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ABSTRACT

Compacted clays are usually used in landfill as liners to minimize transport of
organic and inorganic contaminant into groundwater. This study was emphasized on a potential
use of sand-bentonite mixtures, Kho Hong lateritic soil and Koh Yor marine clay as landfill liners
subjected to five heavy metal solutions namely; cadmium , lead , zinc , chromium and nickel. Soil
propertics obtained from series of experiments indicate that the bentonite was a high plasticity
clay whereas Kho Hong lateritic soil and Koh Yor marine clay were low plasticity clays. Cation
exchange capacities of the soils ranking from highest to lowest were; bentonite, Koh Yor marine
clay and Kho Hong lateritic soil, respectively. Langmuir isotherm was fitted well with data
obtained from batch adsorption test for bentonite and Koh Yor marine clay whereas, for
Kho Hong lateritic soil, Freundlich isotherm provided the best fit.

Hydraulic conductivities of sand mixed with bentonite of more than 3 percent
content were lower than 1 x 10  cm/s. The hydraulic conductivities of sand-5% bentonite
content, Kho Hong lateritic soil, and Koh Yor marine clay were 5.15 x 10>9, 339 x 10" and
5.67 x 10-Scm/s, respectively. A series of 500 days hydraulic conductivity tests results shows that
the hydraulic conductivities were compatible with chromium solution if the concentration of
chromium solution were not greater than 0.001 M for sand-bentonite mixture and Kho Hong
lateritic soil , and not greater than 0.01 M for Koh Yor marine clay, respectively.

Transport parameters of the soils for each heavy metal solution were obtained
from column tests. For sand-5% bentonite mixture, the diffusion coefficient ranged from
1.12x 10” to 1.77 x 10" cm’/s and the retardation factor ranged from 90 to 130. For Koh Yor
marine clay, the diffusion coefficient ranged from 1.80 x 10" t09.14 x 10" cm’/s and retardation
factor ranged from 37 to 81. For Kho Hong lateritic soil, the diffusion coefficient ranged from
1.00 x 10” to 6.164 x 10° cm’/s and retardation factor ranged from 1 to 36.

Suitable thicknesses of earthen liners calculated using the transport parameter
obtain from this study indicate that, for sand-bentonite mixture and Kho Hong lateritic soil, a liner
thickness of 60 cm as recommended by Thai ministry of Science, Technology and Environment
was not adequate for 100 years service time whereas for Koh Yor marine clay, a liner with 30 cm

thickness was adequate.
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2.1.1.1 ﬂszqammuiﬁumﬁm (Negative charge of clay mineral)

1 k4
usdumiloatisnlszy ihdluanlaosssund Falszgauiianniogailsyy

1
1A = =

g/ o ya ~ = g’ A = 1< a
mﬂmaﬂmaqammm Vlﬂwﬂun,wuﬂ’mumaamamm ganumidesazianuunaraan

Rl
9

{0 1A I [
aunaim Iiusdumiloalidseauuavannsoasl1daail

q

- dszgavinaainmsAunuinuy o TaTuile (somorphous — substitution)
£ o a Ao o A a dy A 9 A I
suflumsinalszgauiddyigs manelszyaununil Ao Mt ldunuiiedisninsves
a ya o A Y ' A A
pzaouvalndifesiy Tavezasuiiilszguintiosnineg lunuieozaouniilszquan
1 a A =1 ] cs' 3+ A4+ o Y 1Y 4
110N Tunszurumsiiaveausaumied 5u msununved Al lu si' mlnanlsegdann
1a ~ |
oAU Heutluay
- dszgaulunsAumiierNinaanmsaatoveussoamiion (Broken bond)

A 1 aa A ] a ) Y 1 4 dy Y 1
‘V]EJ@’IL!W“L!G]fﬁﬂ1W58LLWHEJ$Q3JH1VI,’J@’JEJT1H LL@ﬂSWﬂQﬂTimLL“UUui]ZGl‘Hﬂigﬂﬁ‘ﬂllhiﬂ’ﬁ WIS

HRUFANHIOLHUBZNUI01998 5 INAINU 1]

ANNAINIveIAULdazsialumsga Tanswiinuaan

a A !

Aumuatauazlsunavewsaumiioniegluau Tasanmssiusiudeyaved Yong (2000)

Y H
ANIUBNMAUMIGAF U TanznIN A1 pH Y9NNAIDII AIN15199 2.1

M3 2.1 MAUM QAU Tanenilnauriave IAUINIEI (Yong, 2000)

FHAVDINIAUIHHE

MavveInIgadulanziin

' Y a
UHAID DI

Montmorillonite Clay (pH 3.5-6) Ca>Pb>Cu>Mg>Cd>Zn Farrah and Pickering (1977)
Montmorillonite Clay (pH 5-7.5) Cd=Zn>Ni Plus and Bohn (1988)
Montmorillonite Clay (pH = 4) Pb>Cu>Zn>Cd Yong and Phadungchewit (1993)
(pH = 5) Pb>Cu>Cd~ Zn
(pH = 6) Pb=Cu>Zn>Cd
Illite Clay (pH 3.5-6) Pb>Cu>Zn>Ca>Cd>Mg Farrah and Pickering (1977)
Illite Clay (pH 4-6) Pb>Cu>Zn>Cd Yong and Phadungchewit (1993)
Kaolinite Clay (pH 3.5-6) Pb>Ca>Cu>Mg>Zn>Cd Farrah and Pickering (1977)
Kaolinite Clay (pH 5.5-7.5) Cd>Zn>Ni Plus and Bohn (1988)
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o 9

Gl
d’ 1 =S o [ 4 a = 4 1
v uazqsn mwdey dwmsuludszmalne wowuInlud stieuaadounuIn ludoguin

lugunegernaa 39Inani)s (@3uns auluns, 2549)

a A A g )y
2.3 ﬂqy;,]msmaeuwummsﬂuﬁleuﬂumnmew;u

4
v v =K

& 4 o g A A
asdudeud Inaluanduiivzyaros viinaunsomaouiIusuI UGy
o o qya o o q Yo qya g Y o o 4 !
ldgguildaunazirlimildauiinisdwilonld duiumsanyimsindounvosans
Y Y
R K A [ 1 % [ =1

9 H ] v
ﬂug'ﬂaumwffuﬁ’m;mmmmﬁmmmmiaammumuﬂummﬁmmmn T@ﬂﬂ1ilﬂﬁ’ﬂuﬁﬂl®\‘l

9

9
v o K

dy £ 1 9 [ A
miﬂmﬂauclumﬂmawqu (1Y FUNULY) 1U52noUAIY 2 NTTUIUNMTHEN AD NTZUIUNS
Lﬂﬁ@uﬁLLUUﬂWiWW (Advection) LLﬁ%ﬂi%U’JUﬂ1i!ﬂ§GUﬁLLUUfﬂiLLWil (Diffusion)

d! IS S % dy
PINT1IaSIDYAAIU

2.3.1 AFZUIUMTAADUNUUUNITN (Advection)
A 4 & A & A Ay o
MIAADUNUVUMITW A AIzUIUMINasdulowndoun lliuns lva

9 ] Y 9
Fuuoni TUAING NN 1119991NANUIANAIVBIANNAUI (Water head) Taaensiuilou

v ] v
] [

STRRT RN

IS) v

oy a ~ 1 Y] a ==
Tuihazgamonnuinanlszavihgan i lldwsnuiise
dy A 3 = = . B 1 o
mstualeunluasazaienuuueus ueANW (Non-reactive solutes) ¥4 11111

Aaaa o a 1 J - 4 { a <
Ugnsennuilszgauludumiion wu aaslsa (1) szmdounuuumsm luTududienunso

1 o 3

[ Y 1
masmnuanus lums lvaduveairludu (Seepage  velocity @ v)  Feeuisouaag

9
o/ 2

[ J =
ANUTAUNUTAIU

v, = - 2.1)
n
4 3 = J
e v, = a5 lums naduvesh (L)
n = ANUNTUUDIAY

< I .
v = AN IVDIATE (Darcy velocity ; L/t)
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J I J
TagAIA5IVDIA5T S ﬁ'?lﬂiﬂﬁ?llﬁg]jﬂiﬂ

Q AH
v = — = —K—— (2.2)
A Az
d’ % 3 :’ a
1Ue Q = A351m3 lvia (L1 vosri luau
A A 9 o a 2 Aa J
= NUNHHUINAUDIA (L)mlmi”lﬁammm
[ a = 9)091 =< ]
K = mauilszansmseen IMinFuEIY (L/1)
[ 1 o 3’ d’ﬂ/ oy 9 g‘
AH = AN NULANHA WNUBNTEAVUDIUD) NOUUNLASN8U
Az = ANUNUIVDIAU (L)
5 ) AH
i = ANUFUNNYAAAAT (Hydraulic gradient) :A_
V4

A4 A § '
£391 (t) VOIMIIAROUNIUTE TN L LLU‘]JﬂﬁWVU’EJ\‘Iﬁ"Ii‘lJuLﬂ’E]uN”Iu

Y
Funudy eusofauaaldan

L Ln
t = — = — (23)
\% Ki
S
e L = ANUHUIVDIAIDE1AY (L)

o A o a A 4 ~

9AIT1N1TIAAOUNVOINIAVDIFITU WD UNIAQAOUNLVUNIT N
i 3 v R 1 ] dy A . £ A v [ 2
N1u°]5uﬂucb’1|¢]’f)1/iuilﬂwu‘ﬂ(Advectwemassﬂux,JA)G]NiJ‘I’iLl’JEJL‘]Ju M/L™ #1015 0%1

1dananudunus

KiC

=Cv, = 2.4)

1 Y
e C = anududuvesasduileu (ML)
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2.3.2 ﬂi&’ﬂ?ﬂﬂ?ilﬂﬁﬂﬂﬁLL‘U‘UﬂTiLLWﬁI (Diffusion)

ﬂiZ‘]JTLlﬂ"lilﬂaﬂuﬁllﬂ‘ﬂﬂTi!LWﬂ’ﬁﬂﬁﬂﬂﬂ'Nllllﬁﬂ@hﬂﬂ]@\iﬂﬂ?ﬂl“ﬁﬂ%ﬂ‘ﬂ@\‘]ﬁWi

dy U a U 9J 9J dy 1 ]
ﬂu!ﬂﬂui%ﬁlﬂﬂﬂﬁﬂﬂﬂﬂ‘lu@u ANVUANANVBIANNINTHVOIT IS U ounorive
. . 1 Y a 1 o s Aa Yy Y =
282NN (Concentration gradient) no ¥ nanNUANANANIAAN FIUNTAMMINIULINNIN

