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ABSTRACT

The objective of this research is to study the behavior of diesel contamination in
unsaturated homogeneous sand under groundwater table fluctuation. The study is
performed in laboratory in one- and two-dimensional experiments. The influential factors
considered are particle size of sand, lateral groundwater flow, and groundwater fluctuation.
The distribution of various phases in sand is analyzed by image analysis. The outcome of
this research will improve an understanding of effects of groundwater table fluctuation on
diesel distribution in unsaturated homogeneous sand. This will, in turn, help prediction of

diesel contamination at a real site and assist a design of remediation strategy.
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2.1 Light Non-Aqueous Phase Liquid (LNAPL)

Non-aqueous Phase Liquids (NAPLs) 1ussduszneunilsludlasdendaduaisuseneu

Ay v a =

a a 6 a aaa a = = a a 3.11 Ya <@ CY
dun3gnlaunnsssued neiinainujisenaivasdiaiivesarsdunsdlutulanuandunaiy
Wl Fearsusznovvesllnsiden 1wy lalasa1susu wazarsussnaudunidaugueslulasiau
Faes waroandiau Ulnsideuaiunsadla 3 suuuu laun () fresssuwd, (i) ddiudv, wag (i)
I3 = o £ a = ° & a | Y 9 v a &
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panddulnneunuiisneg Ulasideugnaauinannwinisiuau neddudvaisusznaudsenausiey
a1susznavlalaseiueu du lelasiwdudiulng lelasesueunegluiiduaull 3 Usvian
(Usnlung, 2533)

Yaunadfliazatgl (Non-aqueous Phase Liquids; NAPL’s) gnnuagraunniunisvuideu
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Fuldrukarilanu lnegnuantdeseanananiuiidnyanssdunsigwazan umInyanoeyuyud
anldnununursedissuunisiansnidedunnJgymnisuuleu NAPLs tifeitesiunissiduves

| a P a a I A a Y] ] ! Ay wa
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Cohen and Mercer, 1993) ¢ NAPLs wianilneldiinnisuudeurenitldaudadudyndfey
ilogan NAPLs tian1sandnenieluduiuuazéd3una NAPLs Slunnwefiazanunsanelfiinnis
\Aeuilugseduilifu (water table) GavhlAnnansenusiodauandeuluszeren Tnsdadudidry
frnelhAnngAnssunistudouiianeiu o arumuiuiiu §3uf 2-1 §9 NAPLs anunsaguda
Uszuanldmuanumuuduiioisusuinlaeanuwuinduve swiiinfu 1 o/cm? (Testa, 1994)
desandfuidomdnduaisusznoulalnsansueuiwendainii Tnafonaudnvazaes
ansUsznoUiia non-aqueous phase liquid (NAPL) Tnafinsutsufinues NAPLauasvukuudu
2 afingeil

Lisht non-aqueous phase liquid (LNAPL) iuvesmarwiaiifiiminiug fefinnuvunududos

nihlaeitiluazassaguuiing wu defudeimuasndnsurdlasdon

Dense non-aqueous phase liquid (DNAPL) Huveamariinfifinrumnuduannninilnesld

ﬁlzf\magﬂéﬁj’l 19U chlorinated solvent

LNAPLs fifiasmunutiutiosndtth (<1 g/cm?) Weifnnisuuidouasgiuildfuagiinann

miaaaagil,uﬂaszﬁuﬁﬂﬁau Fonansdwdiouriiagananain LNAPLs (Light Nonaqueous Phase
Liquid) wfinves LNAPLs dauannde Ulnsideu lelasasueu waskdnsaeifiinainnssuiunisndu
19U gasoline, diesel Lasiomasilalunnsuudaimneennie @ruves NAPLs fiAnamunuiuannnii
i (1 g/cm?) 138177 DNAPLs (Dense Non-aqueous Phase Liquid) Fafuarsusznoulsziay

chlorinated solvent (PCBs) ag tar @9 NAPLs waazudainaInn1sHauyaasnianuvun kbl
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wirduldegnanainaty FangRnssuves NAPLs duqlusgiudndiuvesarsiiuadluilu NAPLs

%ilAn39 (Hardisty and Ozdemiroglu, 2005) &1 Frenstra and Cherry lénanindasedineliiannis
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Uuilouras NAPLs Jusgiiu
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USeuwea NAPLs filyatu
Srunziiuiifign NAPLs Judlou
szegnani NAPLs gnuanudes
AuANURYDY NAPLS
anmzveanslnaluduliau
TnglusAdedAnsianzreunarildazarsihuszinnauvuiuuiutiosndn (Light
L

Nonaqueous Phase Liquid; LNAPLs )

T

" ‘Saturated zone .

