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Ja
a) N3 eNauuInluan 5 %

TavigHan D (cm’/s) R n MSE
Pb>’ 1.72x 10" 130.00 0.26 0.0031274
Ni** 1.77x 10" 115.09 0.26 0.0022115
Zn”' 1.12x10° 111.31 0.26 0.0015020
cd”’ 1.40x 10° 89.93 0.26 0.0026762

b) AMHHE UMD

TavigHan D (cmz/s) R n MSE
cr’ 1.80x 107 81.00 0.38 0.0031936
Pb>’ 3.50x 107 79.10 0.42 0.0004673
Ni 9.14x 10" 47.10 0.42 0.0002715
Zn’ 8.90x 107 43.36 0.42 0.0009201
cd” 4.00x 10" 37.00 0.42 0.0000578
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0.005 ‘ ‘
Sand-bentonite with Ni?*
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Time (years)

I I
Sand-bentonite with Pb?*
Ct / C0 X CO max
————— Ci/ Cox Cpayg
—  — G/ CyxCqysepn
| 41.3 yrs
r C0 standard < 001 mg/L
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l -
0 20 40 60 80
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Sand-bentonite with Znz*
L Ct / CO X CO max |
————— C,/CyxC, avg
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! I ! I I
Kho Hong Lateritic Soil with Cr3* — i
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0.4 |

Kho Hong Lateritic Soil with Cd2*
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Kho Hong Lateritic Soil with Ni2*
i Ct / CO X CO max J
————— Ci/ Cox Cpayg
| CO standard < 002 mg/L
l 46.4 yrs 79 yrs _
7]
-
L P |
\ \
60 80

Time (years)

100

1 1 a’/‘ o a [ J
71520 UN 5.11 Breakthrough curves Y84 Ni’” HUFUNUFUAUGNTIADUIAHUL 60 cm



91

Effluent concentration (C;, mg /L)

0.5 \ !
Kho Hong Lateritic Soil with Pb?*
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Koh Yor Marine Clay with Ni*

C,/CyxC
C,/CyxC

0 max

0 avg

CO standard < 002 mg/l—

1.60x107 ‘ |
)
D 1.20x10% -
€
o
o I
c
9
£ 8.00x10° -
c
(¢}]
(3]
c
5 I
(8]
c
S 4.00x10° -
£
L
0.00x10°
0 200

400 600

Time (years)

800

1000

1 Y
Ailsenaun 5.16 Breakthrough curves Y93 Ni* MUFUAUS AWK HEUNZEDHUT 60 cm



96

0.03 \ \
Koh Yor Marine Clay with Pb2*
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Compacted sand-bentonite mixtures for
hydraulic containment liners

Tanit Chalermyanont' and Surapon Arrykul’

Abstract
Chalermyanont, T. and Arrykul, S.
Compacted sand-bentonite mixtures for hydraulic containment liners
Songklanakarin J. Sci. Technol., 2005, 27(2) : 313-323

Sand is a pervious material in nature. Mixing sand with appropriate bentonite contents yields sand-
bentonite mixtures having low hydraulic conductivity that can be used as hydraulic containment liners. In
this study, compaction tests were conducted to determine the optimum water content and maximum dry unit
weight of compacted sand-bentonite mixtures. Direct shear and hydraulic conductivity tests were conducted
to assess the shear strength parameters and hydraulic conductivity of compacted sand-bentonite mixtures.
Test results indicate that hydraulic conductivity of mixtures decreases about four orders of magnitude when
mixed with 5% bentonite or more. Mixing sand with bentonite, however, results in a decreased shear strength
of the mixtures due to the swell of bentonite when soaked with water. For the mixtures with bentonite content
varying from 0 to 9 %, the hydraulic conductivity of the mixtures decreases from 3.60x10°° to 4.13x10° cmv/s;
while the corresponding friction angle and swell ranges from 49 to 22 degrees and 0.85 to 10.32%, respec-
tively. In addition, the compacted sand-bentonite mixture with 3% bentonite content could achieve low
hydraulic conductivity of 1x10”7 cm/s which is a regular requirement for hydraulic containment liners, while
still having relatively high shear strength.

Key words : sand-bentonite mixture, hydraulic conductivity, liners
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Compacted sand-bentonite mixtures
Chalermyanont, T. and Arrykul, S.

FJanTaaevan 90112

Hydraulic containments such as reservoirs
and waste containment such as landfill are required
to have appropriate liners in order to prevent leaks.
Compacted clays are usually used as the liners
because they are very impervious. Hydraulic
conduct1v1ty of compacted clays is usually less
than 1x10” cmv/s. To build the liners with sand is
difficult because, naturally, sand is a pervious
material. Hydraullc conductivity of sand ranges
from 1 to 1x10° cm/s (Freeze and Cherry, 1979).
The hydraulic conductivity of sand can be reduced
if sand is mixed with a very impervious material
such as bentonite.

Bentonite refers to any material that is
primarily composed of the montmorillonite group
of minerals and whose physical properties are
dictated by the montmorillonite minerals (Grim and
Guven, 1978). Characteristics of montmorillonite
minerals include large cation exchange capacity,
large specific surface area, high swelling potential,
and low hydraulic conductivity to water (Gleason
etal., 1997).

Properties of bentonite are greatly affected
by interactions between its particles and the
surrounding pore fluid. The net electrical charge
on bentonite particles is negative (Mitchell, 1993),
which causes dissolved cations in the pore water
to be attracted to the surfaces of the bentonite. The
layer of water and absorbed jons that surrounds
a bentonite particle is referred to as the diffuse
double layer (DDL) (Mitchell, 1993; Shackelford,
1994). The size of the DDL is dominated by ionic
strength, dielectric constant, and temperature
(Gleason, 1997). The overlapping of DDLs of
bentonite makes it difficult for water and electro-
lytes to flow through (Hunter, 1981; Dukhin and
Derjaguin ,1974).

In this study, tests were conducted to
determine appropriate sand-bentonite mixtures
that could yield a hydraulic conductivity below
1x10” cm/s, which is a regular requirement for
water containment and waste containment liners.
Compaction tests were carried out to find out the
optimum water contents and maximum dry unit
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weight of sand-bentonite mixtures. Direct shear
tests and hydraulic conductivity tests were carried
out to determine, respectively, shear strength
parameters and hydraulic conductivities of sand-
bentonite mixtures compacted at 2% wet of
optimum water content obtained from compaction
tests. Several standard tests were also performed
to obtain properties of the sand and the bentonite.
Based on the test results, a suitable sand-bentonite
mixture that yields low hydraulic conductivity
while maintaining relatively high shear strength
is recommended for use as liner in hydraulic
containment applications.

Materials and Methods

Materials

The bentonite used in this study was
powdered sodium bentonite manufactured by Wyo-
Ben, Inc. This bentonite is generally used as drill-
ing mud in boring activities. Sand used in this
study was local sand within Songkhla Province
which is typically used as a construction material.
Standard tests were conducted with these two
materials in order to determine their properties.
The tests included: Atterberg limits, sieve analysis,
specific gravity, x-ray diffraction, x-ray fluores-
cence spectrometry, and scanning electron micro-
graph.

Compaction Test

Compaction tests were carried out to assess
the optimum water contents and maximum dry
unit weights of sand-bentonite mixtures. Sand-
bentoninte mixtures were prepared by mixing 3 kg
of oven-dry Songkhla sand with air-dry bentonite.
The bentonite contents used were 0%, 3%, 5%, 7%,
and 9% by weight. For each sand-bentonite mix-
ture, the optimum water content and the maximum
dry unit weight were determined using standard
Proctor compaction method (ASTM D698). Five
samples of the soil-bentonite mixture were prepared
with different water contents ranging from 3 to
17%. Tap water was added to the sand-bentonite
mixtures to obtain the desired water contents. The
sand-bentonite mixtures were allowed to hydrate

for at least 24 hours prior to compaction. An ELE
automatic compactor with a 5.5-b hammer was
used in compacting the sand-bentonite mixture
into the 4-in mold (inside diameter) with 4.5-in in
height in order to ensure the uniform compaction
for each layer. Total of 3 layers of soil-bentonite
mixture were compacted for each mold. After
compaction, the weight of the compacted sand-
bentonite mixtures was determined along with
their water contents. Correspondingly, the max-
imum dry unit weight and optimum water content
of compacted soil-bentonite mixtures were
determined from a compaction curve.

Measurement of Shear Strength Parameters

Shear strength parameters (i.e., cohesion and
friction angle) of the compacted sand-bentonite
mixtures which are significant parameters in
stability analysis, were determined by conducting
a series of direct shear tests (ASTM D3080). The
sand-bentonite mixtures were compacted in a
shear box of 6x6 cm’ with the thickness of 4.1 cm
to achieve the dry unit weight of at least 95% of
maximum dry unit weight obtained previously
from the compaction tests. Tap water was added to
the sand-bentonite mixtures to obtain the desired
water contents. The sand-bentonite mixtures were
allowed to hydrate for at least 24 hours prior to
compaction. Specimen water contents were set to
2% wet of optimum water content to ensure that
the hydraulic conductivities of the specimens were
low, as recommended by Gleason et al. (1997)
and Daniel (1994). Two sets of direct shear tests
were performed. For the first set, conventional
procedures were followed. The compacted sand-
bentonite mixture specimens were sheared im-
mediately after compaction. For the second set, in
order to simulate field condition of liners, the
specimens were inundated for one week prior to
shearing. For each direct shear test, three normal
stresses were used. The normal stresses used were
17.17,29.57, and 41.94 kPa. The strain rate of 0.5
mm/min was used for all tests and the time required
for shearing the samples to fail was about 4 to 8
min.
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Measurement of Hydraulic Conductivity

The hydraulic conductivity tests were
performed on compacted sand-bentonite mixtures
in rigid-wall permeameters. The rigid wall per-
meameters used in this study is shown schematic-
ally in Figure 1. A rigid wall permeameter is a
compaction-mold used in compaction test, made
of stainless steel tube, and mounted on top and
bottom with stainless steel plates. A collar was
mounted between the top plate and the permeameter
in order to obtain 1-D flow through the specimen.
The specimens were allowed to swell vertically at
the upper end into the collar that was filled with
deionized water which was boiled prior to use.
Stainless steel was used in order to minimize the
chemical reaction to permeant liquids. Deionized
water was permeated through the specimens from
the top of permeameter via a Teflon tube that

Burette with Influent Liquid ——

connected the top plate to the burette. Water level
observed from the scale on the burette was used
to identify the hydraulic gradient. The hydraulic
gradient used was 10 to 15 as recommended in
ASTM D5084. The graduated cylinders were used
to collect the effluents at the bottom of the
specimens. After the tests were completed, the
final heights of samples were measured and
reported in terms of percent swell, which is defined
by ratio of thickness of swell in the collar to the
original height of the specimen. For specimens
with 5% swell or higher, the specimens were
trimmed to their original height and hydraulic
conductivity tests were continued until steady
hydraulic conductivities of the specimens were
obtained.