1 @ [ A Y 9 Y 1 1o o 9 [ 31
fnmwa”lﬂmmumummmmuuaﬂmw Iﬂﬂllll’ﬂ"IL‘]JMG]’EN’EJ"I?{EJﬂTi"lWa‘U@QHT NITUIUNIT
I 9

uwsvzduiuliiFosq auniinnududuveiniaegaazmInuIIT HgANITUNT AUNIS

dy d' 9y a 1 o [ d' d' ana A 1 . [ Y
wugm‘vﬂﬂmﬁmamiuwammumsmaawﬂu 1 4 138021 Fick’s law ALEAINIITNUNIT

ao 'l

oc
I, = —Dna— (2.5)

z
1 1 v 2 v 1 v
A [ A = A ~ A ~
o J = ’f]?‘]ﬁ'lﬂ']ﬁma@uﬂm@ﬁu?ﬂm@ﬂﬁ'ﬁﬂuLﬂ@u%!ﬂa@um

Y Y v
HUUMTUNT FUF U UFUADHUIENUN
(Diffusive mass flux, M/th)
4
D = FuilszanTmMsunIvosdInaa

(Diffusion coefficient, Lz/t)

oc

— = dasrarumsnlasuulaueanNud T AT T ez N

0z

Tuuumsuns (M/LY/L)

[ 1 v ¥
2.3.3 aumsmanasuivesasazatsluaunIuiunm
' v v Y
Shackelford  (1993)  (@U®31 MIAADUNVDINIAAT IUAUNIUN VAT
A a A 4 & a , ~
(Transient) 111509 ngumanasuivesasuilon awsneiuieldoinngnsawia Tagll
a % 1 dy
auyAgIuaae il
a I [ dy =
1) auiudaqiiioned (Homogeneous)
2) A1 K HA1nan
1 o L= ~
3) MANVFUN B AT UAIAIN

I X aa
4) M3 atuuumiana
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nosanvelsuas luanlszneun 23 Tagoasimsinusdulaly

] a a Y 9 =
ﬁu'JEJ‘]_I'i‘JJWﬁﬁﬁﬂiﬂ’l’]‘ﬁ‘]ﬂﬂllﬂiﬂﬂi%ﬁmﬂﬁﬂa“ﬂﬁﬂll'm Gluﬁ'llﬂ']i‘ﬂ 2.6

JAin JDin
. i
Reaction
—
—
T
JAout JDout

A A4 & ' a
Mwlszneui 2.3 ngnsalavesmsnaeunvedasutleulunielsnes

(Shackelford, 1993)

SATIMIMNYBINIA =  8ATIMSIINYBINIAIBIINMIM (AJA) +

Tunilelsuag SATIMIINLVBIIAITIDI1 MIUNWT (AJD) +
Samsiiu/anveunaliiodnn
M3NAUYNTeNVAY (Reaction) (2.6)

v
[ a

4 v o J
@ﬁi'lﬂ'liLW?JGU’E'NNjaLﬁ@\1Fi]1ﬂfn§W']ﬁ'lll13ﬂLlﬁﬂﬁqﬁiﬂﬂi%ﬂﬁ'lﬂﬁuwu‘ﬁ%'lﬂ

e

= =
aquNIINn 2.4 U

A, =3

A ~J aout

Oc

A1, = —V.n— 2.7)
z

Ain

@ A 4 1 o @ 4
@ﬂiWﬂ"liLWiJ‘U’f)\iil')ﬁlﬁf]\‘]*ﬂ']ﬂﬂ"lﬁll?‘li s oudadlagnudunNUS

9

= o
INTANNITN 2.5 AU

A, =7

Al = +Dn

(2.8)
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v 9 ] £ ' v
URATeMAATY (Reaction)  Woesduwilowndounidndililuau Ae

[ . d! a =KX A [ a =
NIIYNAATY (Sorption) "]NLﬂﬂ%"Iﬂ']Jﬁ$ﬁ)"U’Jﬂ‘lli’)ﬂﬁ"lﬁaza']ﬂulﬂﬂﬂﬁﬂﬂﬂﬂﬁgﬂaﬂali‘!ﬂl‘llﬁuEJ’J

e

v Jdo

1 4
dasImyanasveIaiiosn nmsgngaduiicansa@eu laluguesanuduiusael

M
0 _ 41
Vv pd KP a(nc)
—s = 4 2.9)
Ot n Ot
4 K o
1o . = wahignadu
v, = i5masvesresinaluau
P, = ANuHUIHUIRIvIAY
o A = A v
K = quilse@nSWSNTU (Partitioning coefficient)

A ' = v A ~ =
WBLNUAT UNITN 2.7, 2.8 UAZAIUYNNUDUDI dUNITN 2.9 adluaumsn 2.6

Y o A 1 Ay ¥ v o A A §
uaddasee v fmmiw”lmzuﬁmmm’duwu‘ﬁmmmﬁma@uwmmmammmﬁﬂmﬂaualu

a [ = 1

AUALLIAT (58N FUNITNMTHILASNITUNT (Advection-diffusion equation) aanaaaluaums

4

12.10 A9l
2
po°c v, Oc oc
——— = — (2.10)
ROz R Oz Ot
d’ 4 1 .
1o R = uAKBIAUYUI (Retardation factor)
PsK
- 1+—
n

4

TagA1 R iy 1 dmsuasazated luilgaser wu cl Taghng
' { o s s
A1 R uag DIuauMsN 2.10 §1113911 1A01AMINIMINAF ULV UL UNTHS DDV AANS
o . = Yy v A =
AADUUVD analytical Y093 2.10 Tugivosanududuiaiuin z uaz
1 v Y v
nat, Clz)  vazdasiMsmasunruauyeanlaluasazaigaontlgiun (Mass  flux,
% = 0’ H 4 H 1
J(z.1)) (Shackelford, 1990) #3414 ATILHMIANUAUTUVOIATUAE Mass flux NARDUNRIY

=1

3 a d' Y o Y
%uﬂumaaﬂm mmammm"lﬂmu
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C(z1t) 1 1—T 1+T
— = L] ——== +exp(PL)erfc —2 & (2.11)
C, 2 Ty T,
2 |— 2 [—
L - PL - - PL -1
(I_TR)
r — =17 exp J—
TR
4—
1(z,t) 1 1— P
F, = ——>— = {—erfc R b+— L= 2.12)
V, XnXC, 2 , | T TP,
P
N — L )
e T, = AmesvoarIa1 (Time factor)
) vt
Rz
a d o 4
P, = NAQYUNIUDT (Peclet number)
V. z
_ S
D

d
2.4 MIinaaausuUaaln (Column Test)
1 a 4 A A Y 4 Aan
ﬂWWﬁWNW]’ﬂiﬂﬁlﬂﬁ@uﬂﬁWiJﬁﬂﬁWhlﬂ%1ﬂﬂ1§‘ﬂﬂﬁ’ﬂ‘uLL‘]J“]Jﬁﬂllﬂ Iﬂﬂll’)‘ﬁﬂﬁ
1 a J A Ay vy as A . &£
mamndmesmanaeuild 2 33 fe Breakthrough curve (6% Concentration profile %43

=S 2 dy
J1YacloyAAIU

1 a 4 4 {
2.4.1 MIMAMNIINND5NMTATOUNIN Breakthrough curve
J 1 a I'4
Shackelford (1994) uaaIms l¥FmsnagouuuUaANS ¥IAIWITNNDS YD
A A A ] & o o 9 Y A A A v o J
M3maeun Ao AR uay D ¥ udludealyluaunisn 2.11 %50 2.12 MM IANNUTUNUS
' A4 § 4 9 & 2 a da & a &
ﬁz‘ﬁ3NmsLﬂaamflﬂJfN’miﬂu!ffl’au‘ﬂazmﬂagqlummu%mmvmmmmuﬂﬂmaﬂ 19U
- o dao =< o < 0 4 4 & v
Auniien NUoas M3 Inagudr Tasitlumssiaeamamaounvesasdudlouluaunuunli

Tudeslqiiams TasmsihansazaendesmsAnpintianududwsudu c, nvakuauin
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o Yy Yy Jd o 1 ayai a2 9 £ o [ Aa =1 o 09)1 =K o oyd'
uagauan udunudlediaihnlaredndumnilivesdredauiisununal mniudainimn
g 4 1 o v o
I8 lmanududuveseansiudlowiionanly () udnillmanuduiusves c/c,
funal
o Y ] a 9loy 1 a o

msmldasazare Ivaruau ervez i Inadudu Tagerdounss

Y A qu 4 N S o o M ¥

TiuawwesTanwieldszuumunnuau iermunssauih gluaasmsnadounuudaun 14
{ [ o 4 [y

uerae A lunmisznouf 24 anuduiusues C/C, U1 “Breakthrough  curve”

Q d'
aamnisznoun 2.5

(Influent)

A ) Y s A o A
ﬂ?W‘]JiZﬂf]“U‘ﬂ 24 ﬂ15ﬂ@ﬁﬂﬂlmﬂﬁﬂllﬂWiﬂhﬂ?ﬂ@ﬂﬂimLWNu‘Nﬂuﬂﬁﬂ

Cc/C

t o

0 Time

alszneun 2.5 Breakthrough curve

msfuamnal R uaz D laeldaunisi 2.11 Tasnisassinaoagn (Trial
and error) 971114 Taei/asua1 R waz D 11089 9unI1 Breakthrough curve #1'1421AM3
NATOUITADANADINY Breakthrough  curve  VBINITAIUIN LALLTAIAIINAIIVD

Y H
Breakthrough curves ﬁmaﬂugﬂﬂlmmmawmwamwﬂﬁwé’mm (Mean squared error, MSE)
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1 a 4 4 1
2.4.2 MMM INNDINMTIAADUNN Concentration profile
1 a 4 4 { o <}
MIMAMIIINmesMsnaoun 1aeld Breakthrough curve 41114 Taeny

a Y

o T 31 A a g & @ T ) g} Ay Y Yy 9 i
aegathintaednaiunilavesdiedeau aninihnla lumanududuvesarsduilou
v F4 [
onaiull ¢ ualumalia 3mstidesldszeznannumnmieldmsazate
[ Y b4
Breakthrough  ©0nX1AN10111 A9U Tanchuling et al.  (2003) lAtauedtmslumsm
' a s = ] . v A
A3 NANNTN 2.11 Tasle Concentration profile ITaems3 Iensaza1eNns A
Yy 9 ' @ U a 4 Y Yy 9 9/ o o
Wudu Inadiudedsau udimsrviaanududuganioves lanzwiinanmsdana lave
@ @ I A A ] I :1’ Yy 9 o A % Y
WiineonvinalrednauRuiuugug () Taganududuveslanzniiniinsiiala

o o d‘ U dy
) ansarih ldduaauaumsi 2.13 a9u

(Cmcasurcd
C X Volume (liquid) 1(L)
Cs — _measured % ; (2.13)
Mol 10" (mL)
A 9 9 v A a A a A
V3] CS = ﬂ'J']?JLEUIIGUuﬂl@ﬂiﬁﬁgﬁuﬂﬂ@,ﬂﬂﬂ@ﬂW'Jiuﬂu‘ﬂ
[ 3
HUUFUe) (mg/g)
Y 9 o A o 9 A
= anudutuvesTaneminiiasiaialaninaios
Atomic absorption spectrophotometer (mg/L)
a q’j Aq ¥ Y
Volume (liquid) = 15uasvesarsazargnsanavuai 1% (14 56 mL)
g’ v Aa Y d' 9 1 9 1
m, = Wntinauunan s unsdosdiensa iy 0.5 g

o 1

Ay ¥ A o [ ' ' Yy 9
I C, ‘I/I]’lﬂiﬂﬂﬁllﬂﬁ‘ﬂ 2.13 llﬂﬂ11!’J‘m6@]51@”31!5$1’i’JNﬂ’J13JHJiJGlJWIJEN

a A a A

Tanzminigngaaaidluau () aeanududugegaveslanzminiigngadaia (C, ) ¥4

U U

a a

Tanzminluusnududuusn @nilsznm 07 cm) @ l@vnnisnageunudaus

ANuFNRUTYRY C/C, AUANNANYDIRIBE19A 138711 “Concentration profile”
MIAUIUMIAIR, D 1ag n 13 Tael% Concentration profile uazﬁnmiﬁ