... Groundwater
" flow direction

- NAPL I:i Dissolved contaminant plume E:} Vapour

Ul 2.1 dnwaizn1sindeudl NAPLs ftsionmaeavunuiy Ae LNAPLs Uay DNAPLs
(Mercel van der perk, 2006)

[

WDN1SUNNIDFIT VDI LNAPLs asddulddu arsvulauasdunrudulidudinigun

Y

(Unsaturated Zone) @atadounlunuifeniednsnaveosusiluunisvsslan (gravitational force)

(Fetter,1999) Auau1savesasuulauinasuilaagnasinsidusgiuninududaunaz Ayl

Y
I

Wuszideursadnfunsefunznaunes (Lehr et al, 2002) FsUundluduldnuaziianwusluily
seilguiiipannainduauinainiuvateyiinegsiuiu Hardisty and Ozdemiroglu (2005) 85unein
mnansfliiluseifou (heterogonous media) aztinnisiadeudluluifuaziinnisursnszangly

memutnsluguliddudivagun Domenico and Schwartz (1990) 85UNFULUUNITUNINTEAVDY

asUuilowduedfuusiuniianisvuilouduieiny mMsvdesvesasuuleululsunannnguas
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lusssrnaduduasuuousrausoindeufiasesnniuasiinisundnszarseanymedudnady
sUnTIeRagUT 2-2 (L) wiilaiFeuifleufunsanudesansiutiouasnainnszesiaiuiuns
LﬂﬁauﬁﬁuaﬂaﬂsﬂuLﬁauﬁ]zm?1'auﬁiﬂmmi@qﬁmmm%umulﬂlﬁi@aazmnmmgﬂﬁ 2-2 (819) et
fanamiloradutendvdousuatifuld o LNAPLs indoufilumsuudeudannsniniziiiaves

aﬁ,gmﬂLﬁﬂauaéﬂwmmﬁaﬂi’] sorbed contaminated (Pinder et al., 2006)

Residual oil

Mobile oil

Water table /__.
— Capillary fringe

(a) Sudden, Large-Volume loss

Water table e e ——
SE——— Capillary fringe "/

fh) Slow Laak

JU 22 M3lAReuved LNAPLs (U) n1siadeuiived LNAPLs a1numnasniiusinauagiinnisiva
9819790157 (819) MsiAdpuTioanaNUUaIRE et LaziiUsunaesasUuUoutios

(Domenico and Schwartz, 1990)

2.2 msvuiiouvas LNAPL Tufu

nsuwdfouves LNAPL Tufuorafinainanmguansuszns 1y msdaluaandaiuisuldiu
fafulundshifunasiodningy mi%"'ﬂuaawLﬁﬂ%mﬁaqmammaﬁuLLazmiwqm@ffmaqgmmﬂ
\Dusiu LfﬂumLwﬂ,ﬁtﬁmmmwéuaﬁwﬁ%”’uﬁﬂﬁau uenninisuudeueainnn mamhifuedes
fldudais nmaingtRuauuounessnusnLy miﬂulﬁauﬁuaqfﬂﬁuﬁuﬁuagﬁwmﬂf]ﬁa
iy USinaiivudeu ﬂmauﬂ’amaaﬁwﬁu Tnssasesiufurdetuiiuuinaiifanisuudon deui
thifuasiiansuudouasgilifulétuasdosihutuing Ao sufuilliBudaded (Vadose zone),

FuaUand (Capillary zone) wag Futlafu (Saturated zone) fanandlugun 2-3
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Residual hydrocarbon

Mobile hydrocarbon

=— Vadose zone ——

Water table
|

. : Capillary fringe

Hydrocarbon components
dissclved in ground water

Ground-water flow ———

[ Saturated zonc —

Ul 23 msideusiues LNAPL mutufu (Fetter, 1999)

nsiinn1sslraandunuiidulafu (Underground Storage Tank: UST) U 13uUsnazLin
nMsBuasdtuAuilidudiiieul (Vadose zone) Inednissilvaintulsnnaniisadniostsiuazgn

adulinuYesinsenieuninvediiu waslianansalvaduruaslugruinldnuriotunusuiinig

hO)

e <

1 (Saturated zone) Vuusisuniavesiuiinaautalunsaedulilalid vielinnsumiasiunsauiu

io

(% '

Uy waglunsdniinissilvasenuiunnisuuleugtuinldnuiiloniaunnguii Gangadharan

et al. (1988) nundnArduUszavsnisdutvestuiudusuuiidafiediunniianig (Homogeneous

<

and Isotropic) ud3 NsiAdeufivesd Ul utuAulazisunsudugunsieain usaduUseansues

Y
[ [%

nsButhmestuiulidudodioniu suinaedouithaedsuiadusulivivey
nsiedauvessuiituaidand (Capillary zone) B3ukINILAFOUTINIULLIVIN wsilorhsiy

\waousieuaunland (Capillary fringe) %uﬁumifﬁﬂmwm%ué’uLﬁaqmmﬂQmamﬁﬁﬁuaqfﬁﬂuﬁlzj

A1uNT0aTaNET waziflofinsriuifusnnauigedusiuds ihifuagBuundnszansluaudia

nensivavreninlaifu vie auauaIatuvesiun wazunuusdazgnandulinudesines

aunARu (Fetter, 1999)