To ensure that the hydraulic conductivities
obtained were reliable, a technique recommended

Stainless
Steel Top
Plate

O-Ring

Stainless
Steel Collar

Stainless
Steel Tube

Graduated Cylinder to
Collect Effluent Liquid

4.45/cm

O-Ring

11.65cm
Geotextile

O-Ring

Stainless
Steel Bottom
Plate

Figure 1. Rigid wall permeameter.
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Table 1. Properties of sodium bentonite.

Property Value
Liquid limit (%) 487
Plasticity index (%) 450
Percent Passing #200 Sieve 65
Specific Gravity 2.55
SiO, (%) 63.97
ALO, (%) 15.66
MgO (%) 451
Na,0 (%) 3.46
CaO (%) 2.62

Table 2. Maximum dry unit weight and optimum
water content of compacted-sand bento-
nite mixtures.

Bentonite Maximum Dry  Optimum Water
Content Unit Weight Content
(%) (kN/m”) (%)
0 19.47 9.0
3 19.35 10.0
5 19.10 10.5
7 18.68 11.2
9 18.56 12.0

by Daniel (1994) was used. Following this tech-
nique, the deionized water was permeated until
1) inflow and outflow rates were reasonably equal
and 2) the computed hydraulic conductivities were
steady.

Results and Discussions

Properties of Bentonite

The bentonite used in this study is powdered
sodium bentonite. A sieve analysis result shows
that percent passing No0.200 sieve of air-dry
bentonite is 65%. Properties of the bentonite are
listed in Table 1. Liquid limit (LL) and plasticity
index (PI) of the bentonite are 487 and 450% res-
pectively. The PI of bentonite indicates that bento-
nite is very highly plastic material and has high
swelling potential. X-ray diffraction test results
show that the bentonite consists of montmorillonite
which is a very highly plastic material and con-
sistent with PI value obtained. X-ray fluorescence
spectrometry test results show that the main
chemical compounds of the bentonite are silicon
oxide and aluminum oxide.

Properties of Songkhla Sand

Sand used in this study is local Songkhla
sand which is typically used as a construction
material. The grain size distribution curve of the
sand is shown in Figure 2. The corresponding
coefficient of uniformity (C) and coefficient of
curvature (C) are 11.7 and 1.0, respectively. Percent

passing No. 200 sieve is 6.5% and fine content of
the sand is found to be nonplastic. Thus, the sand
is classified as SW-SM according to the Unified
Soil Classification System (USCS).

Compaction Test Results

Compaction test results of sand-bentonite
mixtures are shown in Figure 3. Typical compaction
curves are observed for sand-bentonite mixtures.
For each compaction curve, the dry unit weight
of the sand-bentonite mixture increases with
increasing water content. After the optimum water
content is reached, the dry unit weight decreases
with further increase of water content.

The maximum dry unit weights and cor-
responding optimum water contents were obtained
graphically from the peak of compaction curves
and tabulated in Table 2. As expected, when more
bentonite was added, optimum water content
increased and maximum dry unit weight decreased.
As shown in Figure 3, when the bentonite content
varies from O to 9%, the maximum dry unit weight
decreases from 19.47 to 18.56 kN/m® and the
corresponding optimum water content of the
compacted sand-bentonite mixtures increases from
9 to 12%. When fine content (i.e., bentonite) is
mixed with sand, more water is required in com-
paction in order to achieve maximum dry unit
weight (Holtz and Kovac 1981). When water is
added to the mixture, the water acts like lubricant
that allows soil particles to move closer to each
other, air void is minimized, and higher unit weight
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can be achieved.

When additional water was added after
optimum water content, the dry unit weight of the
compacted sand-bentonite mixtures drastically
decreased particularly at high bentonite contents
(i.e., 5%, 7%, and 9%} as shown in Figure 3. The
bentonite swelled further when more additional
water was added. At this stage, the additional water
and swelled bentonite which was lighter than sand,
occupied more space in the compaction mold
resulting in decreasing of the dry unit weight of the
mixtures.

Figure 3. Compaction curves of sand-bentonite mixtures.

Shear Strength Parameters

For all bentonite contents, the direct shear
test results showed that maximum shear stress of
sand-bentonite mixtures increases with increasing
normal stress. The corresponding horizontal strain
that yielded the maximum shear stress was as low
as 2% for low bentonite content mixtures and up to
6% or more for high bentonite content mixtures.
As expected the smaller horizontal strain was
observed for stiffer material (i.e., mixtures with
low bentonite content) and higher horizontal strain
was observed for softer material (i.e., mixtures with
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high bentonite content). Relationships between
shear stress and horizontal strain of mixture with
3% bentonite content tested as molded condition
are shown in Figure 4.

The Mohr-Colomb failure envelopes,
obtained by conducting linear regression of
maximum shear stresses and corresponding normal
stresses are shown in Figure 5. The corresponding
shear strength parameters are tabulated in Table 3.

For the first set of tests, the specimens of
sand-bentonite mixtures were sheared immediately
after compaction. As shown in Table 3 and Figure
5a, friction angle of compacted sand-bentonite
mixtures decreases with increasing bentonite
content. The friction angle of the sand-bentonite
mixtures decreases drastically from 56 to 37
degrees with increasing bentonite content from 0
to 5% and gradually decreases from 37 to 33
degrees with increasing bentonite content from 5
t0 9%.

In contrast, the cohesion increases with
increasing bentonite content. Cohesion of the sand-
bentonite mixtures increases drastically from
approximately O to 21.47 kPa with increasing
bentonite content from O to 5% and gradually
increases from 21.47 to 24.90 kPa with increasing
bentonite content from 5 to 9%. The results of the

60 —

direct shear tests have shown that with only 5% of
bentonite added to Songkhla sand, the properties
of the sand changes from sand-like materials (e.g.,
high friction angle and low cohesion) to be more
clay-like materials (e.g., low friction angle and
high cohesion).

For the second set of tests, the compacted
specimens were inundated for one week prior to
shearing. Inundating specimens in the water is
analogous to the soil liners in the field which are
normally soaked with water. Shear strength
parameters obtained from this set of test should be
used in design because they closely represent field
condition. The inundated specimens swelled and
became looser than those tested under molded
condition. The swelling of the inundated specimens
was due to the increase of the thickness of diffuse
double layer of the bentonite particles. Since the
inundated specimens were loose, their shear
strengths were less than those tested under molded
condition. As shown in Table 3 and Figure 5b, the
friction angle of the inundated specimens decreases
with increasing bentonite content. The friction
angle of the sand-bentonite mixtures decreases
from 49 to 22 degrees while the bentonite content
varies from 0 to 9%. Only the mixtures with O to
3% are still having relatively high friction angle

Shear Stress (kPa)

—o— Normmal Stress = 17.17 kPa
—— Normal Stress = 29.57 kPa
—— Normal Stress = 40.94 kPa

Lo L

4

6 8 10

Horizontal Strain (%)

Figure 4. Stress-strain behavior of sand with 3% bentonite mixture obtained from direct

shear test.
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Table 3. Shear strength parameters of compacted-sand bentonite

mixtures.
Bentonite As Molded Specimen Inundated Specimen
Content Friction Angle Cohesion Friction Angle Cohesion
(%) (Degrees) (kPa) (Degrees) (kPa)
0 56 0 49 2.85
3 47 6.43 38 12.65
5 37 21.47 30 4.84
7 35 24.11 22 5.50
9 33 24.90 22 4.72
70 - e e T e = 70 i S s e
Sand only o --%  Sandonly
b -*— Sand + 3% Bentonite .7 *  Sand + 3% Bentonite
60 - = Sand + 5% Bentonite 60 ﬁ Sand + 5% Bentonite
i —+- Sand + 7% Bentonite Sand + 7% Bentonite
—®— Sand + 9% Bentonite ) " ~ | - ®— Sand + 9% Bentonite o
& S0Ff T g 50[
F oo . I £
[ZI, "’,;/',"’ . & aoﬁ = i B
o B ] [ _
20 - 20 B
10 [ RTINS R 7 Ju— U _ da J,—l‘ U I
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(a)

Normal Stress (kPa)
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Figure 5. Mohr-Coulomb failure envelopes obtained from direct shear tests: a)as molded
specimens, and b) inundated specimens.

X

of 49 and 38 degrees respectively; whereas, the
friction angle of mixtures with high bentonite
content of 7 and 9% are low because of the
loosening of the mixtures due to swelling bentonite.
Cohesion of the mixtures is low comparing to those
tested under molded condition. The mixtures lost
their cohesion bécause of the swell of the bentonite
particles particularly at bentonite content of 5 to
9%.