2.11 Tagn15a09AAa09Yn (Trial and error) F9i18Taonlaoum R taz D U],‘]Jl,%i’é)fl@] AUNI

Concentration profile N1 1A91AN13NATOUILTOAAABINY Concentration profile IMNATATUIN
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2.5 mif’nﬂaammmmwﬂ (Batch adsorption test)

' '
a A A =

N3ZUIUNIYARANAT (Adsorption) ABNIZUIUMINDOOUNTE TanNaie

ecR .

£ ~ v @ ' Yy Y A a a = &
“luﬁmuzwmwsnammzmm’Jﬂuuuuuazmmu‘ﬂmnmmmmmﬂuaﬂamuzwm

=).

v { Y 1 1 {a a -4 a
Tag Lifimsulasuulasaniug Ared1usu nsNvoouanveIdITazA18HUNG IYNYAAN
E4
Avesautisn TasanuansalunmsgafaiivesauaziuegiusiaveIauLaz ¥ IAvY

& FY [ a = Ao
M30za10 FEwWTonaad Ia luglvesduilszanswsnau

{ a a o Y
1IAVBINTAZANYNAAAAHI (Mass sorbed, M) d13130d 1198 149N

M, = (Ci—cf)v1 (2.14)
A Y 9 A 9
e  c = ANUTNTUETUAUYDIAITAZAY (mg/L)
c, = ANuTNTUgATeveIEI3aza10 (m/L)
\ = YSasvesasazaren s (mL)

MINUIUAIBATITIU (@) TEMINWIAVIMTATABNYNGARANI (M) D

Y [
wminvesaunld (M) amnsosuaaldnn

q = — (2.15)

v o d 1 1 ) J
AnuduRuisznINa q wag ¢, awnsomlddaremsiiag waz c, i
9

< ll qa}} 1 v W 1
waoansl Tao1 q oglunnuds uaz ¢, oglunnuueu Sonnsanuduiusin <lely

9

oy (Isotherm)” %4 Freundlich Tatauaaums o Tamon (Freundlich isotherm) Aail

1
= K C/n (2.16)
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1 A = d? 1% 9y 9
1/m = ATPANNNUFAAIDINTITUUATINUAINNVNUUUDY

71592018 Correction factor

Tagm ldamsazaenianududud a1 n azdiauniny 1 uag lo Tsmouazil

Y “ 4 : 4
anvaziluduase @unsn 2.17) 9 lduaas I lunmilszneun 2.6

q = K Cf 2.17)
e K = fFulszansmnsnduvesle Tmmoudunsa (Like)

Freundlich isotherm

: ¢

~=—— Linear isotherm

K

P

C,

: ) y
amlseneun 2.6 “laicvmammu Freundlich HagldUANTI

A A o Y v
WOUITUNITN 2.15 lJﬁ]ﬂGlugﬂﬂ]@ﬂﬁilﬂTilﬁuﬁ‘i\iUuﬂiWw Log-Log i]%llﬂ

1
logqg = | — [logC; +logK,
n

] ]
T A KX a A

== 1 d' d' U Y t:' d? 1
NIUNA q Imnan luvazna C; gaMUNUIU LEAAINTITACAYYNIAAAN

'
a a

ArvesAuIudIAInudINsansgaaaiiivesaunda ldawisogamiuldon Sonan

ANUANTDTUNIRAAARIVIAY (Adsorption capacity of soil)
. Y] A a A a o A A
Langmuir Iatauoduns lo Tameufiosuiemsgaaannunduaed Tael
4 4

a 1 a Aa = Aa d‘o @ a Aa & 1 = A A a
AuNATINI TNanaszgnaafaRIUUNUNAINIINAYINITYAAART FadazNuNNgnaan

ho
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9 k4 v
HazinamMsgaaaAiiessfe) Tasyniuiivesdigaaarmaziinasnulunsgaaaiingd

v
= a

A:{dy a 1 d‘ d‘ 9 1 a ~ 1 ..
LLZ’1$Imﬁf}a‘ﬂE]ﬂﬂﬂiJW]ﬂ‘VIWMW’Jﬁ]%vlllffHJ”IiflLﬂﬁE]uVIllﬂ@EJN@ﬁig 138071 Langmuir isotherm

LU
Y

= =
Haumsaail
C, 1 1
-+ = c, + (2.18)
q X bX
4 D o
19 b = AMAINUDINITAAYY (L/mg)
= Usuagegavenia lansminigngaaniine
Y
WMUNUINIAAU (mg/g)
a v d' d' Y
2.6 NUIVLNNIVDY

a 4 [ 4 YR LY a d{ [
21Nd RAITUNT (2545) ladnwImMImadulsanimsuns-msnszane
Y ] A’ d' A 1 a 9 dy
tazmalszneuanunvoINIndsuNvesdsazmenaorual Tagldaunisnugiu
. . . £ yJa o Y a A A c;y A A oy Y o A A o
Advection-dispersion %4135 17AanswaeunvestinndennauiiAuUINaR AUIE1)
a L= < dg‘ [} 1 a 1 9
vsgnsimanuaulszuna 180 mSem  Yuldawresinuesaulune PvC  daeoisa
Aa < ] o 1 o o 1 & g a 1 Y]
Capillary Tag1l¥awnuludaiaveuunuuazsaniaumiansaus iy 3 urs Feliiioaudiaiu
9
1dun Auiiovieny (Loamy sand) 1unag (Sandy loam) HaZazIDuR (Clay loam) 1N
vueuou sune Inguitde Saniaumiaisai thuasunu uazihulannal sunelios
FaMiavouuAY AIEIF WU 1A D mABMIAY 0.0005426 ., 0.0011+109 Ay
0.0003+23 cm’/s MUAIWY F1MFVAT R IAAURANNIN 0.195£0.072, 0.230+0.149 1Ay
0.164+0.125 MUAAL
1 [ 2 v
Amatya 1@y Takemura (2002) ladAnyimsmasuivesansduwilonin lii
aaa [} J Qa: a A
Ugnsen (wu aae'lsa)  lusuaumniioangunn Taeld3s Finite difference U T1lsunsuy
Y
Modflow tiag MT3DMS Tas@aeuu@giuil a1 D = 5x10° cm’/s tag R=1 uag K=1x10" cm/s
1 a ~ a [ [ 3 a ~ A
wud aumtiensssund (lddesuasa)  lusudwmiioangunw allnnumur 12 was
I~ 3 (% a I~ [l 3 1 1 o Aaan 4 o
awnsalfdusuiudusssuna lddueded Tnsve iamhiloun lidgnsownaeundmld
9
oLu1n
o 4 [ a Q‘{
Gleason et al. (1997) laanumslmsenauuuInlud Wweanmiduilseans

% ) P [ [
mMseau 1 lvagdulasldudnni wulnludsxalsznoudlronsnanae Montmorillonite



20

o 4 = 1 A =} [ 1 dy A " Y
aunsai v nenauuuInlud Ja1 K arasedaundeaisunuaiiveansien lilanay
4 wvAa 1 1
wuInlud gaguiiAved Montmorillonite f10 1) 11 Cation exchange capacity g4 2) 11

Specific surface area g4 3) ¥ANNEWTD TUMINBIAIZI LAz 4) A1 K 1 11nwamsnadeon

%2 9
=

V94 Gleason et al. (1997) wunienimduilsea@nimseeuiiduriv dszuna 1x10° cm/s
4 [ 4 ] 1 g’ % [ a
WomaunuwuInlud liesnins %  Tasiiniin udruadad183% Standard  proctor
k2 4
9 A 4 A v W Aa a
(ASTM D698) aeanusuveansenauuulnluddseina 15-19% selimdudszansng
Y =< 9 ' -7 1 o 21/ o R
gou ¥ Inaduilosndn 1x10 cm/s tmanzauaemsnuiusunudy
Abollino et al. (2003) lafny1nsgadD Tarzniinuy Na- Montmorillonite 9
2 o A ad A g o A . Y
Wuwany pH tag e1setunid Milulavieniin Av Cd, Cr, Cu, Mn, Ni, Pb 1tag Zn lagls pH
# 5.5 wazanudutuveaTaneiind 1 x 10* M $1491 25 ml WU Na - Montmorillonite
a1m309at larzriin (38908181 Ao Mn < Pb < Cd < Zn < Ni < Cu < Cr 1agW915211910
Total sorption capacity Ao Cd, Cr, Cu, Mn, Ni, Pb llag Zn AL 9.25, 29.6, 9.57, 11.7, 12.4,
9.25 1182 11.0 meq/100g MU WY wamsnadou lduaaidausaumiioaliguauialumsga
FuTangmiinlaa
. . Y= Y] Y 4 a
Li wag Li (2001) ladnwimsgadulaneminveauulnlud uazaulu
FITUA 2 WilA UazAnEIA1 K voaauneay 3 wia Ao nienauuuInlud ludasidiuniie
1 14 3/ Y 1 d v [V 1
aouInlud 100 : 8 Taeimiin, nT1eaowu InluanY Forest soil 1Tudas1aI1 100 : 7: 1
g’ Y 1 J v o 1 g‘ o
Tagvimiin waznsreaowu Inluany Spruce bark ludasiaiu 100 : 7: 1 Teeviimniin
UA1i BY 3xMIN 65 — 88 TagnaaaunL Pb, Cu Hag Cd WU ANNAINIID IUMIAATUVD
J o o Y] Aa 3 a ]
Forest soil > 1Uu1n'lud = Spruce bark Tas@1AUNMIAATIVOIAUNT 3 FHUAVEAWITOYAGY
Pb > Cu > Cd MUEIAY A1 K ¥93nnnsnaaeuedilszunss 3.3 x 107 cm/s d115U5AN1S
9 Y 9 3 A A A
NAAoUAIUANIL 1F Ca(NO,), [HuYU 0.01 mol Huasazarenadoy YA1K 1HUBISUNS
NAABUAINI 4x 10” eo/s 1¥5z8znanlumsnageulszuna 1 - 2 ihou
Kim et al. (1997) 1@Anu1nnauiiaves Kirby Lake Till 7114910 Outagamie
county landfill 199 Appleton Nﬁ%ﬁ Wisconsin  Wu21 A1 PI = 17%, A1LL = 33%,
o v A 4 o 4
P200 = 83% uay CEC = 2.3 meq/100g im3suasaauiioimInaasuuuuaaus lagld
4 - 4 4 { o os.l' ) o 1
asazaelus lud (Br) masuiifu Kirby Lake Till Nuasaual 91niuiinsianininy
Yy 9 Ay 3; ~ o Y 1 o A = o 1
[Wuduvesd1sazals Br Mo uneununal udivimaineuvesdun1si 2.10 teunua
AN UTUYIANTATAY Br 91ANTNATDY WU A1 D tag R ¥esansazals Br 1 Kirby