2.3 NISHUSTURAUANNAN B VDIUN LARY

(%
v

ANWULNINNIYAINYBITUAUTLAAUN AR UL UAILTOLUIDDN LR 2 TU A JuludusInlell

o
Y 1

(unsaturation zone) kA=Y UDUAINBUN (saturation zone) (5UN 2-4) Iﬂﬁl%'umaaﬂgml,méf’w

uszauthlanu (water table) dalusgaunanusuvesil@du (hydrostatic pressure) Winuaaw

AUUTIEINIA (atmospheric pressure) (I3zna, 2528)
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b
._.-_J___ Grround surlwc\ ¥

z - N
&g‘:'im Soil water @'

Intermediate Pellcular and grovitational water
zone >

Zone of acration
Suspended water
\vaaose waler)

caoukkar Capillary water
zone
| Water table

Ground water

Zone of saturation

Bedrock

UM 2-4  msuustufumudnyaizveniildsu (Domenico, 1990)

2.3.1  wuldduaanieun (unsaturation zone)

WernfuAutitesinesenineunIAveIiulsEnaumIg N ALazY) eteuisundnag1miledn

=l

aeration zone (A5eWa, 2528) %38 vadose zone lasvlulwailiduiniinizlureasinavsadinmu #5e

o

nmdeglusenitamiazindouaslugiudusinen (saturation zone) Uluduilazgnnsesin

MmeusIRagavadluanamensiesuiulsddua Jaswgatinalussognaiidosunnaiuisoss

o o

lalugosinudngseninadiunazusmeoniluiiduunsndevuuinvesiunseilnnuiiug (@1inenn

3

' (%

) i !

WAz TSI, 2542) AdguTIneansENnINeeunialadhesive force) nfagludunuilisenin

Y

Y
o '

vadose water %38 soil moisture Fulidunleunfaiuisanustosladn 3 TugaslagsuaNNRIRU

[

Auvuasntszaudlaau (glua, 2535) laun

o ' [ v
v Aa ) v A a a IS

- dufiu-ai (soil-water zone) WWutuiloginfuiuinfiu nmanszagvesnuiagtufuanmin
Audaudsdsununaniauasiutussduinldau maedeufiveshlududifulliisaesfiama
Tnewndeufinadothuiuannnuussiiudasedouiitulunsdiiinnsssmeuasnisgati
nnfie aelutuiionnduildifuafinsnidesnlunnutnvieldsuiannsvadseniuunn
donsindeufiasvestilaoussliummegauds Umnalufuvesiuil 3undn field capacity
wardUsmnasiluiuluduianadaufsdmidsivliamnsogmeluldldug: difindsey

138117 hygroscopic water

(%
[y o

- Hunans (intermediate zone) Wudunfiaruvuwiuliwiueudusgivszauinldinu d1szaui
ToAuaanneslufiduinduld inlutuiiussneumeuilaeunseliugid (gravitational water) 9z

WwaeuNmewslugavettan @ pellicular water az8nfinaguss capillary
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- up1Uaans (capillary fringe 3o capillary zone) \udiufoginiloiduszauilafu (water

[ [
= =

2 v a o 3§ va = ) & A = v =
table) tantes lagisuanseauinlnauIuluauiessauaianvenuunazgnatuluaiieusei
UTELANILIIFNRT (surface tension) ws3AUaans (capillary force) Lagwawuil (surface energy)

udnlngegaudesinaiuluduilieusiiali @aes, 2538) msnuituiegginiisyiuiilanu

AN L091191NAMNAU T UTUTT A UFUFINIIAIUAUUTTEINA lngAugevestuilduiy
YPATDIRIINNTeLdnAY f1resineBuaniianunsatululaunndaienin capillary rise

Tuguaunlidudimeuinglutuiuiuaziihsuegiglagunvaiiazendueg senineding

] & a ] | o 8 ¥ X [ a = a 2 a = =
JEUINLUANU LLWLiqluaqmqﬁﬂuqu’]LﬁaquumUquﬂLua\ﬁnﬂllLLiQ@Q@@VIN?%@QL@J@Wu%i@QgLiEJﬂ'J']

¥

ANUAUNTDIUSIIUATATE (Capillary pressure) FaussuaznsyyinAusynInLlnfuLagiu vy

q

o
& a £

Wanuwiuly Ingasiidnvasidudulaswuuiuivesdeiu Tudufuilidudmeiiausasuatan
= A & ' Y a ) a ad ~ a v & A&
fazdiantuau was1@1u15091989AwssnuAUandmdunsedanale Tuanwdasdanduuan
Aual P, Wuanusuludruildentay P, wWuanusuludiunuiway P, 1lulssuntanaloy
Jauns
Pc = Pnw — Pw (2-1)
31n3UN 2-5 wanslyiiudagusadl () Mludnwagadieiinay lngaunisi (2-2) wans

ANUFUNUTTENINIALSIAUAITAE (P) warALSIRaNRINTNYe98UMal (Surface tension) (O)
wag 5Af (r)
20

P,=-—cosb
r (2-2)

Solid

<R, | Fluid

- Solid

Ul 25 36l (1) 9nusssiuaTand (Fetter, 1999)

2.3.2  YUdUAIN28UA (saturation zone)

FUANAINIYUINDYRINNTUTULUDUAIA8UN (Unsaturation zone) TAIUAUILULLANANGTY

Y
lUnangsaukazuivggadluaudsseauanudnvestuiunliivesinmndesitesiuiesesuennse
s TuduflagdnlumeinelaussiunEeni hydrostatic pressure WugunniudilaRufIng”