Hydraulic conductivity
The hydraulic conductivity tests were
conducted using rigid-wall permeameters follow-

ing procedures recommended by Daniel (1994).
For all sand-bentonite mixtures, the testing process
was continued until the hydraulic conductivities
were reasonably constant and the rate of inflow to
rate of outflow ratios were close to unity. Hydraulic
conductivity test results for mixture with 3%
bentonite content as a function of time are
demonstrated in Figure 6. Within the first two
weeks, the hydraulic conductivity and rate of in-
flow to rate of outflow ratio were fluctuated. After
two weeks, these two values were reasonably
constant which indicated that the constant flow
was reached and reliable hydraulic conductivity
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had been achieved. For higher bentonite contents,
the time to reach constant flow was longer. For a
mixture with 9% bentonite, time required to reach
constant flow was about 12 weeks.

Relationship between hydraulic conduct-
ivity of sand-bentonite mixtures and percent
bentonite content is shown in Figure 7. The
hydraulic conductivity of sand is 3.6x10” cm/s. The
hydraulic conductivity of sand-bentonite mixtures
decreases with increasing bentonite content. The
hydraulic conductivity reduces about four orders
of magnitude with the bentonite content of 5% or
more. For bentonite contents of 3 and 5%, the
hydraulic conductivity of the mixtures decreases
significantly to 5.13x10® and 5.15x10° cm/s,
respectively. Further increase of bentonite content
above 5% does not make significant reduction
of hydraulic conductivity. For mixtures with 7 to
9% bentonite content, as shown in Figure 7, the
hydraulic conductivities of sand-bentonite mix-
tures were 4.89x10° and 4.13x10° cmy/s, respec-
tively. The common regulatory requirement for
compacted soil liners states that the hydraulic
conductivity should be less than 1x10” cm/s. Thus,
the compacted sand-bentonite mixtures with only
3% bentonite or more are adequate to use as liners.
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Figure 6. Ratio of inflow to outflow and hydrau-
lic conductivity vs. time of sand with
3% bentonite mixture.

Relationship between swell and bentonite
content is shown in Figure 7. For sand without
bentonite, very small swell of 0.85% was observed.
The swell of sand-bentonite mixtures significantly
increases with increasing the bentonite content
from O to 5%. The swells of mixtures with 3 and
5% bentonite were 4.30 and 9.46%, respectively.
Addition of bentonite content above 5% did not
increase swell of the mixtures. As shown in Figure
7, the swells of mixtures with 7 and 9% bentonite
content are approximately the same at 10.32%.

The hydraulic conductivities of sand-
bentonite mixtures are significantly related to their
swell. As shown in Figure 7, for bentonite content
up to 5%, the hydraulic conductivity significantly
decreases whereas, the swell significantly increases.
For bentonite content greater than 5%, the swell
nearly ceases to increase and so does hydraulic
conductivity.

The hydraulic conductivity of sand-bentonite
mixtures was less than that of the sand without
bentonite. Sand particles with bentonite adhered
on their surface filled up the voids between particles
resulting in smaller water flow path and decreased
hydraulic conductivity. Scanning Electron Micro-
scope (SEM) pictures with 1500 times magnifica-
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Figure 7. Hydraulic conductivity and swell vs.
bentonite content of sand-bentonite
mixtures.
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Figure'8. Scanning electron microscopy pictures with 1500 times magnification: (a) sand
surface (b) sand surface with bentonite.

tion of sand surface (Figure 8a) and sand surface
with the adhered bentonite (Figure 8b) shows that
the sand surface was rough and full of voids. On
the other hand, sand surface with the adhered
bentonite was smooth and voids were filled.
Chemical resistance of the sand-bentonite
mixtures was not considered in this study.
Permeating sand-bentonite mixtures with high
concentration solutions may results in increasing
hydraulic conductivity of the mixtures. In addition,
solute transport through sand-bentonite mixtures

was not included in this study. Additional tests are
being conducted to cover these issues in order to
assess the suitability of using sand-bentonite
mixtures in liners that might face with many kinds
of solutions such as landfill liners.

Conclusions
The properties of compacted sand-bentonite

mixtures were assessed by conducting a series of
tests. From these tests, the following conclusions
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can be drawn.

1. Maximum dry unit weight decreases and
optimum water content decreases with increasing
bentonite content of the compacted sand-bentonite
mixtures. Compaction test results show that when
bentonite content varied from 0 to 9%, the
maximum dry unit weight decreases from 19.47
to 18.56 kN/m’ and the corresponding optimum
water content increases from 9 to 12%.

2. When varying bentonite content from 0
to 9%, the friction angle of the sand-bentonite
mixtures of the inundated specimen decreases
drastically from 49 (very dense) to 22 degrees (very
loose). The friction angle of the compacted sand-
bentonite mixtures that were inundated for one
week prior to shearing was less than that of
specimens tested under molded condition because
of the swell of the bentonite.

3. Hydraulic conductivity of the sand-
bentonite mixtures decreases with increasing
bentonite content. The hydraulic conductivity
decreases approximately four orders of magnitude
when 5% bentonite content or more are used.

4. Hydraulic conductivity of the sand-
bentonite mixtures is related to the swell of the
mixtures. As swell increases, the hydraulic con-
ductivity decreases. Use of bentonite content more
than 5% does not significantly decrease hydraulic
conductivity of the mixtures. In contrast, adding
bentonite content more than 5% results in lower
shear strength and higher swell of the mixtures.

5. The common regulatory requirement for
compacted soil liners states that the hydraulic
conductivity should be less than 1x107 cmys.
Thus, compacted sand-bentonite mixtures with 3%
bentonite content compacted at about 2% wet of
optimum water contents are qualified for use as
liners in hydraulic containment applications with
relatively high friction angle of 38 degrees.
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) o o . o o . o a £
AuanTazaslanzniniSusanuanlawd CrF, PbY, Ni¥t, Zn®, and Cd* anud1au aaulszant
miﬂaulﬁﬁws’fiuqumaaﬁugn%’omé’mﬁmmﬂ 4.0x10° 99 5.0x10° cm/s MINAFALWIAINY
. e o N L e o £ o ¥ .
fMunmuansiadaasagudseansnisoanlivinGuniunudn drsndseantnisoenlwvinGunau
A [ v A, a X A 9 A Aa v o '
°uawugﬂsamammmmumamaaumumiaxmﬂmmumummmmumnmw 0.001 M.
Breakthrough 28981382818 %2 RININNNINARDILUUFANS ANARAAARBINLAIAURINIT
A A i o o a £ ' '
migmm@1mﬁvl,@]mnmimaaumemwﬁ mauﬂimmﬂ’mmma:LLWﬂmai‘m']wmagﬂ
fwrmlasnsWa Breakthrough curves AugumsMsiadauivasasazasludn Lazausn

il lunseanuuuanunmvasTuwiudylusnundsnau U:QQNQU"L@T
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Transport Parameters and Heavy Metal
Adsorption of a Compacted Lateritic
*

Soil

Tanit Chalermyanont” Surapon Arrykul ? and Nantanit Charoenthaisong‘”

D Assistant Professor, Department of Civil Engineering, Faculty of Engineering, Prince of Songkla
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? Associate Professor, Department of Mining and Materials Engineering, Faculty of Engineering, Prince of
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3 Graduate Student, Faculty of Environmental Management, Prince of Songkla University 90112

Email: tanit.c@psu.ac.th

ABSTRACT

A series of tests were conducted to assess properties of Kor Hong lateritic soil,
particularly transport parameters and heavy metal adsorption. Experimental results indicate that the
soil was low plasticity clay with low cation exchange capacity and slightly acidic with pH of 5.5. The
soil was reddish brown in color due to high iron content. Maximum dry density and optimum water
content of the soil were 1.7 g/cm® and 18%, respectively. Freundlich isotherm was found to fit well
with batch adsorption test results. Heavy metal adsorption capacities of the soil ranked from the
highest were Cr**, Pb?", Ni*', Zn*", and Cd*", respectively. Hydraulic conductivity of the soil ranged
from 4.0x10® to 5.0x10® cm/s when permeated with deionized water. Chemical compatibility test
results show that the hydraulic conductivities increased with time when permeated with chromium
solutions having concentrations greater than 0.001 M. Breakthrough points of heavy metal solutions
obtained from column tests were consistent with adsorption capacities obtained from batch adsorption
tests. Diffusion coefficient and retardation factor of the soil were calculated by fitting breakthrough
curves with a transport equation. These parameters can be used for calculating a thickness of landfill
liners.