Lake Till UA WA 4.5 x 10° cm’/s A 1.0 MUEI9U
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9
Shackelford (1990) laRABIANMMINZ ANYRIAUHEIGHAY (Lufkin clay)
&2 J a = Y A A ) Y 3 0921 v X 1 o [ 3 o
Fuduaumiigimonuieiaiudusunuayludedinavyadeslunasymnda,
ansgomin Taofnuauautian1anenIwnuesau W UA1PI = 42%, A1LL = 56%,
o v a a P
P200 = 82% 1Az CEC = 25 meq/100g 1AM INAaauUAsAALAI8ITMINATO LUV AANS
4 ] a < A 4 0 1 ¥ v o /oo v g
omiAmNmesmanaoun minadeuiinla lasldhwzyadesdunsizinianududu
4 - [ [ Y
¥4 Aav 134 (C), Tnunadey (K), §4nzd (Zn”) uazuaaiion (Cd™) md 529, 501, 18.8
o o Y 9 d' 1 a 4 d' d' 1 ]
1z 1.95 mg/L Muaau uad ldaumsi 2.11 ¥iamis1dmesmswaoun Wy lanewin
F
N9 4 ¥Ua YA D IMNU4.7x 10°,2.0x 107, 1.7 x 10° 182 3.0 x 10° cm’/s Mu819U UA1 R
9
Y o w a 4 v A v @
MR 1.0, 26.7, 92.7 uag 371 MUAIH LAIAATIEHMIANUHUIVBIFUAUIABAN UTY Tag
9 o 1 3 [ =] 9 =1 a a A ~ 1 aaj v = A <
l¥vannFunuguazaeallseansainnalumal 40 U wuNFUAUSUNY U 0.9 1UAT D
9 Y Y
isanesemstlesniumsuilouasgiuildan
Tanchuling et al. (2003) TadnyImsviian Partitioning coefficient Qg
. . . Y an s 9 A Yy v
Dispersion coefficient @38IFNITNATDULUUUTANN TaglvansazarenUanududuyes Zn
MR 450 mg/L w'lwaruAu Tlite clay fuasaudl Iasdmualiai = 49 — 163
v
I¥5z8znamagon 12 — 54 Ju nndwihmMsanamaNu v uve lane viinesnanaAuAIY
an 1 9 = Qa: a ~ ] I 3 Y ) o A
ABmsgesdlensaauanuanvesFuau ()  nuduiudug udnirlddrunanien
1 a o d' ~ ~ YA o Y a 3 % o
Amnnlwesmanasunawaunsi 2.11 Tasdave ldeTuieduaoumsanalanzniinesn
a v 9 o ° ' A s A AN Y a Y}
NAUAIINTANNYD 3.5.5.2 HATTUABUMIMUIUMIAIT AT MTIAdUN IaeTure1A
4 4
Tu99 3.5.6 Tagwan1sAIUIY WU A1 D TAINALA 3.08 x 107 — 103 x 107 cm’/s TA1 R Aaua
1.82-16.30 1 n 0g1u52306-07 IaeliA1 K 1szunms 4.80x 10" — 8.00x 10" cm/s
Y] YR (% d‘ (% =Y 3 oy Jya
Jaan aauas (2546) ladnyianyazmsnasudlivesuuduluduirlday
= = o a Yo " oa A Ada
swdAnInNasalumsgagduuudy Taglydiednsauluwaiuniaugaavnisy
I % o [ Jd a o
VIUAIMA 39 Inszens Kimsnadounuung nuuneautinazIng1zd laeldTdsunsy
a ) 4 o ngl oy a 1 Y]
ApuNmes TaesmanasudIveuuduluduiih ldau wud anwawnsalumsqadumu
=~ A a a 3 a Y S A Y] 3 3 1 Y
Fuuumaunauaalule TymonnuuFadu ianimsaaduilu 0.5444 cm’/g dawald
[ H 1 I o [ @ P T w a Q‘{
AMAINYBINITHUI (R) 11 5.43 dmSumMsnadeuuuuneaviieovaduilseansng
o a 9y 4 1 o A A g S
N32910A7 (D) vesauAIeaITaza1elus lua wu anvugmsnasunduuyuaugaiial D
94 1u%29 0.0088-0.0116 cm’/s  tazHan1ItIavINIsIAADUA VDUV UTUA8 TU1NTY
a 4 1 [ (% a @ ¢ & a
ABNNAADS WU TANULUANANNTUNAMINATBVITAVVABANY FI1N1TDDTLI8AI8NT

A4 4 '
maaummu"lmuﬂa
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. P A A . .
Kim et al. (2001) 1adnyIMTIAaUNYDA Volatile organic compounds (VOCs)
4
] v A % o o Aa va o
HuFuaumilonuada Tasiinsnaaeuluszaudecjiamsaromsnagounuuaaus
Y
1182 Tank Test 1ABANY1 VOCs Naviua 7 ¥ila lALA Chloroform (CF), Ethylbenzene (EB),
Methylene chloride (MC), Toluene (TOL), 1,1,1-Trichloroethane (1,1,1-TCA), Trichloroethylene
(TCE) and m-Xylene (m-XYL) N5¢AUANMTNTUTUAY U58010 20 mg/L WU AW
Yy ¥ A 9 - ) A & e A 2 o A
WIS HAUVDY Influent WU THNAABUT009 AIATUN 2 VBIMTNATDY DITUN 116 VoI
" v Aa Q( A qI/ a z a [ @ o
MInaaey AMaNszanTNITNFUVeIAU-d158La18 VOCs 149 7 ¥ila Uanudunusnulu
a L] [ LY a Q( A o'.l :’ { 1
1%4 Logarithm 9819310 AUMaNY52@NFWITNF UV Octanal-1i1 Msiasuutasues A1 K
4
lifidedagnumidudsgd@ninmsunsi¥ina d1msua1 D TagauIngegluri
1 Y v 9 1
10 em’/s  wazszanaudennuaiuisalumsazaitihvesansudaz yilamuayy 0443
[ [ A I~ A {o o [ 1 a
SamszauaNuTuTusuAUYeIEIIaza1s VOCs Hudsidnaanndemsmamnnines
A A v ] £ o 9 Yy ¥ A 9

IsAasuN INs1zandl¥szeznaiuiulunsnadey ¥4 1AM NTUITUAUUD

1382818 VOCs anadla
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a a 4
MIANEIANWHINZANVBIAU 3 ¥iia Usznevudle nsrenauuuInlug
a ] 4 a ~ A Y qu’ v R Ao ]
AugnSinenmsduazaumiloumzes e Iniusunuduvesaniunilnavyados annsoua
AaA o a I [ ] [ { 3 I
Fawiumsanu Iditlu s dulvaia dredu (mMulsznevi 3.1) Tastuaeunsaiumsada
< o o o o ' H {
gunsaldmsumsnaaeunuuaauitazglnsainadoumIAI K dunsuiiaedno n1sm
vAa a 3 a % [ vAa a { a
AnauiAvesani 3 ¥ila Funiadugaanianenmenimvesau msvantlasuilszyludu
' a > ~ < ' o a ~ H A
pazuisg luau Juaeuiamiumimar K nsenauuuInluduazdumiion Tuaound
I A 1 a 4 A ~ 1 I~ 1
WumsnaaeuNonIA NI INA0snITAasuN lagutanisnadevesmily 3 diu
{ o s A '
(MuilsznouN 3.2) Ao MINATLULVVULNG MINATULVUTANS (Wer1A1 K, R uag D
) Y v
HAZMINATDUANUAUMUANTIATUBIAT K ¥09aY Henaadauauiia 3 ¥ianulavzmiinn

Yy 9 1 @ an . 3 9 o :J; [
ANUVUUVUANS DU Iﬂ&l’l‘ﬁ Falling head test LiQ& mumaqummﬂumaa@mmumr1u% Iﬂﬁl

Y Y Y
19108219 8AY IV UADUMIAUTUMIANHININUAA 351

Y d o [
3.1 ﬂ15ﬁ§1ﬂ@ﬂﬂimﬁ1ﬂiﬂﬂﬂﬁﬂﬂ
Y 7 o v = o A ..
ﬂﬁﬁiN’qﬂﬂimﬁWWi‘UmiVIﬂﬂ’@U u2 “Igﬂqﬂﬂim A9 Rigid wall permeameter

o o ' o 7o o 4 {
AINTUNMTNANNINT K Ly Qﬂﬂim‘ﬂﬂﬁ@‘ﬂﬁﬂuﬂﬁ’”l?iﬁUﬂWﬁﬂﬂﬁ@UﬂTﬁlﬂﬁ@uﬁmﬂﬂﬁTi

Y Y
Huilou Tastiseazideadins 11/l

3.1.1 M Rigid wall permeameter
(a) dU152NOVVDI Rigid wall permeameter
1 4
Rigid wall permeameter UszAUAIY Mold mmumﬁmmmé’umug{uﬂﬂmq
Y 2 [
Uszanm 1025 cm $1191 2 ¥ Tag Fuusn Yanwgalszina 11.5 em dmsvldaunuasa uas
9 [
Fundoalinugulssnm 5.5-5.7 cm dwsuldansazay, O — ring 319U 29U, TAQNI0I
v Y
(Geotextile) 1 LAY, IUAMANLAZIUVDI Mold Mo nusuauauaa o gna 4 yu $1u9u 2 uHu
VoA "y 1 A 1 = [ A Y 31 9 A VoA
Tagurunagaiualuzasinaane lareameunans 1 @ e lmindmieson uasurun
1< k) o @ Y 4 A A 1 I o o =R
ugauueey 2 3 dmsvldaiimndmeanaoaasnit/ameunass, tnarand mivga