LAY AIuuveItudnfImsniizeg MelausanafuYeusTeINIAZIsERuINaNN TR uTNadlnegns
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¥ o LY
o a & vavdoal

daszuegivUSunanhmiuinll daiveglianiietisendntuindase (unconfined ground water)

wrondruvurestuteyldusinaduyes hydrostatic pressure LA AT T URULTO LY

Y

Y] 1

(impermeable formation) Uavivagauuu 138011 FuinelaLsIsu (confined ground water) #39

Y

Y1U1A1a (artesian water)

24 Fulddnuwaziawizaufutn (Soil water characteristic curve)

gﬂﬁ 2-6 1380791097 Soil water retention curve #39n519 Capillary pressure curve WJu
NILERIANNEFNNUGIZING Capillary pressure LaznSBUFIEIELN (Saturation) YedAu @1315a
m"l,@fﬁmmiw@amimaﬁﬂﬁauémé’aé’wﬁm‘%aagﬂuamwﬁL‘f‘JfJﬂL’%EJﬂ’h Wetting fluid saturation, S,,
MniurosiliAuuilneifueuduiieWiilviasen (Drainage) 9a Py Aegnfinrmduannsayii
Iﬁﬁﬂﬁmlwaaaﬂﬁaﬂﬂﬁ Displacement imbibitions bubbling pressure #3® Air entry value Lﬁ'aﬂj’l
Sulwasanfazyilimves Wetting fluid saturation, S,, ﬁaaaqﬁam LarANWYaIRuITIUABUIN

annzaniufduiniednluaneinulidudinieiinselSenin Nonwetting fluid saturation

[
=

Snw ULEUNITWIAT (Drying curve) Tuduuuife wansifiauduganidnldansavivliinlnals

::4' =~ o a a o va o rala <& a a = v a !
Lu@\‘if\nﬂuLLiqWUﬂqﬂa’]aVl']ﬁLﬁgJquﬂqgaéJjwN'JEU'E]\TLllﬂﬂu I@EJSBEJ%SUENLWMQNLauu,ﬂu Y 1380791

| [

Irreducible wetting fluid saturation, Sy, d@2uLdun1sten (Imbibitions %58 wetting curve) ABNIS

' [%
v YV o

vilaulddusmeindsuluanneinudusidet Tnemsviliigudnlludufuiudusn us
A1U89 Wetting fluid saturation, S,, agldatiosninduiiesanindidnluwnuiludesitweadindiu
Lianunsalaoiniaiidsegluresinsseniadefuliionun Teliauisnvinlien wetting fluid
saturation, S,, nauLtduLnilauaniniay TaoA1AuLANAI9H1Tan37 Residual saturation of

nonwetting fluid saturation, S,

@
=

B
E

100% S, 80 60 40 20
-60

40

=30—

Capillary pressure (cm of water)
saturation (S, )

|- Irreducible wetting fluid
+— Residual saturation of
nonwetting fluid (§,,,,.)

|
:\ - Drainage |
| ‘

|

N

-20

— |
s

be—"

T

1=

AY
"

=
S
-
Imbibition <~ w
| .

40 60
s,

w

f

Py

)

0

0 20

@

100%

wi

sUf 2-6 (EUlAsSnwazlanzauiulh (Fetter, 1999)
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'g‘dﬁ 2-7 \Hudeeg1ans Soil water characteristic curve N5 (a) Bwazeinie Tu Medium

sand, (b) 81n1ALaE@1S LNAPL (Trichloroethylene) Ty Medium sand, (c) Ukaga1ni@ Tu Fine

sand, kaz (d) 1nAakaza1s LNAPL (Trichloroethylene) Ty Fine sand

-40

|~ Irreducible
saturation

Capillary pressure (cm of water)
Capillary pressure (cm of water)

10+
Imbibition -+ —
pressure
| L 5 8 | 0 | | |

0 20 40 60 80 100 0 20 40 60 8 100
Water saturation (% of pore volume) TCE saturation (% of pore volume)
(a) (®)

\

-100 -100
£ 8o g -80F
z z
‘s B
E -eof B -eo|
g g
2 2
£ 401 £ -40F
) g
& 20+ & 204 -
9} 8]
T —
0 1 1 1 1 0 | 1 1 ]
0 20 40 60 80 100 0 20 40 60 80 100
Water saturation (% of pore volume) TCE saturation (% of pore volume)

(¢} (d

gﬂﬁ 2-7 79819n5 Soil water characteristic curve (Fetter, 1999)

2.5 Soil-water characteristic curve (SWCC) modeling parameters
fulsildlunsadamanslunisdrass Soil water characteristic curve azUsznoufeqaiil
druRetesiis Water content w3 Suction fiannzaudsdne uazqaildainismaasanse
pdilnefivhnistmuailifinindisuwlas dufedonnsdunguuesaunisvesduldslnealui
yhmaramunge Tasdl Saturated water content (6,) azusseneisdauiauniivosindlnsaeinie
TuauQﬂLmuﬁﬁwﬂfﬁ dlngjazmiloutunisgaduiinansluduldsvensm @ Air entry wie
Bubbling (1, ) ﬁ]%‘UiiEJ’]EJﬁQLLiﬁ@JﬂﬁVTﬂﬁﬁ’]L%ISJLﬁ@m{L‘Ma TnefiuSunaues Air entry uaz Residual

water content azapandaslunTaiEUHIUTENINNYAREYR

9

yaUszasrvaslunaiiolyifiulsvianunaiuisatenuis Normalizing water content (@)

