentonite-2

Clay 52.2 68.0

Silt 43.4 28.3

Sand 4.4 3.7

Liquid limit 346.1 609.2

Plastic limit 33.0 41.5

Shrinkage limit 23.0 10.4

Table 2 Atterberg limits for

sand–bentonite mixtures
Sand–bentonite proportions Bentonite-1 (B1) Bentonite-2 (B2)

LL PL PI SL LL PL PI SL

Medium sand (MS)

50:50 69 25 44 24 145 18 127 25

60:40 55 21 34 29 125 17 108 30

70:30 50 19 30 31 97 20 77 37

80:20 33 17 17 28 74 19 55 38

90:10 32 NP NP 30 47 NP NP 34

Fine sand (MS)

50:50 80 19 60 22 171 22 149 23

60:40 61 17 44 29 139 24 115 32

70:30 48 19 29 33 102 25 77 37

80:20 42 18 24 37 74 33 41 40

90:10 33 NP NP 35 48 33 15 40

LL liquid limit (%), PL plastic limit (%), PI plasticity index, SL shrinkage limit (%)
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readings. The change in the void ratio corresponding to the

increase in the overburden pressure was calculated as,

De ¼ DH 1þ e0ð Þ=H ð1Þ

where, DH is the change in the thickness of sample due to

increase in pressure; H is the initial thickness of the sample

and e0 is the initial void ratio.

The coefficient of volume change was calculated as,

mv ¼ �
Dr

De
�ð1þe0) ð2Þ

where, Dr is the change in pressure and De is the change in

void ratio.

Coefficient of consolidation (cv) was determined by

Taylor’s square root of time fitting method given.

cv ¼
D

2
Tv

t90
ð3Þ

where, t90 is the time for 90 % degree of consolidation.

The hydraulic conductivity at each pressure increment,

k, was calculated using the coefficient of consolidation cv,

coefficient of volume change, mv and unit weight of water,

cw, as

k ¼ mvcvcw ð4Þ

Results and Discussion

Atterberg Limits

The plasticity characteristic of sand–bentonite mixture

depends upon the clay content and the type of clay mineral

present in the bentonite [13]. The data in Table 2 shows that

the liquid limit of the mixtures varied non-linearly even

though the variation in clay content was linear. For the same

proportion of sand–bentonite mixture, bentonite with FS

exhibited a higher liquid limit value in comparison to the

bentonite with MS. However, the difference in the liquid

limit value gets reduced with the increase in the sand content

in the mixture. The data in Table 2 indicates that for the

mixtures with a sand content of 70 % and higher, the sand,

irrespective of its particle size, strongly influences and dic-

tates the shearing resistance of the sand–bentonite mixture.

Similarly, the data also showed that the liquid limit of mix-

ture significantly depends on the size of sand particles. Data

in Table 2 also shows that the shrinkage limit of the mixture

increased with an increase in the sand content in the mixture.

Similar observation was also observed by Jong and War-

kentin [15]. Since at the shrinkage limit the capillary water

present in the pore space starts to evaporate [14], for a given

sand–bentonite mixture, FS-bentonite mixtures displayed a

higher shrinkage limit indicating the effect of large number

of tiny voids and the difficulty involved in removing water

from such tiny voids in comparison to a few large voids

formed because of the relatively lager sand particles in MS-

bentonite mixtures. The data also showed that the relative

difference in shrinkage limits between FS and MS mixtures

of same proportion increased with the increase in the sand

content and was more prominent for a sand content of 70 %

and higher. The data for the shrinkage limit also indicated

that bentonites with FS were relatively less susceptible to

volume changes with a change in water content in compar-

ison to the bentonite with MS of same proportion. Atterberg

limits for mixtures with sand content of 70 % and beyond

indicates a stark shift in the behaviour i.e. being influenced

by clay content to those being sand dependent.

Compaction Characteristics

The data from the compaction test in Table 3 shows that

for the same proportion, the FS-bentonite and MS-ben-

tonite mixture exhibited different OMC and MDD value

indicating a possible influence of sand particle size on the

compaction characteristics of the mixtures. Mixtures with

MS resulted in relatively a higher MDD and lower OMC

values for both the bentonites which can be attributed to the

effective filling of the bentonite particle in the void spaces

formed between the sand particles. Data in Table 3 shows

that the mixtures with 80 % sand content exhibited the

highest density among all mixtures. Once the void spaces

formed between the individual sand particles get com-

pletely filled by the bentonite, with a further addition the

bentonite occupies the space outside the void space and

decreases the density after imbibing water.