@ < o 1
4oundoutiontia 8 A7, Avenauazyiotid Standpipe YUIA 0.28 cm’ #171/523101 220 cm
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(b) M31U52n0OU Rigid wall permeameter
mssznou (Mmilsgneud 3.3) wisuilszneuninaiuais Iasiagueauau-
[ < qaj < o { qg//
@anuE@uran 194 YU A28tieada 119 O - ring 1 OU VUFIUAUAUEENNAWE 21NUTU
9

Geotextile 1 AU 219 Mold Fudm§uldau aga1e Mold nlardwsulaasazaisTiduuu

v = . a 2 v o v = ¥ & Y
1A7399919 O - ring 0 1 ¥V Mold MuuY tazg g uiladuuuganletion 4 A7

d' ' ) 2 Y o a4 A v

(MwWlsznoun 3.3 a) Ava1e@18819 Latex  AMUNHANINVYNUa Mo uranang AUy

a2y Y o 1 . Y 1 o w A 5’
tazla1eaee199nA 1IN UND Standpipe ANUAN MINEIAD (MWUsznouN 3.3 b) 9N

1 Y

ADE001 Latex ontdUNT99101U Mold auandmiusessuiii lnasenaindledeau

Y 1 [ A A o
FNENTUSTOITY (NTTUDNANHNIDUNNDT)

7
(&) a o

Y
5 ©//<— §1U Mold AUV K

Tdus59ia

[IlllIIIIIIIIII]

o

o E (@)
—“ o/ <— T Mold s ua

(a) (b)

amwilszneuh 3.3 S1umsiseneugilnsal Rigid wall permeameter 81115 Falling head test
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3.12 msaduginsalimsnadounuuaaudnonssuRuAUAUIILANNA LA
(a) dautlszneuvesgingal

ginsaldmsumsnadeunuuaans Uszneudie e Mold auauad d1m3
Tdaunada uazya Mold dmsuldensazato Mold ldAuvadaiivinaduriugudnais
10.25 cm ANWEA 5.5-5.7 cm d@augiuld Mold (funruezadan vun2em WM 6x 6 i
ﬁwmnnggmfa 4 31 $199% 2 Wiy usazuRwzzAsINa e ldiadedsauras
1 @7, ya Mold dmiuldaisazates Usgneudie Mold uaggmﬁv‘hmﬂazﬂﬁﬁﬂ Tag Mold
HAMWMWT 0.5 em TAnwgalszina 13.5 cm vnadurugudnatnlszina 12 cm daugu

E2 k4
Td Mold Tdukuezadan vt 2cm 1A 6x 6 12 HIMTDIZTFIUNG 4 30 10U 2 UHY

' '
~ ' =} 19

TaguruNoga1ua 1z gasnatuie ldiidea10019 1 § daunduNogAIMUWZFAT
4 T > ) @ a . v
na 2 3 e laideaeseaniniluay nagnardmsui@naisazals, O - ring 2 B4,
. ] 1 3 o v =R Y 9 [ [ 9 < =2 o
Geotextile 5 UHY, unaHand s VI Uaz Mold 191 11der 4 6u wiouilonda 8 @2

4
4 s Y]
(b) M3lsznovginsaimsnadeunuudaus N31vazidenaail

]
= v

Ms1lsznevya Mold auauad dmivladduiignuasa wzisulszneuan
! o 8 o < o
auan lagdaguauauaan U@ an 194 yu §287i0Ata 119 O - ring 1 OU DUFIUALAU
v Y )
EannaIdl 901119 Geotextile 1 tHU 2119 Mold dmsuldau Mubeniesllaiudn 4 unu
1 = I~ Y] {

1d 0 - ring udegUaduUUEadeTion 4 @1 (Mwisznoui 3.4)

M3lsznouga Mold ozaaan dmsuldarsazars azi5uanmsgagIu
9 1 [ 1 < 3 an o v Y 9 A
AUANNVUNAKAN 31NIUIN O - ring 1A Mold BAAaN UVANUAWIIUATULUNN O - ring
= Qs}; Y K Y <3 o Y '
DNATI UATAAIBLOA 4 A 1MUY

A v o A ' Vo Ay 4
%A Mold N19N1/3znpUNAINT 2 ILYNIFOUADILHINAUNAUA AT B
9y o ! 2 Y £ A Y 1 a9

1y imsaolaieaee 9 niduriang IuaIuUuYed Mold duauiae diulaisdnaiu
NIIADITNAUNTZUONAINUNDIDITUATazaeNoonuIINd18819aY daaadlumnilsznou
~ o [ 1 4 v i o 1 9 & A
N34 dwmsumsaelsznovginsaluvuaaunnuiluay sz lasasdareaeensaiuniien
o ] =} 9 d' 9 an d’ 1 tﬂ' o
Juay vagaol/asaeesdnaunguauUUYBIYA Mold oxndanilaasazats Taaio

) i
mstlaily usesduavag lnariuaesnudn llauasazareieglu Mold ezadaald Tvadng

Y

A79819AUNYNUABARE 11U Mold auauiaa
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0
SSSNN
0

< 314 Mold muuu

4 s
mwszneui 3.4 Sreumsilse nougilnial IenaTeULULITANS

v d a

3.2 ﬂ1§ﬂﬂﬁﬂﬂ‘l"i1f’!miﬁ»l‘l]ﬂﬂlﬂﬂ!ﬂﬂiﬂ\’luﬂ!!azﬂulﬁﬁﬂ?

a ~ & 9 a o 4 a ~ 3 A

AUt sallsenounie AUYNINADVINTUASAULHUYIUNIZYD NINUNAIY

a a a [ d a a
ﬁﬂmﬂwmuﬂizmm 1.0 113 Iﬂﬂﬂu@,ﬂﬁx‘lﬂ@ﬁﬁﬁl‘lhmu{lull3L’Jﬂ!ﬁ'3uﬁ'1‘ﬁ13m3lﬂﬁﬂ1ﬁuﬂi
1 4 ] 1 a I a o a

ﬁ"lﬂﬂlﬁfg A.ADNIT @.W”Iﬂﬂlﬁﬂlu va9van dauaumteumzsaduaunnmelanziausnm .

a

1200 B.i1 9.a9va ALTa 2 ¥iiad wgmi leufigamgiiszina 105°C wiu 24 92T
Wandadnin BimsnageuluTagannui haumimsmmdannudumaives
AU Atterberg limit A1M3NATF1U ASTM (D4318) 34'1AUn M1 LL waz PI uag Sieve analysis
MUNIATFIU ASTM (D422-63) o ldwuntlszinnuesdu (Soil classification), N1HIA
mmwu1miuuﬁ'qqaqmmzﬂ‘%mmmmsﬁuﬁmmzﬁulumimﬁﬂ Tael4n15UAsaA Standard
Proctor Compaction, ASTM (D698), NMINA#UY1 Exchangeable cation 198735 AOAC Official
Method 990.08 , M3%1pH , CI tiag SO, Fauennniifeiinszriesilsznoumaniiludy
A1633 X-ray fluorescence spectroscopy (XRF) 1o X-ray diffraction (XRD) wuInlud

[

a Jd a ! !
augnsenensduazaumtionmezeon 1 lumsnadou lauaas 13 lunmilsznend 3.5
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()

{ a { 4 a @ J
amilsznovun 3.5 auilFlumsnaaen () wuln'lud (v) Augninensd

a =~
uag () AUNUIAUNZYD

d
3.3 M5 K vaanneuanuuInluauazfusiiien
1 d = [ dy
3.3.1 My K veanenauuy Inlud Iseavideanail
vAa { 4 c?: 1 { Vo 5

(a) guantavosnsie ldmauuuTnTudiu sz ldnseneasendiognal &
I 9 A o o dyd - P 4 [ =1
Wunseludestuiamdaasvar Tasnsetlinles i suanriuaszunsauos 200 191U 6.5 1
A1 Coefficient of uniformity 118 Coefficient of curvature (MINY 11.7 1A 1.0 MUAIA LAY
1 A J 1A a 2 o a 9
drunrmuaszunsaues 200 luianudunaiadn FseusoswunriansielaelFszuu

I
Uscs lailu sw-sm
@ [l o o [ 4 L

(b) MuaseudlIee1e M lasimaeunwauiuwuInlugd TaslduuInludlu
o v g’ o 3 a 3' Y a :‘ A 9y =
89318 3%, 5%, 7% Laz 9% lagiimiin andwaui Tagldlsuanim 2% madudlen

a oy A [ £ Y Y ~
voalSyranihmuizanlunmsuada aldvinnisnaasulude 3.2 (M13199 3.1,
[ 2 [ 1 Y v

Mgz 3.6 a) udrdasenald 24 2 Tuq e ldanuiunszareniviaau i llueda
TuMold auautaadvsulaaulude 3.1.1 Tagldinsesuadacalul@ (ELE automatic

compactor) (MW132NBUN 36b) MMUATUINTFIU Standard Proctor Compaction, ASTM (D698)
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0 iq 1a { o { <
() 11 Mold auauaaildaunuadaudr (nmilsznoud 3.6 o) wlsznowudugge
o ax gy A 9 [ 3’ o A 1
MInageULUVTANA MMITY0 3.1.1 (MWU3znouN 3.6 d) LAIMATOUALIINAY NBHIAT
E4
K voansenauuin In'ludfide33 Falling head test method ASTM (D2434)
9 v 9

(d) 9IUAITEAVANUGIVDNIIVY Standpipe (MN52NOUN 3.6 (¢)) Hazal/Fuaniy

i lvavenaindlediedu (mmilszneu 3.6 (1) wdnihweya lf w1 K 42673 Falling

head test Taeldaumsn 3.1

aL AH,
K = ln 3.1)
AAt | AH,
A dy A Y o 2
1D a = NWUNMUINAUDY Standpipe (cm’)
= ANNFIVDIAIDINAY (cm)
Y [
A = NUNMNAAUDIA10619A1 (cm’)
At = HAANYOIIAUD £, — t,
v [ v Y
AH,, AH, = wadnvesszANRAMiuaziei o nalt,

ag t, AUAIRY (cm)

=

3 Y y ' o Y o o

(e) ﬂWiﬂuﬂﬂﬂlfJiJ“def]VﬂﬂW K nignnneg 1 - 39U IﬂﬁlﬂWﬂWi‘ﬂﬂ’d@Ui}Uﬂigﬂﬂ

1 1 a Y d’ a 9 % 1 a a 3’ d' % 1 =1
Na@1\15314QWQﬂiiJ'If,LlHWﬂmlllelﬂulﬂ(luﬁﬁﬂEJ'N@‘Ll!,l,aZ‘]JﬂﬂmuTV]]lWﬁ@@ﬂi]'Iﬂ@’Jﬂﬂ'NiJ

Anlizanal £5% uazaA1 K A9 19Mgan1snadow

1 @ 1 s A 1
ANITN 3.1 'ﬂﬂﬁ8Laﬂﬂﬂ’ﬂulmﬂG]N"U’E)\‘lf]@lﬂﬁﬂu‘ﬂ‘ﬂﬂwﬁhmui‘ﬂ]luﬁLﬁ@ﬂ1ﬂ1 K