'
a a Y

(@UN159 2-3) MU ILazUTeUIN5 U5 UARLNARUDIVRLMAY kazdauTanatanUSuu

[

ALLUARUBY Water content (@) HuditivdrAgsiousunananaslu Degree of saturation (S, ) (neil

o

0 = Se)(aumiﬁ 2-4)
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®= 0-6 (2-3)
95 _Hr
5, = 2" (2-0)
1-S

2.5.1 &@un159849 Book and Corey (BC), 1964

-1
h
S, = (E) (h>nh,) (2-5)
1 (h<hy)
Tl Se = Effective Degree of Saturation
h = A1 Matrix Suction Head (ﬁizﬁvmmqwhm)
h, = @ Air Entry Head

A = YSunuaedevasnnaeinid

2.5.2 &@un13 Van Genuchten (VG), 1980

m

1
S, =| ———| (m=1-1/n) (2-6)
1+ (ah)
a9l o = fwlsNIANUAURUS A UENIZYRIAINNEINT NN
n = srulsndumnuduiusveslSunarndsveaadeIniAua iy

m = shwUsiduanuduiusvesdnvazvasdulaslunsw

2.5.3 #@Un15999 Kosugi (LN), 1996
In(h/h
Se = Q{—n( ”‘)} (2-7)
(o)

il Q = Complementary cumulative normal distribution function

h Y S @ a
i = MLUIduARaeAUEIUeINTIN

O = fwdsAiduAadsveininualeenig

1ayann15ve9 Van Genuchten wag Brooks and Corey 2giiAuuLANAIN U0 A dUA1ITUDY

Y

[ '
L1 &Y a

Van Genuchten Ldun15wiis (Drying curve) Agi3uanusanuaUaIanaud antuasiuduuises)
dUaUN15U89 Brooks and Corey tUN1THINILINIINUTIAUATAE 7190 Py MNUUTIARE L TINTY

auduAsuanslusui 2-8
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Water - Air
— — Water- HFE
---------- Waler - PF

Watar - Air
= = Water - HFE 140 F
U

)
8

100 Toyoura Sand,

pg= 2641 giem’,

¥ 02062, Sy, =014
i

Toyoura Sand,
A= 2.641 glem’,
£a 0,62, 5= 0.14

Capillary pressure head; g, {or
Capillary pressure hoad; hy (cmH,0)
=

\
\:Il.x
S
.

i L L L " . "
0 0z 04 06 [12:] 1.0 0 0.2 04 0.6 08 1.0
Degree of water saturation; S,

Degree of water saturation; 5,

3UN 2-8  AUUANGAN3YBIENNT Van Genuchten Wag Brooks and Corey (a) @1N15984 Van

Genuchten (b) @n15984 Brooks and Corey (Fetter, 1999)

2.6  A8M151AT1ZINNE (Image Analysis Method)
2.6.1 MIAATIERNMEBLBIEDU (MIAM)

970 Beer’s Law 11#181309n1561uldvesuasguuiuainnisiiunisansednasien
(Monochromatic) Huansnansiifuieiierturnusnivesedunasdaiuiuauansn
lunsganduuastesfanfnaseiaduiidudadiufuamdudaa 910 Lambert’s Law 1d

1399NTHULAVDIUAIAVUIUKAAVLINIINNITHIUN TR TIAUEUAET (Monochromatic) HuTaR

9
(%

mnansiluiloweiu amenudusasyiduaanuganiusasiiludndiuionuenaiy Tuiil

AudTuSvIsEIANUdITUSTEy I dmTuM I IUlAve AR v INAARA NN TR A EkALAET

&

(Monochromatic) thuiagnaniiluiledeiiunisaandunansudadiuiuaivesnnuiduiaias

[ '
= v o A

srpghanlun1siiulivesauegiuansiiinagate, ANUEIATULALANYNLAY 210 Beers
Law uay Lambert’s Law azifgadasiuiundsinuvessedluduasvesniuuimanindidiuaue
ANUTDIATUVRIEMATIQNAANTLLIAI TAANANS WAANUTLVBIUAIN AU INANUTURUTVRY

Swinehart (1962) agl@aunsi (2-8)

P
A=-log,,— =abc
1o =

0 (2-8)
do A = ewmuuvuveduas
= AVILTUYDIAN
a = ANNEITaluNIIRANGUYDILE
b = szuzvesmuwadtunisgady
¢ = muduvemasignganduly

P, = Sedlnih
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Kecharvarzi et al. (2000) LU NaUDN1TIATILIAINALTIGDU (MIAM) LHDATIA@DUAINIS