Table 3 Compaction characteristics of various sand–bentonite

mixtures

Sand–

bentonite

proportions

Bentonite-1 (B1) Bentonite-2 (B2)

OMC

(%)

MDD

(kg/m3)

OMC

(%)

MDD

(kg/m3)

Medium sand

50:50 22.5 1565 12.9 1598

60:40 19.0 1628 11.6 1624

70:30 16.0 1662 17.5 1657

80:20 15.0 1710 18.5 1651

90:10 18.5 1670 17.9 1611

Fine sand

50:50 22.5 1585 20.9 1555

60:40 20.5 1595 20.2 1582

70:30 18.0 1655 18.8 1607

80:20 18.4 1701 20.5 1612

90:10 17.2 1641 22.4 1579
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Swelling Potential and Swelling Pressure

When compacted sand–bentonitemixture is allowed to hydrate,

water gets absorbed by the montmorillonite into the interlayers

of montmorillonite resulting in an increase in the volume. The

extent of volume change is strongly dependent on the bentonite

content of the mixture, initial mixing water content and initial

dry density. Elsbury et al. [26] suspected that particle size dis-

tribution of themixturemight have an influence on the swelling

and hydraulic characteristics of the mixture. Swelling pressure

and swelling potential exhibited by various sand–bentonite

mixtures are presented in Tables 4, 5, 6 and 7. From the data in

the tables the swelling pressure and swelling potential can be

seen to be decreasing with increasing sand content irrespective

of initial compaction condition. The data shows that, for any

givenmix proportion, the samples compacted on the dry side of

OMC exhibited a higher swelling potential followed by those

compacted at OMC. A comparison between the mixtures with

FS andMSshowed that sandwith FS exhibited relatively higher

swelling pressure and swelling potential for any given mix

proportion. Irrespective of the particle size of sand, mixtures

with bentonite content\20 % showed a general lack of appre-

ciable swelling. Mixture with high bentonite contents (i.e. 50

and 40 %) exhibited very high values of swelling pressures and

swelling potential. For the same bentonite contentmixtureswith

FS displayed relatively higher swelling pressure and swelling

potential compared tomixturewithMS. For all mix proportions

mixtures with Bentonite-2, being a higher swelling bentonite,

Table 4 Swelling Pressure results of sand–Bentonite-1 mixtures

Sand–bentonite

proportions

Swelling pressure (kPa)

MDD-OMC MDD-5 %

dry of OMC

MDD-5 %

wet of OMC

Medium sand (MS)

50:50 56.0 106.1 88.7

60:40 31.8 106.9 45.5

70:30 33.2 96.2 25.4

80:20 15.2 17.6 11.8

90:10 1.1 1.5 0.9

Fine sand (FS)

50:50 246.9 282.6 217.5

60:40 230.5 272. 8 215.2

70:30 81.3 140.5 59.6

80:20 16.1 18.2 12.1

90:10 1.3 1.8 1.1

Table 5 Swelling pressure results of sand–Bentonite-2 mixtures

Sand–bentonite

proportions

Swelling pressure (kPa)

MDD-OMC MDD-5 %

dry of OMC

MDD-5 %

wet of OMC

Medium sand (MS)

50:50 340.5 388.4 335.3

60:40 300.1 219.1 242.2

70:30 134.4 215.8 50.4

80:20 23.5 79.7 21.2

90:10 10.2 0 0

Fine sand (FS)

50:50 372.2 431.7 343.3

60:40 344.4 258.9 332.3

70:30 79.5 101.0 71.5

80:20 52.6 94.7 21.6

90:10 7.8 10.1 5.0

Table 6 Swelling Potential results of sand–Bentonite-1 mixtures

Sand–bentonite

proportions

Swelling potential (%)

MDD-OMC MDD-5 %

dry of OMC

MDD-5 %

wet of OMC

Medium sand (MS)

50:50 1.9 3.8 2.9

60:40 1.4 6.2 1.2

70:30 1.0 2.8 0.2

80:20 0.3 0.5 0.1

90:10 0.1 0.1 0.1

Fine sand (FS)

50:50 9.6 11.8 15.8

60:40 9.0 15.7 4.3

70:30 3.5 3.0 2.1

80:20 0.3 0.6 0.1

90:10 0.1 0.1 0.1

Table 7 Swelling Potential results of sand–Bentonite-2 mixtures

Sand–bentonite

proportions

Swelling potential (%)

MDD-OMC MDD-5 %

dry of OMC

MDD-5 %

wet of OMC

Medium sand (MS)

50:50 18.7 35.0 17.0

60:40 16.2 8.0 7.8

70:30 4.6 18.5 1.6

80:20 1.0 6.3 0

90:10 0 0 0

Fine sand (FS)

50:50 18.4 24.1 10.2

60:40 13.3 11.5 22.7

70:30 2.0 5.2 4.1

80:20 1.4 7.4 1.1

90:10 0.2 0.2 0.2
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resulted in higher swelling potential and swelling pressure

compared to Bentonite-1. A comparison between the mixtures

shows that, for the sameproportion of sand–bentonite, bentonite

with FS content exhibited a higher value of swelling potential

and swelling pressure in comparison to bentonite with MS.