Keywords : heavy metal, hydraulic conductivity, retardation factor, diffusion coefficient, lateritic soil,
adsorption, landfill liner

* Original manucript submitted: October 5, 2006 and Final manucript received: January 8, 2007
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o
Unw1

mﬁJmﬂﬁamaqmm%mmLLa:miﬁﬂmﬁadLL‘iﬁﬂﬁLﬁﬂmiﬁﬂam%ﬁfﬂLﬁﬂgi’éaumﬁau
walwormer T uazludn wananiulanswiinign Cd>, Zn®, Pb* uaz O sansowy'leln
ﬁw:ym\laﬂqmu (USEPA 1986, Ou 1989) 18 T0TH 829ARIANTIN wiovpzeuaelusnnd
ﬂdﬂauyadaﬂﬁﬁwzgﬂmaUﬁ'ma%"ﬁuLﬂum‘iﬂm'ﬁaumgi%tut{ﬁlﬁauvlﬁ (Ernst 1995) Tunududs
riaa%“wmni’aqﬁuﬁﬂuﬂaﬁaﬂaugaﬂauﬁmﬁwﬁﬂaaﬁ'umsvl,mﬂuaamsﬂwﬂauﬁag’lm{nga
Naﬂmgﬁm‘fﬂﬁau mﬂ%ﬁumﬁmu@é”ﬂs‘ﬁqLﬂui'a@;ﬁﬁmﬁmazﬁﬁmgﬂLﬁ'ammmmvl,ﬁ‘lu
ﬁaaﬁmﬂui‘aqﬁ'w’fﬁuluamuﬁElaﬂamw"aﬂ’l,umsa@]msl,ﬂ'é"auﬁmaamm:mUiaﬁzﬂﬁfﬂvlé'luﬁw
weyarlonld (Li uaz Li 2001) @umﬁmwé‘@ﬁmm:ﬁunwﬂﬁﬂui’aqﬁw’ﬁuﬁaaﬁ@hé(uﬂa:%%g
miwanlwihdurmu (Hydraulic Conductivity, K) fnd1 1x107 em/s (Gleason W@z Atk 1997)
WONINTLS auauddmaaduisdszmanaeiizasdu iliiien1sniag (Retardation) uazn1s
WWINTza1e (Diffusion) yasgsuwdanlwinler ‘Wﬁﬂﬁma%ﬁmeﬁaqmawﬂ'@ﬁaﬂdnﬁfﬂﬂdw
wifiasnisafend (Transport ~ Parameters) sulaun é’uﬂszaﬂﬁmmwi (Diffusion
Coefficient, D), hWaL@ asnInUg (Retardation Factor, R)

ﬂ'mﬁanl%i’a@ﬁ'u%m:ﬁaaﬁﬂﬁaﬁammmm:awmmﬁu funfigariasiuiiindu
anusTsumanmun i Fiiusuiuduausssumdle (Amatya Wz Takemura, 2002) @t
mﬁmﬁmm:au‘ﬁﬁ]:ﬁwLﬂu%guﬁ'u%uéw%'umsa:mmiamﬁﬁfﬂvlﬁﬁmﬁQmawﬁ'@ﬁéwﬁty 2
Usznsde dasmunsafiendulszannssenliihduriuiinsfidemsazanslanzneinnanin
Lazdasiianuaunsafazninsnsedeniivassrsazarnlansmin’le (Li uaz Li 2001) o
Urinalnofiouldaugnis (Lateritic soil) Lﬂuaunuﬁﬂ%%'umuﬁaa%"nnumﬁaaa’m@ugn%’amvlﬁ
olurasfiuuazaansnianuadaliuinldd mﬁ%'uﬂ%v'af:VL@T?mmqmauﬁ'aﬁugmmaqau
GUER ‘[@uﬁwmsmaaau,uuLLuwﬁLﬁ'aﬁﬂmmmmmsﬂumsg@acﬂﬁa NNNTNARIULLRANT
WaANEINITa035N1TIARauR waz FNIINARBININANIZNLTBINNUTUTUDIR1I8ZANY
Tanewindaddulszaninmssanlmidurinn e lUUszneuns@nsianumanzanyesnis
1°ﬁ§u§n%'omé’@Lﬂuguﬁ'u%uém%'umm:mUiammﬁﬂ

mMstadawnvasansazas lufn
A P P a a X Lo A A .
niefeunvasssazaisaiiunidluduiuegiunisiafouiuuunisna (Advective
transport)  N1ILARBUNULVUNIIUWS (Diffusive transport)  uazfAsemisiaiisenins@uny
838LANY LT NNIQAAART (Adsorption)  LTuen InslWsvasanuidudu (3UN 1) ugasnaw
3 v A =S a A a
Wuduvasansazany (C) NaNAN (z) wazIa (1) ludw Jeaansaatuneldlasgunisns
lﬂl lﬂl a v 1 d‘y
wnaaunvasansazaneludnlanada ludk
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aC _D*C v oC "
ot R 2 R Oz

e v, @esamslnedu (Seepage velocity) = Kilm lagi seanutuzsamans
(Hydraulic gradient) uaz n Aaanauwiuvasfn fAaLVBIENNNIT 1 anWamlas Ogata uaz
Banks (1961) LLﬁagﬂGTﬂLLiJaﬂﬁmm:auﬁumﬂ‘ﬁmu‘naa%uﬁu%ﬂﬂa Shackelford (1990) lug
299 SATFINVBIANNTNTU (C) AoANUTNTUSNEY (Initial concentration, C,) Wiaf3unn

ANUTNTURUANS (Relative concentration) dadialud

1 1-T, 1+T,
C(Z’t) =—<erfc R |y exp(PL )erfc * IR )
CO 2 TR R
2 |- 2 =
Pr Pr
vt

lagf Tx A Walaasvadian (Time Factor) = —— , P, @a Antaduniues (Peclet

VezZ dep A , o a A o a £ ¢
Number) = —=— ,R= 1+ , Pg 8 QIMUARWILLWLLAIVDIOW LR Kp AaRNUIZENDTNI
n

i (Partitioning coefficient)

c=0 CO > C
Z
Solution
z=0
\ Soil L
Concetration profile
Clz,t)
Depth
\4

3N 1 ATV UVBITITRZA [UAY
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AnaNTI
dugnianltluniinaseududugnisannianaensd saumminzuaImalng dune
T a a e 6 & =y dl a d’ . . A a e dl
wialng Janiasa lasfugnisnansdduduiiialufl (Residual soil) Fafiaannianwilun
VoIALEDINNNTZUIUNILAL-NENS (Osinubi uaz Nwaiwu 2006) fuaniinaniddminanauad
o o ' v & = A a A a_ 4 o A A e
waniscadnaldiivananuindszanm 0.5 - 1.0 lwasInAAuNanAnAoITagBunidauy

@
DRI LLa:QﬂamLﬁq WNBLASNNTONEIWTUNIINARaIsa b

miﬂﬂaauqmauﬁaﬁug'm

msmQmauﬂ'ﬁﬁugmmmﬁugn%’aﬂs:ﬂamﬁsJ NNINAFBUR A1 Atterberg’s  limits
(ASTM D4318) awlaln Anaanunaia9@u (Liquid limit) Waz ANawaa@n (Plastic limit)
A1 pH eUSanansaunsd mﬂizﬁ;mﬂﬁuamﬂﬁﬂﬂﬁ (Exchangeable cations) fingIulsznay
VBILITIAEN 9lag3% X-Ray Fluorescence Spectroscopy (XRF) ﬂ"lm'm‘mmLLuuLLﬁagaqmm:
Usinmanuduiinanzanlunmsuasa lag3TuadauuuuIaIg I (Standard  Proctor, ASTM
D698) uaz Ardudszantnsanlwindunnn Tagsszeuiuysiasn (Falling head method,
ASTM D2434) w3 53520utinaefl (Constant head method, ASTM D5084) lagldfiladasig
Witauds (Rigid wall permeameter) lunsnamoumiengulszansnisuonliinSurulels
@T’;aﬂ'waugﬂ%ﬁﬁfagﬂmgﬂi@ﬂfi%mmgmiﬂﬂ%ﬂ%mmmfﬂmnﬂd'}ﬂ%mmﬁwﬁmmmu 2% 3

a S d9 o o a £ g \ o o o .
Lfluﬂsmmmﬁl‘mmawﬂiza‘nﬁmmaulv&m%umumﬁq@mumLLuzm"uaa Benson and Daneil
(1990).

NMINATDULUVUUNG

MINAROUMINARAHILLLLLNG (Batch adsorption test) gﬂﬁmﬂﬁmqmawﬂ'ﬁmi@@
?nﬂﬁ'maaﬁugn%’aﬂamﬁﬁumm:mUiamﬁﬁfn 5 fa ldun waaflon, aznn, §onsd, Tandow
uaz finAia annuadsulasmsazany CACl, PbCl, , ZnCly , CrCly6H,0 uaz NiCl, 6H,0 d28%in
DI (Deionized water) mimaaaf%ﬁﬁumnﬁw?mgﬁoﬂam?Tﬁshumumsawai‘ 200 #HN 1 g A
18lu7@ Centrifuge 710 30 mL wasaniwiansazanslavewiny3inas 25 mL Aadoal3an
wan win lwnriud droe3enad finnusasen 300 mpm Hwam 24 luaielwlan
ﬂﬁﬂgﬂ@@ﬁ@ﬁﬁ?@%gﬂ%ﬂ wasnuwIzinduwnauasazan g luiuduuazasazanslanswinuon
%Z%ﬁ'% @Twm%"aa Centrifuge Sorwall Super T21 ﬁm’mﬁ’nauﬂs:mm 4.,000-8,000 JaudawIh
a1 10 W ﬁqm%qﬁ 20°C LLﬁaﬁwmsa:mﬂamﬂﬁnﬁLmﬂmn%uauagﬁmuumamaa@]
Naad VL‘]JL%E]ﬁ]’]\‘lLLﬁ"JeJLﬂi?:ﬁ%ﬂﬂ?ﬂﬂLfﬂ‘ﬁ%ﬁgﬂﬁ’]ﬂmﬂdiﬂ%z%ﬁﬂﬁ’mmém Flame  atomic

absorption spectrophotometer 8%a Varian §1 220A Australia #83431n%WINN1INARDILLLULNG
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F1 1ALl U nAM VT NI WS NI UV I TR LaRe RN I@mmnmimﬁumﬁﬁ):agluma 0.0089
£19 20.3839 mmol/L %38 1 f19 4,000 mg/L (Li Uaz Li, 2001) S wTuudazsfiavasznsazansazls
ANV UTRISUARALANAIINRUTENII 12 @1 GIRUNIANBIATIHLGHINITNARDILUULLNS