N58NUHIVBIANUTUKEIVBIVBI AN 1ElAdN MNaTRYe N, LNAPL kagaIn1AlUN1SNAassaaIls

14
¢ aad &

TuresufuRnsduieniuinisdesinulivesuaayisnisagviouvesuas F935UduATn sl
yhaesruuIngdmiuszuURTmaUAsuuUasegunniveseamukiuduas Siannsntag
svualingldfouluvesnsagioundureuadldsaunisi (2-9) uag (2-10)

D =log,,(p) (2-9)

e (2-10)

dlo I way £ Fupnudureuasaziasfiazioulmsiuluduiuinfnud
1 v % 96/ 1 d‘ dl gj
ﬁ'ﬁ']ilLLG]ﬂ@']\ﬂﬂﬂ'ﬁﬁgﬂalmaU“U@QuqLLa% LNAPL ﬂ?ﬂiﬂﬂ’]ﬂ@ﬂﬁ'ﬂ’]&lﬂﬁﬁ]ﬂaumﬂﬂLLﬁQVILLﬂUG]uu

ansavinuialalagaiUnlasiivesdauduniesdionugiulunsmszauresnuduiimeradmad

[
=< [l

44' ~ ~ 1% = v ] :s' ] v A aa
LN@LU'ﬁEJ“ULV]EJU?]'J']NLGUllsUENLLEN‘V]aﬂﬂau’ig‘quﬂﬂ’J'uJEJ'TJ@@ULLWQ%TUQEAﬂUUﬁ@J’]mGU@QGU@QLW@’JV]@J@EJ

Y

TusEUULALUSEUUYRININAINBALAYINNITHENAINUE1IVBIAAUTNNIULALAENISRAAINUADINTDILE

Pdunthvesaudndes wenagldusslevilunsaeuiiisureusaznguuadinarsiiuanseiuly

YDITLAUAMUDUAINILUI, D1N1FAAU LMAPL, wazu1nu LNAPL %Q%Qﬂﬁ’uﬁﬂLﬁumwmwimaﬁmi

% v 1
U Ao = ]

e niiinsiasadnuardnd SuNsEn gniunnednndiegemuReuluveanssunnay
Waaaralavinn1swu e ldssAuuaddnn 4096 FIAMUNUILUURALVD AU AVDIVDUNB LAY
LNAPL gnfmiuafsaunisi (2-11)

I r

D= ﬁz :'\lzld i~ ﬁz ’j\‘{_loglo L_gi“
! (2-11)
el N #e f\i’mauﬁﬂLﬁ?ﬁﬁMgUﬂﬂWﬁﬁﬂﬂﬂﬁLﬂﬁxﬁ (niwa)
i Ao mnudvenasildlunisvaass Wiluwns)
D, fe Anunukuudwassiasinea (lddndie)
r,

0

Ao ANuLNTaskaIasiounInglulsasiiniga (candela)

fio mnuituvesuasiiazsiouainduniauysal (candela)
Di =4S+ 5 (2-12)
DI =48, + A7 i< 500, 760, 970 nm (2-13)
Felunsdli 1 uae n waz Lvneds dinay LNAPL anuazdy, | vunei aanuenivesnduain
AuSnasesELANLEIAATEAT uay A fu B urdudsyavinisannes 1nefl Kecharvarzi et
al. (2000) na@1331 A %sﬁuagﬁumquwaﬁa@ﬂa’mLLazﬁmmé’mﬁuéﬁuquL%ﬂLa”uwhﬁ?u d BB
Jurvesnsazviounduvesdenansiifignsuiuiarielignsunuainnisiasundasuesveslvaus
arumuuiudanadoduiirdudaduresseiunuBusiig LNAPL uavsyiuaudusaieii

anunsaeulensannisn (2-14)
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Dinl :/llls| +ﬂ1nsn +ﬁinl (2_14)

e pr AeAnuvuikuulsasedsluiuiqgaulanay g0 AnunuIkliuBanafeves
donananlgngu fA1sauddia i AuaunIsn (2-14) Y99ANUEIAAULES INAWEIUIAAIINAIY
gAduElRaNFNNTRaTAINSEAUANLBNMT LN IUAT N1suiaNnsTRuduieapateauea

ANNEAAY | LAy k YilmiAnauduwussiaunsi (2-15)
o _A(D! —28" - 2] ~25)

| A =2
S = ﬂl:(Dl?l _2:Bknl)l_/1kn(|?;| _zﬂknl)
Ak = A (2-15)

i, k = 500, 760, 970 nm

HaRB9n15anANLUSUTIUYBITEAUANNBNAIVD B LA AN TN ARIMISTBIEUAST (2-

(%
= 1 L a

15) agfpsilvunlngtufeardulsyans A azhesiivuinlnguazaisazuandretulilsdmsuiday

]