Bentonite effectively fills the smaller void spaces present

between the individual FS particles in comparison to relatively

larger void spaces between the MS particles. Once the void

spaces between FS particles are filled the bentonite, with a

further increase in thevolumeof thebentonite itwill start topush

the sandparticles resulting inahighervalueof swellingpotential

and swelling pressure. Similarly, data also shows that mixtures

with Bentonite-2, which has a higher swelling capacity, exhib-

ited a higher swelling potential and swelling pressure values in

comparison to mixtures with Bentonite-1 further indicating the

dependence of the swelling potential and swelling pressure on

the filling up the pore spaces between the sand particles.

Hydraulic Conductivity

The influences of bentonite content and initial compaction

condition on hydraulic conductivity of different sand–

bentonite mixtures are presented in the Figs. 1, 2, 3, 4, 5

and 6. Hydraulic conductivity of a compacted soil layer is
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defined and dominated by the network of interconnected

voids introduced because of mixing water content, com-

paction techniques, workmanship etc. [27]. Bentonite

occupies the voids created by sand matrix in a compacted

sand–bentonite mixture and when the bentonite gets

hydrated fully, it swells and tries to fill the voids thereby

effectively reducing the hydraulic conductivity of the

compacted mixture. Lambe [28] observed that arrangement

of soil particles or fabric plays a dominant role in hydraulic

conductivity of compacted soils.

Result for all the mixtures show that irrespective of the

initial compaction condition, mixtures with higher ben-

tonite content possessed a lower value of the hydraulic

conductivity. For any given mix proportion, FS-bentonite

mixtures exhibited lower hydraulic conductivity in com-

parison to MS-bentonite mixtures. Samples compacted at

5 % wet of OMC displayed lowest hydraulic conductivity

while those compacted at 5 % dry of OMC displayed

highest conductivity and samples compacted at OMC

remained intermittent, Benson and Daniel [18] attributed
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this phenomenon to the formation of soil clods at low

moulding water content and their gradual breakdown with

increasing water content resulting in a lower hydraulic

conductivity.

Figure 7 and 8 shows the effect of sand proportion and

particle size on the hydraulic conductivity of sand–ben-

tonite mixture at a particular void ratio. Figure 7 com-

pares the hydraulic conductivity value of different sand–

Bentonite-1 mixtures, mixed in various proportions at a

void ratio of 0.6. Similarly, Fig. 8 compares the hydraulic

conductivity value of different sand–Bentonite-2 mixtures,

mixed in various proportions at a void ratio of 0.65. The

plots show that irrespective of type of bentonite present in

the mixture, for the same proportion of sand, mixture with

MS exhibited a higher value of hydraulic conductivity in

comparison to mixture with FS. This can be attributed to

the inability of bentonite to fill the large pores formed in

the MS particles resulting in a higher value of hydraulic
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conductivity. The plots in Figs. 7 and 8 also show that the

difference in the hydraulic conductivity between the

mixtures of 50 %FS ?50 %B1 and 60 %FS ?40 %B1

was very less indicating 40 % of Bentonite-1 is well

enough to fill the void space present between the FS

completely. The plot in Fig. 8 shows that for any given

proportion of the mix, the difference in the hydraulic

conductivity between the mixtures of FS and MS with

Bentonite-2 was marginal indicating the effectiveness of

Bentonite-2 to fill the pore space owing to its higher

swelling capacity.

Conclusions

The following conclusions were drawn from the work

presented above;

1. For any given proportion of sand–bentonite mixtures,

FS mixes were observed to be more plastic and high

swelling than MS mixes

2. Shrinkage limit was observed to be increasing with

sand content, which again is relatively higher in case of

FS-Bentonite mixtures
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3. Bentonite with MS exhibited higher MDD as com-

pared to mixture of bentonite with FS of similar

proportion

4. Swelling characteristics obtained from the tests

showed that bentonite content\20 % was insufficient

in filling the void spaces created by sand matrix

5. For a given bentonite content, bentonite with FS

exhibited relatively a lower hydraulic conductivity

value possibly due to the effective filling of voids

created by sand matrix

6. Hydraulic conductivity of sand–bentonite mixtures are

very much dependent upon particle size of sand among

other things like bentonite content, mixing water

content, compaction energy used and quality of

bentonite used etc.
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