YHANATIN 60 A9

NINAFOURUUFANT

MINAFBUUUUFANT (Column test) pnibanldmdwnfiineinnedeudl lasieson
I . a @ & o 1a & A ' a & A =
dratsfugnisaensd laslddSnmanuduiinnnhuTnmansauiminzay 2% ol

a < { [ & < a & o a [
gwaadn 24 talus  weldanudunszaemuiadu nswhaslluedaauanaigiu
Standard Proctor compaction (ASTM D698) lu Mold awaidurnguingns 4 # g9 2 fia laold
1A389UABA8A A (ELE Automatic compactor) nuwshduiiuasauswias Mold luTadae
WHURLATLAR NHNE IFIT10 0N NIA WU BLAZAWAILEANEIN AW LA Irar1 T b I udnan
MUAILAZ IARBENNIIAIUUK  1ay Mold NITIuNSUasainwinMIuaans  AWLRAINIT

&V o A o o 2 & Ja % &

nasousans lduaasliluzun 2 dmsunmmasevsansdlunisdnmasadininaaasdaniin DI
AawlAouidusisazanslansnin tiasannnisiduinneniduasazaislansniinacinlvan
> 1 = Qs a l§ v g’ ' 0' ' k%3 L = 1
o819 0ANFNY Iz ENTNTEaN IR BUNIREINI NMINasadsuaIazaulan R NLNYIa L1

L@BIAURANNTVEY First exposure effect (Fernadez Waz Quigley, 1985)

Influent Effluent

P & &
3un 2 Q:L/nizum?maamwﬂmﬂﬂ

Lﬁaamnﬁugﬂ%\mamémw5@ﬁ§uﬂs:§w§ﬂﬂsmaulﬁ’m{w%umu@‘ﬁ'ma:ﬁmi%ﬁu
f1Iazaslansnin %aﬁmﬂﬁmmﬁuﬁgdwaLﬁalﬁmsazmu"lmaanmnﬁ’mﬂ’mlunmﬁ
wwnzay lasldanuauasfiviniy 50 kPa  wiafluwindudianutusaeans (Hydraulic
gradient) 1¥inNU 88.65 (Cabral 1992) msdsuanuswEuduRNIRNANNGHATIT 10 kPa 94 5
a%s  Tasudazassasinmenuewly 24 52l ieldonaludusaziialiinlnadn e

A288190UMBaAINTIAIN 9219USNaTHA InaEIRARAI8E 19NN R BUN LAY ka0 1Y
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fwamnidudszansnsanlmindurulasisanusuasd soaulisanmslinavasiniie
Tludregsdurintusannsinavesitaonau wazesulssansnsuonliinSuruasd ui
Solasuan s lnaruandaognsanniindussazans lanenein

syazaelansnindlfiduasaranonan Toiasunannisazany CACL , PbCl, , ZnCl,
W&z NiCL.6H,0 83 DI udhanwanss uazlaslussazaonauiianududuaas
waaLlly, asna, §9n=d uas Aniia agn9az 0.001 M nia 112.42 mg/L, 207.26 mg/L, 65.39
mg/L, uaz 58.87 mg/l @NEGL RAIMIENIIRTMBLEII M TALGai i Inarn
dataduaanan (Effluent) anuiaan lasiiunng 2-3 ¥mssneidednadsmsidiune
HNO; Tagl¥il pH vasdandnatindgnin 2 LLﬁaLﬁuﬁaama"ﬁﬁqmﬁQﬁ 4 °C it 15 e v
m’mLﬁuﬁumaﬂam%ﬁnﬁamﬂ%m Flame atomic absorption spectrophotometer ?i‘v%"a Varian g’u
220A Australia @a 11/

NIINAFDUAMNATWNIWBAITLAN

o . e e a £
MINARAINIANNAUNIUETLAN (Chemical compatibility) VasdFNLIzENTNTHN
Iﬁﬁﬁumumaoﬁugﬂ%’o ﬁ?@lqﬂi:aoﬁlﬂamwaamﬁ augni‘ﬁ]:ﬁmwmmsnﬂumia:mrJ

o A v o ' ' A o a £ o & ' & '
Iamwuﬂ‘ﬂmwLmumugamﬂLm"hﬂau‘nmauﬂimmmmaulﬂméﬁumngwmﬂummin
el I umuingyle mi@maaaummﬁ’mmumimﬁmaaaugﬂ%ﬁﬂﬁimﬂm%wamﬁaih\f[m
ad A s a a s 1 o 6 1 K% : o_ A ‘:' a 2
FTdeINUMTIaSNARal0819lwNNITI NI INaRaURAN LG LT Mold g9 4§ aunuedaud

e oo V¥ a e w ¥ - -

lUnasssnidsuyszsansnisoanlwinGueiin lasdsszausiiudsidasn las Mold Nktlunisue

v A o

v d’ & ‘:il @ ' £ I 1 s a ¢§ wg’ =S 1 o

dadurininndunlaalagnsniinds lunmmeseudaigudszantnisoanliminguriu vinldlay

q»:/ 1 a s ' 1 < 1 e a cf q/: =< [ d' o val d'
1% DI nacnudndagninanaunsznisaulszantnmsoanlminGuruidranulaiaai
2 o A Aq o & 3+ A A 3+ g
hmaasussfilinaseusidussszais Cr swwafiienansazais Cr lumnasaui
Azt langwinfdUszauananazyild Diffused double layer Fuilluunaiaaidanyniing
dadgulszantnisvanldmih S uivuaidanad Mlvdaraudszansnisoenliiinguriuien

¥ . . 4 v
gwmﬁmﬁm_lm_liamvsuﬂﬁﬁﬂszquaﬂﬂm (Mitchell 1976, Mathew W&z Rao 1997, Jo Waz At
2001)  ANANNTUTR-AFASN Ml InaseulasdTszauiud iuasuilaiin 20 Guatetng
YIRNA 5 28819 Qﬂw@aaaﬁ'ﬂmia:mﬂﬂﬂﬁwﬁmwmﬁuﬁu 5 52@U 210 0.0001 M, 0.001 M

o a £ o & ' a & o ' o '

, 0.01 M, 0.1 M uaz 1.0 M ddwdszainimisanliinduriuzasiuns 5 dredragniufine

1N 2 - 3 7u lutnamasauTINY Tz 500 T
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NAaNIIAN®

qmamﬁﬁmmﬁugn%’mam&f
mmsmaaumqmawﬁamaaﬁu@n%’aﬂamﬂﬁuamvlﬂumiwﬁ 1 fugniinanIdla
ienauas JanRnannumaiLazesinnuialriniy 43.0% uaz 21.8% audey USunmaui
HIRATLNTILES 200 1HNAL 56 % @T@ﬁ?u@u@n%’mam?Tmuﬁmﬁmuﬂvlﬁlﬂu fumieandanu
Huwanadinen (Low plasticity clay, CL) @13n1334wnkuy Unified soil classification system
NANINARAUNITLADANL I mﬂmwmuﬁuuﬁagaq@ (Maximum dry density) WazA1AIN
USIn AN uiiiwanzan (Optimum water content) Wiy 1.7 glem® w2 18.0% aNEGU 9
FOAAAAINUNANIIRUUNTRAVDIAW Lﬁaqa’maumﬁmﬁmm’]wmLLuuLLﬁagqq@ﬁ@‘i’ma:ﬁm

ANNSINmANNTRAIINZENN G

Soil Properties

USCS Classification CL
Color Reddish brown
Liquid limit (L.L.) (%) 43.00
Plasticity index (P.I.) (%) 21.80
Percent passing sieve #200 56.00
Maximum dry density (g/cm’) 1.70
Optimum water content (%) 18.00
pH 5.52
Organic content (%w/w) 4.92
SO4* (mg/kg) 822.82
CIl’ (mg/kg) 100.75
Exchangeable Cations

Na" (meq/100g) 0.87
K" (meq/100g) 0.26
Ca®" (meq/100g) 3.49
Mg”" (meq/100g) 1.00
Chemical Compositions

SiO, (%) 45.37
ALO; (%) 28.69
Fe,05 (%) 17.32
KO0 (%) 6.46
SO; (%) 0.18
Ca0 (%) 0.36

M1519N 1 @mawﬁ'ﬁ"ymﬁugnﬁﬂamﬁ
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1 a a €A ] s v & A a o & =3 v
1 pH  vasdugnIInenidiaLYini 5.52 LRAIAAUINGUNan Bzl wnIaLENa Y
a A a A 6 & v d' 1 1 v ol s v
wazlUSIuRIIBUNISantasNUszum 4.9% mmmmminLLanﬂs:ﬁ;mﬂﬂaumamaam@lvl,@
mndszauInfuaniddould (Exchangeable cation) “vasdugnisniidnstas (amefl 1) wan1s
a 6 A 1 a Q v oq e . I s
aTaRaUUINIMIAUIZNaUNIILAN WU @u@maﬂs:naumg Silica &z Alumina LIuwan
WAL NI RANNNNL I NN T UMY RBULURINIINIIM A WLAT AR NABIBNA LT UG