Bentonite Maximum dry Optimum Water content at 2% wet
content unit weight water content of optimum
(%) (kN/m) (%) (%)
3 19.35 10.0 12.0
5 19.10 10.5 12.5
7 18.68 11.2 13.2
9 18.56 12.0 14.0
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1 a = = = U L:y
3.3.2 MIIA1 K Ue9aUieg Usieazineanail
a % 4 a =~ = [ oy ya (a
(AugnsInenIduazduMiiennizee gninseuTagnaunutii vl
dy d' 1 a ﬁy d‘ A d‘ o v a Q
ANUFUNUINNNUTINBANUFURIMINZAN 2 % WTBN 20 % uaL 19% A1HTUAUGNITIAD
4 a o o 1 Qy o o o
naduazaumlounmzee audau Uasenald 24 179 udnirlduadalu Mold auauas
o (% a @ = 9 9 A YY) wAa .
dmisulaauassieazoealude 3.1.1 TaslHnToiuadonon lulA (ELE automatic compactor)
AUITUINT 31U Standard Proctor Compaction, ASTM (D698)
Y v
(b) M315£ABY Mold 92nTLINAWATHD 3.1.1 Ldwhmsnaae U UnaY tag
¥1A1 K 418735 Falling head test method
2 Y v
(© MIIUATZAUANUFIUDNIIUY Standpipe taza1llsuaninlvasenain

MoeAYL SwdenaingaiimsnageuaznsziuruReInude 3.3.1

3.4 MINATDUANNMUMUTIIIANVD I K
1 I

MINATaUANUAMUMUATIATV0IA K (Humsnaaauanuaiusalums
9 v A Y Y 9 1 a = Y 1 A
Aumuasazais laneniinNszauaANUANTUAY VoIaU Fa9i 1A lasasrvaoum K #

H 4 o 1 I~/ o
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™M) (mg/L)
0.0001 5.22
0.001 52.19
0.01 521.90
0.1 5,219.00
1 52,190.00
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spectrophotometer
Wave length Slit Optimum working range
rHAVears 1D

(nm) (nm) (ng/mL)
Cadmium (Cd™") 228.8 0.5 0.02-3
Lead (Pb’) 217.0 1.0 0.1-30
Zinc (Zn") 213.9 1.0 0.01-2
Chromium (Cr’") 3579 0.2 0.06—15
Nickel (Ni”") 232.0 0.2 0.1-20
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4 a
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=
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) . Y o a 4 Yy 9
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20X0.0141
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iMzoe (A LL= 4240 % uazA1 PI =2320 %) PIfge uaaaliiiuduuuinlud

[

UANUIKTiD (Plasticity) g9 Lozl aula 1uN1INBIAI (Swelling potential) g4 AIUAUGNTI

u
A

Aevaduazaumilonnzeeiim Aterberg limit Indfoety Fuilothe LL uaz PTvosduia
3 wiia 113 uns 2 nueaAuAI8T2 U Unified soil classification system (USCS) WU
wuInludsaeglungu High plasticity clay (CH) duaugnienensduazaumilounzooia
E]E‘chluﬂﬁjll Low plasticity clay (CL)

HANINATDUMIUABAUVLNIATTIY (Standard Proctor) uaaalfiifiud1 m

Y [
ANUHUILUUAIgagataz (Maximum dry density, Pd, ) wazalSuannuduiiningay

max:

Tumsuada (Optimum water content, () ¥oanswramuuIn’lud (pd_ =195 glec, ©

opt opt

Y3 KR a Ax I~ 4 o A a =
= 10.50 %) Llﬁﬂ\ﬂ’ﬂLWHﬂQﬂHVIN%iWﬂLﬂU@Qﬂﬂi%ﬂE]iJ'HﬂﬂL‘Ll’rNiﬂﬂilf’ﬂ pd g3 Hasun
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o o 1 a [ J a
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{ @ I a @ a
A15197 4.1 ﬂmaﬂumzmaﬂszmimmmuiﬂum ﬂugﬂsmamf‘fuamumﬁmgmzﬂa

AMaNYMY wulnlud AugnTanenad Aumitaunzee
Soils properties
Liquid limit (LL) (%) 487.00 43.00 42.40
Plasticity index (PI) (%) 450.00 21.80 23.20
P200 (%) 65.00 56.00 77.00
Color MooU ﬁ?@nﬂllﬂi\llmﬁ mnslsl}ll
Maximum dry density (g/cc) 1.95% 1.70 1.70
Optimum water content (%) 10.50* 18.00 17.11
Usznnvesanluszuy Unified CH CL CL
pH 8.58 5.52 7.27
Organic content (Y%ow/w) 1.65 4.92 5.50
SO42- (mg/kg) 3,807.11 822.82 9,604.26
CI (mg/kg) 280.12 100.75 10,545.10
Exchangeable cations in soils
Na' (meq/100g) 22.64 0.87 16.54
K™ (meq/100g) 1.53 0.26 2.30
Ca’" (meq/100g) 24.45 3.49 6.49
Mg (meq/100g) 2.52 1.00 10.70
Mineralogical composition
Sio, (%) 63.97 45.37 50.84
ALO, (%) 15.66 28.69 15.54
Fe,0, (%) 7.74 17.32 11.87
K,0 (%) 0.75 6.46 5.50
SO, (%) 0.75 0.18 5.04
CaO (%) 2.62 0.36 1.42

nuuma * mwwﬁmuui‘ﬂ"luﬁﬁ 5%
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[l u'd' o W 1 r{d'
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A15199 4.2 HAaNMIMIA1 K maammwﬁmuuiﬂuﬁ
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3 414x 10"
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VoA 3 <] @ [
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1.00x10° ¢ | ]
E Concentration of Cr3* E
= A 0.0001 M | A
r ¥ 0.001 M 7
X 0.01 M b
e} 0.1 M
1.00x10° % 1™

Liner requirement , K <1 x 107 cm/s

1.00x10”"
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Hydraulic conductivity (cm/s)
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(v d
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v o & ' o A o o~
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Msazarelavenin Cr NUANUWNYWNINY 0.0001, 0.001, 0.01,0.1 uaz 1M 1y
Y] 9 A 1 A v
szozanlumanaaeuilszana 500 Y lduaaslunmilsznoun 4.4 Tasa1 K 1Suduaod
a [ 4 o (% g’ Q'I 1 ] [
Augniinevad yaziinsnadauduiinaulunnganIsnaaey UA10g5:H 19
-8 -8 v IS = o 3+ v A
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1 1 Q' = d’ (% 1 =) d' u
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53

'
v A a [ J

Ui 400, 233 1A 162 YBIMINAADU AMVUAIFY  39na12 1871 AugnTenenad luamse

U

A\

3+ A Yy 9 1 9 A o ] a A 9
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Cd 2,230.158 | 0456 | 0.692 | 147.707 0.621 | 0985 | 510270 | 0501 | 0.992

2+
Pb 890.369 0.680 | 0773 | 1,238.511 | 0244 | 0967 | 5891.149 | 0448 | 0.948
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3+
Cr 4366.164 | 0246 | 0.821 | 1,033.951 | 0.090 | 0.979 | 1,887.122 | 0245 | 0.760
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Breakthrough curves ﬂlﬂﬂﬁu@,ﬂgﬂﬂ@ﬁﬂﬁﬂu Influent (FuaNTaza18 Mixed
solution NJszneUAIL Cd™ (C, = 0.001 M W3 112.42 mg/L), P (C, = 0.001 M 130
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Takemura, 2002) , A1 D Y84 Kirby Lake Till 90U 4.5x 10° cm’/s (Kim et al. ,1997), A1 D Y04
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Tanzvirin D (cmZ/s) R n MSE

cr 1.00x 10° 1.00 0.34 0.113814
Zn> 6.64x 10" 6.55 0.34 0.003962
cd” 501x10° 7.00 0.34 0.001423
Nit 2.16x10° 7.60 0.34 0.000392
Pb>’ 1.94x10° 36.00 0.34 0.001712
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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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Sand-bentonite with Pb?*
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Kho Hong Lateritic Soil with Cd2*
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Kho Hong Lateritic Soil with Ni2*
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Koh Yor Marine Clay with Ni*
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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.
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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
15 20 25 30 35 40 45 25 30 35 40 45

Normal Stress (kPa)

(a)

Normal Stress (kPa)

(b)

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-

10° ¢ | 14
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2 A \ =
§ 2
2 s @
3 N\ / -
g " N/
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Figure 7. Hydraulic conductivity and swell vs.
bentonite content of sand-bentonite
mixtures.
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Rough
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voids

Smooth
surface with
no voids

(b)

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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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



W'mﬁma%mamﬁawﬁLLﬁ:ﬂﬂig@I@ﬂ:%ﬁfﬂ@@ﬁamaaﬁugﬂ%mé’@ 75
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



76 ila Anuur gawa 13dna sz wunfiad 13y loa

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



W'mﬁuﬂa%mam'ﬁawﬁLLﬁ:ﬂﬂig@I@ﬂ:%ﬁfﬂ@@ﬁamaaﬁugn%@mé’@ 77

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
1] /
= /
~ /
T Al - 1
_ 8- "5
_“E’ // g7 =
o 528 e
N 0.001 i i
A | - _ _
% in] y///d __—x X %
E | //// 4%/*/’%
2 %/49// i
»
0 | | |
0 20 40 60 80

Equilibrium Concentration (C;, mg/L)

P A a o a o &
Eﬂ‘n 3 lZéJZTL7’781/77'75@@W@N?@?ﬂﬂu§ﬂ7\7ﬂaﬁdﬁ

Adsorption Isotherm
Heavy Adsorption
Metal Freundlich Linear Capacity
Solution K (meq/100 g)
2 P
Kr (L/kg) 1/n R (L/kg)
cr*t 1,033.95 0.09 | 0.9791 43.14 8.18
cd* 147.70 0.62 | 0.9854 59.27 1.25
Pb** 1,238.51 0.24 | 0.9666 19.26 4.20
Zn™ 141.93 0.55 | 0.9963 49.51 1.52
Ni?* 199.99 0.33 | 0.9976 19.15 2.11

A13190 2 W’I?’]ﬁt@)ﬂ?%lé?d?ﬂ Tmnammﬁugnﬁﬂamﬁ

Qs A‘ 1 1
dudszAnsnisunsuazunainasanamniag
{ a el o o g el a A{ ‘V:‘
sIazanefl inaudugniseananueninazi ldd i mdnduiszdninsvanlivin gy
Huudy ssazasidignih ldmdranuduiuveslanswinifisuivnm (C)  anudunus