[
= [

ANNENIARUGeN TRz usgiulaya Kecharvarzi et al. (2000) WJuntmanInn1ssuiued i =

RV

' '
) =

500 way k= 760 ULULIAT %150 i= 500 way k= 970 UNluAS WioTavudaunish (2-15) YNA A

waz B anansamldanszuvasaalumstuiinamadadudsiiddgunnlaensTiuasainefiaditae

' '
= =

fusssuuiivhmeaesiesdianmvesuasatuiinsdinaonnismanes

mMsiwsgsinmaeiBstou (MIAM) azgnihluldlunsveasuiiognisunsndunaznisnszane
frwes LNAPL Tudonansiifisngulussiuanudusmevesudsinegfu dauwgiinssunisivavesves
vavdanislunsnaassitldeiuieneazidenlag Kechavarzi et al. (2005) usidmiudmiudenans
ﬁﬁgwqu%umaumiaauLﬁUuﬁazmamqmmaﬁuaqmé’wizﬁw’éﬁ%Li“]ulﬂvl,é’ﬁm%’umiﬁﬁmmﬂ'ﬁzﬁu
AruBuieseIa ANl (2-15) lussninstuseunsiny 3 vide 4 Tnefl LNAPL avagly
vm817i5u§f'sé"sEJGUENmmmqa"suiuﬁfaﬂﬁL“T;lumfaLﬁaaﬁ’uw%%uéuaaﬁwé’mdwLLazéﬁaQ’ijﬂaﬁﬁqm
20 feUszanm 50 WwURWAT ANAALANANSTENINSTERUALBNazgnin Ul lun T Tar A

Y Yy

LANFANAUN 2.8 — 10.5 % NaUTURLAUNITNARDY

Y

2.6.2 MFIATIZHNINE180819918 (SIAM)

A1SIATITINNA8BE19978 (SIAM) (Flores, 2010) Tuvinupafgaiuiulsn1s3AsIzinInens
Badou Tnedi Beer-Lambert Law luidasnsasinulsvosuasiidumnuduiudifaduiuszninaany
WL Laedy (D) LazAsEaUALBNFdEt uaYsERUAABLGIEY LNAPL (S, waz S.) 7
T lunisfunasesuaudLiIfetILes SEFUNTBNFIAI8 LNAPL 1azn15nsEa1eiivessesu
AuBuiives LNAPL nelddoulvreaiilifuiifiaauiuniunisluiesu foansiignatuau
ANNINEN FINTIATITRAMENEBEE B RRRANTENUTEIRARUSTIARAINASaE o U e AT

gnudaanudndulunswseuanunienvemaegnguiiegisnaziludmsunisusuiieuidadu
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szununsanaes Tunanferfudadunsusulgnugndesdmsugadilnaingagudnas uazléd
nsiaunnsszgndiinmslieneinmdeedisheliiaudsuisnniuludemenssuiunsd
Fudauvesnisaoutiisudmiunisiasizininaledadou (MIAM) Tunisanadatududeulu
N3EUIUNMIUSUWEU WANITIATIENNa188E19d1e (SIAM) zilianududounisadinenansuaznis
Anngidnnamnnitlagnsfiazdanldlsifedesiunisavesauesaefiaunisanuieives
(namiissanisassanusneduiiunndieiy) dviuninuisuulandsiufivesiuaneuas
Padeduuazdug
mMslegiawiegisieduitnnsiviedfuusluiesvesnsuiuiisuvesnguiaogie
uwuiigdoanvinnisufuiisunguegisiiunndratuainds 60 fogrevennniniuinn wazd
Huasmsfidrglunissuszozveansuiuifioun mdaislnidldlumsiiesneideaniaifisaudnis

USuiguurauninlagaiganndeusiazsd lngnsfnwsduuunanvemnenilegneldaniusle

a ¥ !

aougriavnuunsauteulunaineivesnalul ns1euwie (S,=0% way S,=0%), NS1EDUAINILUN
(S,,=100% WAy S,=0%) warns1eNduFiIAIY NAPL (S,=0% waz S,=100%) fetunau@eulafivin
Taududsmduaunis@adu (Ui 2-10) Fsaunsaiunasgalaslidndudesusuiiiuiia 60

v A

s 1 Q‘Id 1 U U U QI ! U g 5 !
AIDYINNUAIULANAIINU AUTTAUAINUBUAINLANANINNUYDIUILAE LNAPL mumaumaiﬂ%gﬂ

L3 1 1

PJaualae Flores (2010) @1u5Un153As1EvsUANe 981948

U

Dry sand Full water Full LNAPL
S =0%,S =0% S =100%, S =0% S =0%,S =100%
w o w o w o

U 29 amdlglunisuiuiieu

Flores (2010) lavin158uuiMeanugafitinannaewis (S,=0% uag S,=0%), N5188uA7

1
¥ o

81 (S, =100% way S,=0%) Larninenauminig NAPL (S,=0% way S,=100%) lildaunisizaduy
PAdnusiiefiasrunaun1sanneeaNaunIsh (2-16) A" FATUARINAUNITANUVUIUULLTAS
wagvomsewinlugeiinis, yaiidesfessiuanuduivemsieiui (S,=100%) wazyaiaude

SERUADUFITES LNAPL (S,=100%)
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[Di } (D-D")s, +(D" -D").S, + D"
] mn