AMANTANIIAAGAH?
HANTINARBIINMINARBILLLULNT Lafnmguanifn1igadafivasdugnis (Uf
[ ~ v o ¢ ' o ' o A
3) lauaaslilugtvaslelomney Sauaas anudunuiznindandiusainialanzninfignga
Aafdainavasdugnisflilunsnaseu () uszanududugarisvasmsazaslansninida
ﬂs:mums@@?\@ﬂmu@mﬁa (Equilibrium concentration, Cy) gunNTlalwinayuad Freundlich
anlfidemanuauRUuEIzRIN q uaz Cp 28IHANTNARDILLLULNS W1THLaa5v84 Freundlich
AN o a 9 v 4 @ a £ A 4 . . o
fldanmsia sulaun auUszaNIWSATUVY Freundlich (Kf) wag Correction factor (1/n) @4
waadliluanmaf 2 lelmmanvesdugnisnumaazanslanzwinni 5 siia saaadadatadny
. A 2 I '
AU V04 Freundlich lapdien R agluts 0.966 fid 0.997
fwduanTaranslansutinianutududn (C; < 5 mg/L) lelamnanlusiuiiazdszanm
ladanwueidulduase (Fetter, 1993) iaalaloinandiuhidroaunaiduass aAnutuad
@ AV v o a £ ca o o A A
FUNIILERASIN AR FUUIzENDWISATY (K,) uazlauaasliluasien 2 luamendn
a a a el ke 4 . . A
anumuIalunIgafafiivesdugnislduaasliluinanuassn Adsorption capacity Taszanm
' A P ' ' . . v P '
N6 g Ngengaluudaznisnasey fn Adsorption  capacity leugaslilua1aan 2 ¢
Adsorption capacity ugaslfiinin anwmansamgalanznindefizesdugnisanuiniigaly

wonfgaluniae meq/100g ldur Cr', Pb*, Ni**, Zn™", uaz Cd** awdau

a 6 A ~
NIINABINITLAR DU
. < Y.
dudszandsnsanliidarn
o o ' . a £ o ¥ ' a o o A
ANuANRUTTERIIAdNIzEn I IpenlWin Funusasdugnianuaaiwia Pore
volume of effluent (PVE) :nmnmsnagauuvuaans euaasbilugun 4 lavldsi DI lumslnady
a o a o { & . v . @ a £
iudugnitlusanizuninasasudidfsmdumasamonaurunenas sdulszdninisses
o ' a o A ' 1% 4 ' ' ' -8 -8 {
TWihGuruaasdugniaflnariudioi Sa1aglugas 4.30 x 107 - 5.0x10° cnv's 1lanTLADS
o & |1a Y A o @ L oA v A o = P & |
sUarUsun oA lwatuazeanainalagisdanlnatfssns 3908wl us1IaranoNEy @1
o a £ o o . a o A £ ' o A ' ] . @
dudsznsnisveuliinGurinuvesdugnisaes giinduadnt 9 auasnuazlidadoriing

7.58X10>8 cm/s amunﬁmaaaﬁ 191 7% %38 58 PVE
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0.004 i T
77777 Freundlich
A co
— A Pb2* A 4
E (o] Zn?* -
2 X N B
g-, 0.003 o Cre 7 i
o 7
~ Pe
E // 4
©° YN
»n e
/
® 0002, , 8
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~ /
T Al - 1
_ 8- "5
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N 0.001 i i
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ABSTRACT : Compacted clay is normally used as a liner in landfills or waste water containment facilities. Transport mechanism
of contaminants through the compacted clay consists of advective transport, diffusive transport, and retardation. A clayey soil having
negative charges can retard the transport of positively-charged solutions. In this study, retardation factors of two clayey soils were
determined using two approaches. For the first approach, the retardation factors were calculated using a partitioning coefficient
obtained from a batch adsorption test. The second approach for determining retardation factors was achieved by conducting a column
test. Two local clayey soils, namely a lateritic soil and a marine clay, and three heavy metal solutions, namely lead, zinc, and
cadmium, were used to determine their retardation factors. Experimental results indicate that the marine clay had greater retardation
capability than that of the lateritic soil. Retardation capability of both soils on heavy metal solutions ranked by descending order was
lead, zinc, and cadmium. In additions, the retardation factors obtained from the column tests were less and more realistic than those

obtained from batch adsorption tests.

KEYWORDS : Retardation, Heavy metal, Compacted clay, Liners, Contaminant transport



1. unin
09: v K . 1o A 9 ]
Funudy (Liner) voloianauyadesiineasiaediagn
Y
WanguInUIa Aevanisoilesnuns lvaguveuireya

Y
[

H 9 Y Y
doonTastudlon Tuld Inaruasligduildau daiu

]
=}

Y e o = Ay A ya v Y A
a3 runusunaaevaonl¥aulvvuizauale msmnasun
9 A
voamsualeuruFuiuFulsEnoUAI8 MINT (Advective
N15UNT (Diffusive 1AL MINUI

transport) transport)

. wa IV R S

(Retardation) AMAVTAVRIFUNUFUNARDADINAT
¢ v

dutlszansmsveuliindurim (Hydraulic conductivity, K)

i 4 2 .9y A4 4 ?

AN 1x 107 cm/s Faazldimsindouiuuunmswnivesin

By arpei

v
v o =K

wa A 9 Aaa 1 £ A
paauianmungansz ImusuiugFunaonedamilene
1 ¢
anuaiolumsniag Fanfeanuamisalumsgadis
d’l :’ a a a o Y
Judloulusivzyadesudaiivesoyninau ¥1lvns
4 H 3 =) H o d Q’/j
wasunvesmsuwaleudias Tasaumiieaniun 4l ugu
=1 =) ¢§ a d? a dy
AUBNAL NI aUFURAVUMINTITUINA Uszgaviiannse
a a A 1 dy d' 1 g’
AaAANII119szquInvesm s ulouneglnivya
doe'ld Aumileaazyiiaazianuauisalunisnuigld
Tumdu anueusolunmsnia Taveminanusouans
a P 1 o [
TaTagldwislmesnisenin unlames n131179 (Retardation
factor, R)
= 3 dy 9 = =3 an 1
msAnyISatl IdueuaznlssueuIsnsniIaT R 104

[ a

Aumileruadadesriadu ldunaugniwazaumiioniu

waz Taneminanuyiiasulaun pb°, cd”’, uag zn” Tagld

ag 1 axl Y ' o

FAMamAI R #0935 laun msdaulaswamsnaasauy
4 o

UM (Batch adsorption test) ttazmsfimInlaeldmanis

4
NAADUHUUUTANAN (Column test)

a A A g
2. nguimsnasuiivesmsiwilon
r ’ 4
2.1 mundeuivesastuilouluau
1 ' 9 v '
manaouiivesmstuileuiidluansiiszquinludu

Usznoudre 2 nalandn 1dun msmaounuuuNITN
(Advection) A% N1TIAABUNUUUNITUNS (Diffusion)
:zl F2 a A a a dyd 1
wonantud luaullszIzay AusiaNAaINITONUI
1 v 9 9
(Retardation) MstpdouNvedasutlowwaillddre ms
A A a Yy Y o
wasunvesdisazateluanlugdvesnnududuiiondy

a1 (1) wagawdan (2 Tuanlduaaddugdi 1 aumsaly

v Y
BTVIINITIAABUNIITINIT AUNITAITNILALAITUNS

(Advection-Diffusion Equation) [1]

p0%c Vs@_@C

= (1)
R az at

(1o D = Diffusion coefficient, C = ANUAUTUYDIAT
Y
Yuilou,

a 4 I}
ANUHUIVOIAY 1A R = uWlAnasnMsHu

2 = Jdq. a
v, = anuslums Inaguvenirludu, L =

C=0 CO

v
@)

1K

Solution

Soil

\

Concetration profile

C(z,t)

Depth
y
it 1 Aomduduvesasazate ludy

2.2 MIUIAIR
MIMIAT R @305z 18 2 33 GaliTvazdenadal
[ 4
1) M3man R Tagldmanmsnaasauuuundg
4
Han1snaaosnuusngazuaaslugiuesle Ta
moy dmsvle Tsmounvudunse anusuvesle lameu
~ Vo a Ao '
Fenndulszansms nau (Partitioning coefficient, K,) A1 R

ansamau 1dn [1]

R=14 P @)
n

1310 p, = ANURUIUUIRIVOIAY, n = ANUNTUVBIAY
1 4
2) M3ma R Tagldmamsnaaeuuuuaaus
(AUOAINOUUBIAUNITNT

Shackelford  (1990) [2]

A da 4 aa - 4
waoun luniaiavesmsazargluau (aumsi 1) Tugilves



[ @ o .
Analytical ~ solution TugveenNUTUTUTUINT (Relative

concentration, C(z,t)/C,) ganaadluaumsn 3

(€)

—1 erfc + exp (PL )erfc

A A Y 9 a A =
$V13) C(Z,t) o ﬂ'J’liJLGU‘JJGUH"U@Qﬁ'ﬁaga']ﬂcll‘lﬂu‘ﬂﬂ'ﬂilaﬂ

v v Y
z waznat, C, feANudNndSuAuNAu (Effluent

. A 7 . V.t
concentration), T, A9 wlamosueaIa (Time Factor) = —S
Rz

A 7 o s V.z
uag P, Ao Naadiues (Peclet Number) = —$
D

¢ ° 0 '
wamimaammnaﬂuﬂmmmm'l‘ﬂmmqumm R ulf?]}

o R

[ I 1
TasldmannumdududuRvsuduaianududuves
] 1 a A Y 9 9
a1sazarslureddsluau vielsaralwvuduues
~ Aa A a a 9 ~ aa
d1sazarengngaaaii lasau Aaduannisn 3 Taeds

Trial and error

as =3
3. 38msAnm
=) ~ o
3.1 Aumieuas lavnenun
msfnpnsail ldanu Tanemin 3 vila 1dun upaiie,

Az, LAy §9nd FunTeNINNITazale CdCl, , PbCl

2 2

]
a A

9 :’ o . . Y= =
uag ZnCl, A18U1INaU (Deionized Water) wazaun lFanuId 2
a a @ J a & A 03:

Fila AD AUGNTINONITIAZAUIMIENNIZED FIAUTIADIYN
o I a ~ Ao | a °

vl aurdeanianudunaidandl (CL)
Unified soil classification system AMAMNHUILHULTLIAE
ANUNTUINIAD 1718 kg/m” 1Az 0.38 dIMSVAUGNTI 1Ay