Wi C/C, MUAMEENIN Breakthrough curves lduaasliluzuf 5 §16unny Breakthrough
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(Guavaseuldhfanudutuvaslanzninlui i lnasanainéu) niirngaludfgaleun
Zn>, Cd*, Ni¥* uaz Pb>" enwdeu lasluniwsiuuen Zn®', Cd*, uaz Ni>* § Breakthrough

curves NAABATINW luamz Pb> § Breakthrough 1T1MIgAKAzYIINNGILINGIN

Pore Volumn of Effluent (PVE)

0 10 20 30 40 50 60
1.00x10° [ ‘ ‘ ‘ ‘ ‘

Liners Requirement, K < 1x107 cm/s

1.00x107 |

Hydraulic Conductivity (cm/s)

[Water Heavy Metals Solution

<> —>

1.00x10°® ‘ ‘ : ‘
0 40 80 120 160 200

Time (days)

= o a £ v 2, a o &
E‘]J'Y] 4 ﬁuﬂﬁ:ﬁ‘i/lﬁn’)maﬂ‘ﬁuﬁ‘ﬂﬂﬂﬂu%ﬂd@u@ﬂidﬂﬂ%dﬁ

\lJaWa Breakthrough curves 1N Trial and error fnwITALaasMsaRani D uaz R

A% Breakthrough Nwdaalasunudn D uaz R adluaunsn 2 linasaandadny Breakthrough

A o adg o, =2 o Aa ' A

curves NNMINARRY Teauhnltuivaniisnnusanniaififa A1 Mean square error (MSE) 7

wonfige 1dudzluguf 5 uses Breakthrough curve fildanaun1sfi 2 é1 D, R fisaandaany
NANIINARBILLUFAN bauaad I buannan 3

' A & A A a o & o A A

mwwsmmaimsmaaumﬂuamug}ummammt&zmsa:mzﬂam%un Augadliluaran

3 #M3Ud1 R S’EaLLamﬁammaWNWinlunWiﬁuaaIa%zﬁﬁfﬂmaaﬁugn%’a WUI1 @1 R 289 Pb>* &

AN 1189970 Breakthrough  88nuNE1Nga Tuwnefien R w89 Zn>", Cd*, Ni¥* §dn

Inalfsanuuaziasninen R 289 Pb> thasanansazanslanzniinnaanadh Breakthrough aanan

Aok NATEIAT R N la%F0aA80INUNANINARBLLULLLNG lag Pb®>"  498@A1 Adsorption
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a A

. P = v P o v Aa [ '
capacity mﬂﬂqﬂmgﬂ@m@m%mnmgm ¥inl# Breakthrough aaﬂmﬂ@ugmqmamﬂumi

=

NagauuUy Column TINE®

1 T E/ ////:///'/" T T M - T
s o7
—~ /// + //
o 3 /7
= 08 4/// ,/ .
/
5 /3
=] 0.6 / | //+ E
o ) /
-— gl /+
C 4 +/
!
8 o4f b / ]
s " N e Fitted with Eq. (2
o ol J+ itted wi g. (2)
O //// /’ /, A Cdz*
o ) /4 o N
z 02r o /! +  Pb 1
© U ;
6 a /2 // // o Znz
a / s +
m 0 /////O// 4 B e el s-/-(/; N 1 1
0 40 80 120 160 200

Time (Days)

{ a o s
Eﬂﬁ 5 Breakthrough curves Y3AUINTNAIWIFIINNTINATAL Column test

Heavy Metal D (cm’/s) R MSE
cd* 5.014x 10° 7.0 0.001425
Ni# 2.160 x 10°° 7.6 0.000396
Pb* 1.943 x 103 36.0 0.001712
Zn** 6.164 x 10°° 6.5 0.004094

A15190 3 ﬂ'vW757i74mafnmﬂﬁauﬁwaoﬁugnﬂﬂama(

AFNUSEANTMIUNS (D) FIUFAIMIUNINTZA ﬁlmzﬁﬂumqamaamm:mu‘[am%ﬁh
luaugﬂ%'a wudianlugae 10° 89 10° ems  wsesldifiuds nsefenfinuumunives
ayazaelanswinms 4 wiia %aaaaﬂﬁadﬁugﬂi’wﬂaa Breakthrough curves d4 &% 1ia
AT D ag9azldaanudn @1 D va9 Pb* ﬁ@hmnﬁq@LLaﬂaiﬁLﬁuﬁanWELﬂﬁauﬁLLuumi
LLwéﬁuwnﬁq@%qaa@aﬁauﬁumm*‘ﬁmm Breakthrough curves ﬁﬁaaﬁq@ lunassnudy fn
D 284 Ni** ﬁﬂ"]ﬁfaU‘?'iq@uamlﬁﬁuﬁamimﬁauﬁLLum’meiﬁﬁauﬁq@%daa@ﬂﬁmﬁummﬁu
284 Breakthrough curves ﬁmnﬁq@ §ue1 D 989 Cd** uaz Zn** Senlndidnsiuuaziizlinias
284 Breakthrough curves fagoaainu

luﬂ'liﬁﬂma%gaﬁvlﬁﬁmsmaauLLuua@wﬁmaa@ugn%’oﬁné"sasi'lwﬁaﬁ’umia:mﬂ cr
M 3914

weilginsaTany 't lwihflrasenatnalad1iaaaasi9IaINsNagay 240
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sunIndwImaT D uaz R v89 Cr' 'l inguafi il Breakthrough va9 Cr'" Wnazfiaingann
A A 34 A P : o A A L Xo 9 oa \ 9 A

anuaiafd et fidh R Aigandilansninaunldlummesauasadiililnismiaelaildinng

WwRauNved Cr* 8aNNNAMNADENIABINTIS 240 TUVBININATOL NANINATDLLLLULNS

FOAARDINUFNYAFINAINA laeein Adsorption capacity 989 Cr** ﬁﬁhgaqﬂluﬁhmumm:mﬂ
o A9 v P

laneninfldnaass (@13199 2)

ANNATRNWFITLAR

au§ﬂ§dﬂawa§Uﬂ5@ 5 61";aﬂwaﬁgﬂvlmmuimmm:mﬂ crt Afanududn asua
0.0001 M, 0.001 M, 0.01 M, 0.1 M, uaz 1 M lagldszazinanlumsmanssrsnauayszanms 500
% ﬁwé’uﬂizaw‘%ﬁﬂaulﬁﬁv‘ﬁuNmmaaﬁugn%’aéﬁamaﬁy'a 5 ilanamoulagiin DI Fendszanm
5x10°  cm/s AnuFNRBETEIsAaNL s ENnE nswanliin S urwuas L’Jﬂ’]vLﬁLLa@NvLﬂ%EﬂJ‘ﬁl 6
ﬂ"l§Nﬁ§:§W§ﬂﬂiﬂaNlﬁﬁﬂ%mBi’l%“llﬂd@%@ﬂ%%ﬁﬂﬂﬂﬂﬂdﬁ?EJ‘LE’I DI uazsnsazanslasiioufiseau
AMNLTNTW 0.001 M ﬁﬁmaﬁagﬂuﬁaa 8x10° B9 9x10° cm/s Wilanamauundszans 500 S
’Lummzﬁmﬁuﬂsz‘ﬁwfiﬂﬁﬂaw’[ﬁﬁ?ﬁumumauauﬁﬂ%ﬁﬁﬂ@aaﬂ@wmmia:mﬂiﬂﬂﬁwﬁmm
g 0.01 M, 0.1 M uaz 1 M (Hafasazans 't Inarwmudwrin v dudszansnsoey
T Suriudiendan G]Lﬁuga%w,%:am JAUGINI 1x10” em/s Tutanaaasmmasaufi 370, 200

Laz 180 A% ANUSIAU

1.00x10° ‘ ‘

Concentration of Cr3*

N 0.0001 M
0.001 M
0.01 M
0.1 M
1M

4 0 X X

&
© g
P ° K

Liner Requirement , §< 1x107 cm/s

1.00x107 |

Hydraulic Conductivity (cm/s)

| Water Cr3*Solution
<> I
1.00x10® ‘ I I | ‘
0 100 200 300 400 500 600

Time (Days)

1 L7 v 3 g o a Q( v :/ I a o
Eﬂﬁ 6 Nﬁ?lﬂdﬂ?’l&lt?l&/?/%?lﬂdﬁ’)75’\135’\1’)8/Iﬂﬂﬁﬁl&/(ﬂﬂﬂ’lﬁi/ﬂ?:’ﬁ?’lﬁﬂ’l?ﬁ/ﬂ&/2%%’)5?&/54']%'718\7@1%51775\7
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Nami‘n@aaﬂugﬂﬁ 6 LEAILALANIN augﬂ%'wﬂé'mﬁaﬁmimﬁ"lﬂmhuﬁﬂﬁ@h
a a t§ qz:’ = 1 n' :&/ o A s:i'. s a t§ w:’ =3 l
FNUsEENTNwaN I RINGUHIMANTY lasaaswIaszuzaNaaNlseansnssanlRiinGunn
A’ t§/ g; t§/ 1 v v { 1 U { 1 U U
wauumwuaQnumwmmmwaamsa:mﬂﬁ%amu mmsa:mﬂﬁvl,mmuﬁmwwwuga
' = o I a £ s ' A £ . = o o ]
Vl,‘v&amum:ml%mauﬂi:aﬂﬁmmawlmm%ummwwugaamﬁmLi's auml%gamﬂm
& o 8 A -7 & & a o Aa v o
WIAIFINVBITUNWENN 1x107  cm/s Naftenaazaduielain aIazasfanuduTugs az'ly
Yinane Diffused double layer ®IaUABANRLNI 9 mumi,mﬂ“uaamuﬁﬂuaumﬁmluaugﬂ%} i
v A Y. x vt o A o s, X ¥ .
’l‘vxmaL(ﬂwuaamm'}wuaawalﬂmauﬂsmmmmaulwm%umug\wu NAIINNINARDIHAD LT
A o Q o a Qs YV & g; Qs =S o e Q L té =
maua’msumim@ug‘q’ﬂsdvlﬂslmﬂumuﬂwnummmaqsumm:myiamﬁuﬂ el dyninig
FFuluIzaze1 1INNATIAN VT NTUYBIRITLATAINGD

a3l

L]

mi?m'mqmauﬂ'@maaauﬁﬂ%ﬁu@é’@Lﬁada’mmsvlma%ummaamsazmﬂamﬂﬁfﬂ T

[

£ AV o an & a o . ¢ A =
AW V[@ﬂﬂﬂﬁqmauuﬂwugﬁumad(ﬂug}ﬂid V]']ﬂ']i'ﬂ@aaﬂl,l,lﬁ.lLLU‘V]TLWaﬂﬂjﬂqﬂjquﬁqwqiﬂluﬂqj

a A

AAAARY HNInasasuuuaaNSiNadnwInITAlaain1siafawd wazinn1InaaeIninng

U
v

frumusnsazans lansniinvasenaudssansnmssanlwinguriin wamsﬁnmmmmagﬂvlﬁé’aﬁ

1) anusansalumigamsazaiolanswinin@efizesfugnis mnmnﬁq@vlﬂﬁaﬁ
ﬁqﬂvlﬁuﬁ Cr', Pb™, Ni*, Zn™, uaz Cd*" anwiau lawlalanayvasdugnisdemyazaislans
AUNFOAARBI0EANLANNNIVBY Freundlich