1560 kg/m’ 11ag 0.42 @M UAUHTIINIT UAINE 1Y

o
3.2 MINATOUHUVLUNY (Batch Adsorption Test)
managouuuunung Mlaold Augnfuazdumiion
{1 J @ 1 ] @
ITUNHIUAZLUNTAVDT 200 A1081982 1 g HWIHaNAY
A v )
asazanelanemiinia 5 yia AaNuNTUALE 1 D9
4,000 mg/L Tasluuaazanududuilsues 25 mL. [3] 19
Yy 9 :f‘ ' Yy 9 o
ANUAVTUNINA Uzanar 12 -18 MANMANIY taziing

J ! Y v J
V]ﬂaf)\i“ﬁfluuﬁagﬂﬂ']umlumu 2 1

Tunaaznisnaaod 1suduaimiraunilaluvia

Y '

Centrifuge U119 30 mL ¥iada1ntiutiiasazate lanerini

o 8 I a

w3onuway dvasanaaeeniugy (Blank)  Fuiludu

Y v ) v

wauiiinaudar udairliweriun drensoatug o
< & < o o o

ANWTITOV 300 rpm (HuIa1 24 %2 Tu9 ndeniuazia 1y

v A Y
Juldduvesauuazarsazatslavemiinuensuny de
4 { 3
1504 Centrifuge Sorwall Super T21 Annusseul sz

a

4,000-8,000 rpm 11111381 10 min fgamigi 20°C (a1

u

] Y

a1saza1slangminiuenInFuAUegAIUDUYDINADA

A Y a 4 9 9 o
naaed liioaudrinszimanududuvesTangniin
A101A504 Flame Atomic Absorption Spectrophotometer%ﬁ@

Y
Varian 31 220 A Australia lumsnaasd Batch 1 az1¥n1u
[Wutuvesasazaelszuna 12 A1 aeniyiaveIALLaY
I Y Y

goniartavodlangniin a9 UNIINAADY Batch NanuA

& o o
5:]3JL'].IU§]TL!’J‘L! 72 133

I'd
3.3 minaaeouuyuaaNn (Column Test)
) o A [ a
MInaaeuUUUaaNNi1 lagtALgNII tagAum eI
=) A dy d' ya a dy A J a
U VNN NNFUNe 1R HUTaausuANInnI1T I
Y v
ANVFUNHINZEN 2%  (VHD 20% uag 19% amSuAY
o A ~ = o w ] ' 2 uy o
gniwazAumilensu awdwy) ndrdesnald 24 ¥ Tua
d‘ Y dy M a Z 0o A o
Winliausunszaeniviaau mnduieu lduadalu
mold TaeldinTeauasasn Tula (ELE Automatic Compactor)
AUNINTIIU Standard Proctor Compaction ASTM (D698)
qa}l o A d‘ [ 2 1 o a Qd
nmihaunuasaudllineasamaduilszansmseon
Y
Glﬁ’ﬁﬁumm’hm% Constant Head Test Method ASTM
(D2434)
A ] o o 4 g
WeA1K - asiuad anuutimslasuaisazaienly
F
1 a o 1] o
NAARINIUANINKI DI v uduaisazarelaneviinway
. . & o Y v o ! A
(Mixed Solution) #4UANMVNIUVDL lavzHIAUABSFHA
1A 0.001 M Fua3ow Tagazats CACL, PbCl, , 1ag ZnCl,
Y )
d10111 DI tieaeelieansazare Tavewiinway lvariu
TuAuMNTZeZ1Ia1NA09N15 1A HINITNOAAUAIE199DN
T Aa I~ 09.1‘ 1
910 Mold tidusaumunuvu oonidlu 6 ¥u Tasuaay
Y v
Fuiinnuruldsznm 1 em  Auuaazgugmitllmaaw

a a a

Wuduvesmsazats laveminngnauaanaan

LY a



mymanudutuvesdsazate langminignaugade

A Tasmsania laneiinesnanaua183sMIsgpealIenIa
o a A v 1 = J a
[4] Tagrhaunuandn 0.5 g laluiinnes @unsa HNO, 2
mL 1aznia HCl 4 mL tWaanalangriineonainay udiiea
I a A o Y o v
drengzanurinn etlosdumssemendnirldnegBuu
v v Vv

Hot plate Mgangiilszanm 100°C  wiu 2 ¥ Tue 11y
o 9 4 A 4
111509828052 A1HATOI Whatman 1105 42 139919678
N5 HNO, 1% ud5ulsuaslidld some  udnirlil
a 4 y 9 53
UATITHHIANWTNTUYDI JaNLHITD

ANuTTuYee lavzminanmsana langmiinoanain

]

o a4 o o o o !
dredrauiuiaiugug () gnih ldduammidasidiu

]
S

! 9y 9 o a A a 1
szrnanududuves Tangminiigngadari ludu (C) fo
Y 9 = a a
anududugegavesTangminiigngadail (C,) vedlans
7 a a qs/’ =2 = v
wiinlunFnududunsn @nlsznm 0.7 cm) Fondianu
v o J
[WuTuFuRNS (Relative adsorbed concentration, C/C, )
msdama R ldTasmmaue c/c,, Taold
A Aa 1 A 1 ~ 9
aunsf 3 Tasmsassinasagna R lisoe9 A1 R figndea
<3| 1 { o ' { o o '
wiluai R il e cyc, fidanuldasandesiun

Y s
CS/CSm Vlllﬂﬂ1ﬂﬂ1iﬂﬂﬁﬂﬂllﬂﬂﬁﬂhﬂ

4. Ham3anH

d
4.1 HAMITNATOUUVUNUNY
J
panisnageunuusung lugluealoTaimew

[ o 4 ' @ 1 o
HAAIANUTUNUTTENINOATIdIUVINIa larneHiin

v
1 a

= a a o dq 9
NgnganarldanlaveaugniInldlunisnaden (q)

Yy 9

nazganududuganiovesaisazalolanzuiiniile

NSzUIUNITAAAANITNAALAD (Equilibrium

concentration, Cf) wams‘nﬂamwuimumi%hman

¥4 Freundlich 1182 Langmuir deandednuaugnsazay
= = o % % d'

MBI UMNAIAY Aduaadlugln 2 nag 3

1 < o o ] 1 H
9819 lsnaudSuasazate Tangminluaiunainy
Yy 9 [

v Y
wWutuar lo Tmmonludiuiazalszanaldnidnyuziily

1] '

o ¥

Wuasa[5] wamsie'le Tameuaiunianudududidoe

Y o A (Y a 4
aumsiduase naaslugluesnnudu viearduilszans
msuteIduaas 3 luasien 1 dmsunnlanewiindulse

Antnisutsvesdumileansuliawinniivesdaugnsa

d‘ v a =\ =) =
Luawmﬂmmmsum'laMm@mamumummsuum

WINNNAUGNTI

4.00x10°
3.00x10° -7 q

2.00x10° |-

! —
' -

1.00x10°% A
I
(l
r

777777 Freundlich
A Cdz
X Pb2+
=] Zn

-a
A o

-

Mass Sorbed / Mass Solid (q , gm/gm)

9%/

0.00x10°r(
0

20 40 60 80

Final Concentration (Cf (mg/L))
517 2 o Tasmenveaaugnss

@ L]

1.00x10™

-
£
£
2 o
(=
g 2 i
5 100x10 ?k
°
[72] k Y, S
] I -~ A
3 /
s A
=
k]
2 1.00x10° B |
° ,/ 777777 Langmuir
0 A Cdz
] * Pb2*
g T [u] Zn2+

1.00x10* : ‘ :

0 40 80 120 160

Final Concentration (Cf (mg/L))
~ a ~ ~
511 3 loTasmenvesanmtiennnsu

@

M99 1 Mdulssansmsnaia (K)

K, (L/kg)
Taviznitin
Augn3a AT
2+
Pb 56.48 801.96
Zn™ 34.19 288.13
cd” 33.99 65.55

4.2 NAMINATOUULILAANS
mamsnadeuMUUaaNsJUveInNFuRUT Ty
CS/CsmLLazﬂ’JTlJﬁﬂ (Relative adsorbed concentration profile)
Ruaasl3lugald 4 uaz s dwmsuAugnwazaumiionmn
Fu ey Taedanaldiie c/c vliaigaluusnm

AUVUUBIAI0619AULAIAAAIAITOINAINAIINAN B4



a Y a Ay = a a [ I
ﬁ"]ll’]iﬂ@‘ﬁﬂ1ﬂqﬂ'.]'] AUNATUVUUNITAAANIDYIUAY

@

anuannsoud luvazisresauluysnaiianasd

awnsngalanzwiinaai ldon dmsua wmilennsuaald

=} 1

narlunisnaaed 388 u M C/C, N9 "IU@NQ’WU’EN@IJ’J@&N

a

ﬂmﬂug{uwwmsm’mJ:]1E'J’qvlwmiazmﬂiawwﬁﬂ

A A = o A
IAADUNUIDNTTAVULIAY

A

1MW @ Relative adsorbed concentration profile Tagms
Trial and error ?imﬁwﬁma{mim’?ieuﬁ R 39U Relative
adsorbed concentration profile indenTasunua R aaly
oy mi‘ﬁ 3 I¥inaaeAndneny Relative adsorbed concentration
profile 9INWANIINAADILVUAANS Lﬁuﬂiz“lu;ﬂﬁ 4uay 5
LAY Relative adsorbed concentration profile ﬁvlgll INTUNIT ﬁ
3A1R ﬁﬁﬁ)ﬂﬂé}’ﬂﬂfof‘lJWﬂﬂ?iﬂﬂﬁ@ﬂllﬂﬂﬁﬂﬂﬁlla$ﬁ1 R 90
n3seaua 1duana13ua15198 2 wannsile Relative
adsorbed concentration profile §91/5znouAI8A1 Diffusion

coefficient (D) BNAIY LA IGINAIIOGUBNIHTDUDLIUAVDY

dyd 1 1 =
Paper #1934 liivanaing

r J 4
4.3 aunlanesNIsH I

AR VOIAUYNTIATAUNTEINTY MUIUINHANT

4 o

NATRULUULLNT Az HaMINATaULUVaANS TaelFaunis
P o o 9 Y A A =1 =1 1
12 vaz 3 awaeu lauaas 1A luasen 2 WwenlSesumeua
R AM0UINMINAAoUHLULUNSHALAMTNATO UL