2) ﬁw§uﬂs:§w§n1mau’lﬁmfﬁmﬁumad@ugﬂ%mmmuﬁmﬁ?’] DI fid1agluzag
4.0x10° 14 5.0x10° cm/s

3) WAMINAROLUULFANANUIN §19Un1T Breakthrough mn%ﬁq@vlﬂﬁaﬁqﬂvlﬁl,l,ri
f3azany PbY, NiZ, Cd* waz Zn®® ew@eu lasansazany Nitt, Cd*, waz Zn> §
Breakthrough curves Alnsifoein lumed Po** § Breakthrough ﬁ"ﬁ’]ﬁlqﬂ

4) AunaLAaTANURUIIVRY Pb* fwhmnﬁq@ (R = 36) Warfwuruuwaiaes
AMNRUITAY NiZ', Cd*, uaz Zn*" (R = 7.6, 7.0, U8z 6.5 A1UR1AL) \fasan Breakthrough
aaﬂm%’]ﬁq@ HAa9FN R AldisanndasnunamImagauuuuwung lag Pb*  @9ildn
Adsorption capacity mﬂﬁq@

5) NANITNAROLANUATUNIBRITLAL wud7§u§ﬂ§aLﬁagﬂvlmmui@mmil,ﬂﬁﬁ]:ﬁ@h
Fulszannsselini SuriwAnin Tassanwiosuznafenaulszansnmssanlmingusine
Lﬁufufmzﬁuag‘ﬁ'umwLﬁmﬁumaaaﬂiazamﬁvlmmu ﬁ'lmia:mUﬁvlmmuﬁmﬂmiuﬁugaﬁ
ﬁ):v‘iﬂv‘f@hé’mﬂi:’ﬁﬂ%(mmawlﬁﬁw%ummﬁw"fugaaﬂ'ﬁaimﬁa ﬂ'lﬂ‘ﬁauﬁﬂ%‘ﬂumiﬁﬁy’uﬁ‘u%u
asacanolaveniin 9199 d0avndIANNTETaTE Y netiitesan sdulszantmssanlings
mumaﬁmgaﬂdmwmgnmﬁaﬁmsmﬁhuﬁmmmm:mmIameﬂﬁﬁmmﬁuﬁugﬂmwmm

P
NUwIUNa



W'mﬁuﬂa%mamﬁauﬁLLﬁ:ﬂﬂig@I@%:%ﬁfﬂ@@ﬁamaaﬁugﬂ%mé’@ 87

LONA1TD19DI

Amatya, B.L. and Takemura, J. 2002. “Contaminant Transport through Bangkok Clay as a
Liner of Landfill” Proceeding of the Eight National Convention on Civil
Engineering, Khon Kaen, Thailand.

Benson, C.H. and Daniel, D.E. 1990. “Influence of Clods on Hydraulic Conductivity of
Compacted Clay,” Journal of Geotechnical Engineering, ASCE, 116(8), 1231-1248

Cabral, A.R. 1992. “A Study of Compatibility to Heavy Metal Transport in Permeability
Testing,” Ph.D. Thesis, Dept. of Civil Engineering and Applied Mechanics, McGill
University, Montreal.

Ernst, W.H.O. 1995.”Decontamination or Consolidation of Metal-Contaminated Soils by
Biological Means” Heavy Metals: Problem and Solutions, W. Salomons, U.
Forstner, and P. Mader, Eds. Springer, Berlin, 141-149.

Fernandez, F., and Quigley, R. 1985. “Hydraulic Conductivity of Clay Liners,” Canadian
Geotechnical Journal, Ottawa, 22, 204-214.

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

Gleason, M.H., Daniel, D.E., and Eykholt, G.R. 1997. “Calcium and Sodium Bentonite for
Hydraulic  Containment  Applications,” Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, 123(5), 438-445.

Jo, H. Y., Katsumi, T., Benson, C.H., and Edil, T.B. 2001. “Hydraulic Conductivity and
Swelling of Nonprehydrated GCLs Permeated with Single-Species Salt Solutions”
Journal of Geotechnical and Geoenvironmental Engineering, 127(7), 557-567.

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

Mathew, P.K., and Rao, S.N. 1997. “Influence of Cation on Compressibility behavior of a
Marine Clay” Geotechnical and Geoenvironmental Engineering, 123(11), 1071-
1073.

Mitchell, J.K. 1976 Fundamentals of Soil Behavior, John Wiley and sons, Inc., New York,
N.Y.

Osinubi, K.J., and Nwaiwu, C.M.O. 2006. “Design of Compacted Lateritic Soil Liners and
Covers,” Journal of Geotechnical and Geoenvironmental Engineering, 132(2), 203-
213.

Ou, W.C. 1989. “Soil Column Process for Landfill Leachate Treatment,” Master Thesis,
Asian Institute of Technology, Bangkok, Thailand.

Shackelford, C.D.1990. “Transit-Time Design of Earthen Barriers” Engineering Geology.
29 :79-94.

Shackelford, C.D.1994. “Critical Concepts for Column Testing” Journal of Geotechnical
Engineering. 120 : 1804-1828.

USEPA, 1986. Subtitle D Study, Phase Report, U.S. Environmental Protection Agency,
EPA/50-SW-86/054.



MANUHIN A

MIHUM AN HUNVBITUNUBNAMHTEIVADA

f-1



a a ' a &4 a 7 a
) fﬂiﬂi%%u'ﬁﬂﬂ?i3ﬁ3ﬂiiﬂ18§1l!ﬁ@%1ﬁﬂﬁ\iﬁ olo Tiuﬁuamummqu ﬁ].WHﬂﬂaﬂ 2-4 NN 2550

MU NS HUNVIITUNUTNAMKHEIVAD A

RETARDATION OF HEAVY METALS IN COMPACTED CLAY LINERS

d
A [RANIUUN (Tanit Chalermyanont)1

 d

gsWa 81389 (Surapon Arrykul)’

LY Aa ¢ A
wunting 103ay]5a9 (Nantanit Charoenthaisong)’

] o a a a 4 a o a .
]lej%'gﬂﬂ"lﬁ@jﬁnjﬂ ﬂ'IﬂT’]ﬂ?ﬂgﬂjjj\lTﬂﬁ? AMNSIAINTINAITNT VW 1INYIAIANVAIUATNG [anit.c@psu.ac.th
2 d a a [} o a ' a o a 7
JONFIANT19158¢ ﬂ7ﬂ'J°If73ﬂ"lﬂ551/!7717@\7!!5!!@5??7@ ANSIAINTTNAITAT WU 1INYIQIANVAIHATNTSurapon.a@psu.ac.th

3 1 Ao a A a 7 a o a 7 . .
Ej%?fl?i]ﬂ MAIVIIAINTTNY Tﬁliﬂ AUSIAINTTUAIANT WU 1INGIAIANVATIUATNT nantanitc@hotmail.com

v a = v 9 o 3 v R o @ Y A 1 o w oy a A A dy '
unnage : @]Ll!,‘ﬁuﬂﬁﬂﬂﬂﬂﬂﬂgﬂi%ﬂ]uﬂf'ﬂﬂ'L!“IﬁJf‘T”I‘I’i'i‘]J‘U’EIF\]Qﬂﬁﬂylapjﬂﬁlﬁiﬂﬂ@ﬂ1ﬂﬂu1lﬁﬂ msndounvesasduouniu
;’,' a = 9 ] ] a = & A ] 1 & A
FUAUHHIIUTZNOUAIY MITUNT NITW LAZNITHUI ﬂumumcmmJizqaummmwmmﬁﬂmﬂaumgﬂumiazmamu

Y ] a 1 = 1 4 ] Aav oszl dal Y= 1 o
1]§$1]1J'Jﬂulﬂ ﬂ'JHJﬁ"IiJ"IiﬂGlfL!ﬂWi‘Hu’Nﬂlﬂﬁﬂu@]@ﬁWiagﬁ1ﬂliﬂﬂ’ﬂ UnAMDT NITHU fﬂi’ﬁ]ﬂﬂi\ﬂ!llﬂﬁﬂ‘HTHWﬂWLLV‘Iﬂm@iﬂ"ﬁ
1 9 9 1 1 4 1 o o a & Ay o

“HH'NTﬂﬂi“lfﬂﬁ"ﬂﬂﬁ@llﬁ@\ulu'J‘Vﬂ\iVlﬂllﬂ ﬂ'li‘l/f'lﬂ1LL‘V\IﬂLﬁﬂifni“I/i‘H'NIﬂEJﬂ'lm'J‘L!i]1ﬂﬁ'1llli$ﬁﬂﬁﬂ1illﬂﬁﬂqﬂﬂ1ﬂﬂ1§‘ﬂ?ﬂ15

4 U 4 ] Jd a a o
NATDUUVVLUNG azMsmanamesn151iu191agaIIINMsNAgoULIVFANN AUYHY) 2 %uﬂgﬂi%iuﬂWiﬂﬂﬁﬂUﬂu

F) 1a % a ~ =) 9 o a F) 1 o [ =\ = T A
Vlmmﬂugﬂmmzﬂumummm Tagldarsazarelavieniin 3 via vlﬂllﬂ AITNY ANNST LS LARINYIY WNANITNATDUNDIT AU

v o W ]

9
mﬁfJ’Jllﬁ‘L!illﬂ’ﬂll’(3(11115611&ﬂ1§1’iu’3\1u1ﬂﬂ’31ﬂugﬂ5\1 aW‘I‘Uﬂﬁﬂu’Nﬂ1ﬂu1ﬂqﬂﬁ}ﬂﬂm@ﬂﬂuﬁﬂﬁﬂﬁ%uﬂﬁﬂﬁﬁﬁ$ﬂ?&liﬁ1’i$1’iﬁﬂ

Y v
= 1Y (2 =

o [ c?/} @ 1 1 J ] {
ﬁﬂﬂﬂé@ﬂﬂlﬂlﬁ%ﬁﬁﬂiﬂﬁﬂﬂQWﬂMTﬂllﬂﬁI@Elﬂﬂu ¥N1 denzd uag unadion HENIMNUUSINDN muﬂmmammmﬁ"lﬁmﬂ

o, 1 § 1; 1 1 1 § 4
ﬂ?i‘ﬂﬂﬁ’ﬂ‘uLL‘]_I‘]Jﬁ'ﬂllﬂﬁ?‘ﬂﬁ@]Tﬂ'ﬂuazQﬂﬂgl)’t']\111Tﬂﬂ']1ﬂ1ﬁIlﬁiﬂﬂﬂ?iﬂﬂﬁ@ﬂuﬂﬂuﬂﬂ“ﬁ

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
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