4 1 1 ci o 9 =W
AauANUI A1 R Aanuldannmsnagsunuudansual
9 1 1 < VoA A A U )
Toen19819nuaz uAIN LIS DBUINNIUNTIZ AU IU
VINHAMINAABINIIIATOUNIAZNTYATUITIVBIETAZAY
Tanzmiinluduuada Tuvmzinal R Adaauldainmanis

o 1 ~Aq Y J 9 A
naaeuuuuuunsualszmnanlnmasudaguienn
I o d’ddy Aa A
WumsnaaeufuasuvIvassNlNUNAININLAL 1T

Y
o [ o 1 1 o
TvavenitsamnsogaduTanzminedsededny el [4,6]
AMNEIN50 TUAITHUIIUBIAUIM TR0 laneHiin
a Y ' a = A '
Asonsanlannam R Tagaumiieana1nsoniig
Y a os/’ ) 1 a1 1 d! z§ a
Tanzvinwiaiug 1an1 aziian R 1101 Faidlediansan
Y Y
A1 R VOIAUNG 2 FHAGIMTU Tarie 1N 3 WA 9INNANS

o § 1 4 a 1

NAFDUUVVAANA 11A15197 2 WU isfiasanluudas
a Y = =~ ] o F2
yiiaved Tangmiin aumiiensuaunsonua Tangmiin 18

= 1A @ = Y o =
ANIAUGNIT cmaaﬂﬂamﬂnmmmmmuamﬂaauﬂs:fg

170 (Cation exchange capacity) UOIAUIMHUEINTUN

WINNNVBIAUGNTI [7]

0 .
/1
77y
7,
9 7
s . /
1F //:/ ’
//// 7
E @
o /s
~— ///
o 2 “ 7
g 2
@ %5
— 3 | o -
= 7
Cd2+ pd
s o
< 7
s 4 707 3
7z 7
% l AR T
a oA
% =] Zn2+
/7 , £ S Fitted with Equation 3
S5- A o 7
o) Pb2+ * Pb2
/ =] Zn?
6 o I . I . I . I .
0 0.2 0.4 0.6 0.8 1
Relative Adsorbed Concentration
(Cs/Csm)

Relative adsorbed concentration profile ¥93a130291 olavigniiin

Qal
=
=)
-

Tudugnsannan 71 Ju dwmsu pb” wag 31 Ju dwmsy cd”

2+
1agy Zn
0
i
7
1F Pp2* IR
- 7
— - /
8 /////% /ﬁ A
° 20 T
g | - . -
< _ -
(‘IJ“ 7K Zn - K
2 50 l - e _
[ o] - _-
n - -
u— - _ -
6 X (- N
= -
= 4L R -
[ [
g | T
/7
Hf}‘ 77777 Fitted with Equation 3
5*/ Cd2+ A Cd?* *
[ * Pb2
i [a] Znz
GT I I I I
0 0.2 0.4 0.6 0.8 1

Relative Adsorbed Concentration
(Cs/Csm)

‘ﬂﬁ 5 Relative adsorbed concentration profile U939130% zanelavigniin

iuﬂumummsumam 388 U

SwumsmizevesTanzminia 3 aiiadefinanain
AR mﬂwamsmﬁammuamﬁ(minﬁ 2) wm'wﬁgqﬁu
gnswazAumto UM R dmMSu Py > Zn'> Cd”
naraa iU At 2 ¥iia aunsavting pe> IdATiga tas

A ] 2+ Yo A
mmmmmmiumwmq Cd 11@@]17]@@



M319N 2 A1 R veaugnTwazAumileInsufaIuINNans

NAAPVUVVLUNFLAZIUVAANS

1 o 1
Tang MuramoINITHUIN (Retardation factor, R)

Win AugN3a Aumtlenza | Lufkin Loess

L4 J 4 14
uung | aaus uun anun | clay* loam**

2+

Pb 258.1 | 50.2 3014.8 79.10 - 347-647

2+

Zn 156.7 | 16.7 1083.8 | 51.36 92.7 -

2+

Cd 115.7 | 10.0 2473 37.00 | 371.0 33-45

*[2], **[8]

5. a3
HANISNATOULDULUNFHAZHANITNAT DU

o Yya [ a =} = [ [
daun lagldaugniwazaumtionnsunulanemindin

e

wilaou laun Pb™’, cd”, wag zn’ aunsoaglranisnaans
9

Tad

=

o [
1)  wamsnaaUuULUNEWUNaNmMs lo Tymow
VD4 Freundlich (8¢ Langmuir ﬁ@ﬂﬂé’m"leimmanﬁugﬂ%ﬁ
HAZAUHHEIUTUIUAIAY
& ' A Y Y o
2) NAMSNATDVLUVLLNS IUEIUNNANMUNTUAT
1 o I
asodszaaldain lTeTsmouddnvauzilduasilae
o Y A T W a '
ANUFUVDQ 1 Tamenuuuduasanfemdullszansns
] [ a 4 1 a ~ =) = 1
119 Bag duUsEaNFNTLUIU0IA N HEINITUTAINIANI
voeaugnslunnwiaves Tansniin
J
3) wamsnaaeauvudauAuaadlugilued Relative
Y
adsorbed concentration profile 115 UAUNIAOIFHALAE latiE

Y
¥ @

HUNNIFIWYHA A1 Relative adsorbed concentration ﬁﬂ'ﬁlﬁ

v
VSNUMUVUYDIFIDE1T (AU11) tazliaianainuaNuan

v
a

=& a Y = a a a ] <
“If\iﬁnﬂiﬂﬂ‘ﬁ‘]ﬂﬁlllﬂ’ﬂ AUNATUHUVUNUNTTAAAANIDYINUAY
v d' % 1 a a d'd [
ANNEINITonad Tuvazialedeauluusnunanasds
v a A Y=
ﬁ?%?iﬂﬂﬂiﬂﬁ%ﬂﬂﬂﬂﬂwﬁqﬂﬂﬂ
: Ao P s
4) AR Tlﬂim'f]uulﬂ%Wﬂﬂ”l'i‘ﬂﬂﬁ’e)‘ﬂll‘ﬂ‘ﬂﬁﬂllﬂll?’n

O

ﬁ@ﬂﬂ’h?ﬁ R AMQIUINHANSNATOULUULUNT 1NN

] ]
S A

[ o I 1
Taga1 R anwanmsnaauuuuaausiuaInyd1sede
1NN
5) W15 1A R ¥o9Ued lavnzninuaassia au
= ) 1 @ YA 1A [
witlennsuansanin Tanemiin Idaniiaugnss
A
6) AIMTUAUNITDIFUA 19 UNTHUIVe lane

v A

Y
WIPNAAH Pb > Zn” > cd”

6. PaAnssulszma

o

ﬂm%a@?;uﬁ"lﬁ%umimgunu%%ﬂmﬂﬁmﬂmuﬂamu
AiUayUMIINe MUTYQIMINeEY MRG 4680044 Ailigu
vovounm a3ty aunedFona wetas. gus lso
Usziing uay we.as. i uae ey Wauus dviy
Forauonuz lumstide vevounm guine TR Haznm

@ o ) o 1 o
NAIAUY ANTY ﬁ”l'ﬂi1Jﬂ’Nlﬂf’)Ell‘l’iﬁf)cluﬂ”lﬁmﬂ”liﬂﬂﬁf]\i

7. 19NE1501909

[1] Freeze, R.A. and Cherry, J.A., 1979. Groundwater, Prentice-
Hall, Englewood Cliffs, New Jersey.

[2] Shackelford, C.D,1990. Transit-Time Design of Earthen
Barriers. Engineering Geology, 29 : 79-94.

[3] Li, Loretta Y. and Li, Franky, 2001. Heavy Metal Sorption
and Hydraulic Conductivity Studies Using Three Types of
Bentonite Admixec. Journal of Environmental Engineering,
127(5) : 420-429

[4] Tanchuling, M.A., Khan, M.R. and Kusakabe, O. 2003.
Zinc Sorption in Clay Using Batch Equilibrium and Column

Leaching Tests. RMZ-Materials and Geoenvironment.

50(1): 381-384.

[5] Fetter, C.W. 1993. Contaminant Hydrogeology, Prentice
Hall, New Jersey.

[6] Shackelford, C.D., 1994. Critical Concepts for Column

Testing, Journal of Geotechnical Engineering, ASCE, 120,
1804-1828.

o a Jd a @
[7] vunung Lﬂiﬂluhl‘ﬁﬁﬂ, 2549. ﬁﬂﬁlﬂWWﬂJﬂQﬂﬁi%}ﬂi”ﬁlNﬁN

4 a = A Y 2/’ =]
wuIn luduazfumnierasvarie Il usuiudyly

{o a a I @ a
ﬁﬂWuﬁNQﬂﬁUHﬁNﬂﬂ ANTUNUTINNMNTAATUNIVUNA

ﬁWﬂJT%%WﬂTi%@ﬂTiéﬂlﬂﬂéjﬂn ﬂm%ﬂ?i%ﬂﬂ"ﬁé\ilnﬂé]ﬂ
UHINNAIAVATUATUNT

[8] Roehl, K.E. and Czurda, K. 1998. Diffusion and Solid
Speciation of Cd and Pb in Clay Liners, Applied Clay

Science, 12, 387-402.