D. ( 10 00) ( 01 00) 00
D" -D{")s, +(D'~D{").8, + D}" | 216
) m Wag n fiD YUINVBBUNSNDY

(D] uae [D] AiD AIAURUILULLTINANA VD ILARLDIAUTENOUIULARZ A LBNIAAY | LAY |
D% and [D%] fD AU ILUULTILALRAYVDIDIAUTENDUVBINT WIS

i dmn j Amn
(D and D] A9 AU ILUULTILALRALUDIBIAUTENBUVDINDUAIN 81N

i dmn j dmn
(0, and [0, AiD AMUNUILUULTILELRAEUD18IAUSENOUTBINDNAIR Y LNAPL

Fully Optical Density for » =640 nm

saturated z}

Fully

5 S ; saturated

——
= r
i Y

Dry sand

JUM 2-10  S¥UIUVBIANNTT

2.7 wideiineadas

Robert et al. (2007) ¥hn1snaaesvidulfsdnusazianziuiui Inglénssuonnssnauga
183 LuRiung (U7 2-11) shnaveaesmanuduiussening th enna uag naeneny g
neasfiondunisutis Orying curve) Tngviliognmsenenuduianaeti ugwinmsssuteih
seauniniazngalua Suiinaneine uazthundeunsmanuduiusiduldsdnumsianeiuiud
devimanisaaesniUisuiiisufunmmegevinasgnilagldiaiesdanudu (Tempe cell) wuin
auduitusidulAsdnunzangiutuidalndidsei

assembling rod
(1 of 4 is shown)

ring
7 valve upper
reservoir
L head X:
x —ﬂ : ___ upper
| T chameer
i periorated plate
=X =
valve
D
L ] lateral quick
4 ! coarse material connections for
g - manometers or
A=nD74 tensiometers
metal screen valve .
RY drainage
=
4 valve
| PX
i Pl | B
s lower
chamber base

UM 2-11  nszuennsanauildlunismiduldsdnuazianiziuiuiives Robert et al (2007)
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Sharma et al. (2003) ¥1n15Anw1nduldsdnsazianziuduin Ineldaunisvos Van
Genuchten (1980) Tun1ssAudusiugsewing ¥ #u 9anad 81nnA fu LNAPL waz LNAPL fu
81117 Tng LNAPL #ldlun1svnaesie dhsuadmansssuud (Mineral Ol waznseiildlunis
naaoudunseney guasaiilflunismeassuansluzui 2-12 Tedunisfnwiamzidunisuis

(Drying curve)

Nonwetting Fluid

E
o

- | g
Seod Sample m -1 Buchner Funnel
Filter Papar 11J0m FEETEE [ =
Porosioaer (3 | \Ey—

Watar

4 Measuring Cylinder

[| Wetting Fluid 1 Retreated Wetting

Fluid

S

y ALPLPLMLELL]

[l RubberTube ﬁ
e

sUN 2-12  gunsalnldlunmsAnvidulAsdnuagiamgiuiuiives Sharma et al. (2003)

Kamon et al. (2003) lafnwAnudunusszning dudseansnisivadusiula (Coefficient of
permeability) 5¥AUTUAIILDNG (Degree of saturation) kazlsinu (Pressure) TUN1SLARDUAIVDI

aswafifiiSandn DNAPL (Dense non-aqueous phase liquid) Tufunsie lagly Tensiometer Tun1s

A ANASNERAUT (Matrix Suction) uena1NUGIIN15AARY Electric conductivity probe Tun1sin

U

e

'
! [ a a (Y

ANSEAUANUDUAIDNAIY AUEUNUSTLAIINNITNAADIEIUNTOUIL TS ULEULAB NEULRNIZAUNY

1h Tngl¥aun13wes Van Genuchten (1980) waw Brooks and Corey (1964) warUszgndliaunises
Lenhard and Parker (1987) 1o utdulAsdnwazianiziufutn a1nn1snaasmuindulds
Snvazianziufuinildainaunis Van Genuchten (1980) way Brooks and Corey (1964) §lnau
wlugwodums dauduldadnvasanziutuifildeinauns Lenhard and Parker (1987) &l
Guiiwela 5U7 2-13 uansgunsaiflélunismaassvos Kamon et al. (2003)

25675 (2549) ldAnwngAnssunisuntiounes LNAPL ludufudilidusdedrfidainuld
atiiaue (heterogeneous) MslASa31e @9 LNAPL fiviansinwnae BTEX Wuansuszneuvestingiu

Y

Wudu 91 Inenisnaasdidunisdtaninissivesduivinguldfusiedzsn1sinsiziannnInaia

'
aa v A

lagduiinnmanvaen1AoukarNSENeNIaveNTuTeLNEWIUNARIRTIAEYio Casio Ju EX-
740 4 mega pixels x 3 zoom NHANNANTAZS AkanslunIng 2-16 Felunrsneassdinisatenin
Y93n15LARD UMY UToInasTuszaznluluIfLazLuIue Y ndulINanlau1viinIg

Useanana nenishaluswnsy Mathlab v.7 wiermangesusuia
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4 $3.5xh50cm 1]
Specimen

Air suction
control valve

t Peristaltic

;:: pump i

=

R - g [ — — — Water path
= :

' ¢ S NAPL path

I Y Electrical —-— Airpath

: ~1'=0  /conductivity probe

|

: tensiometer Column Vacuum pump

|

|

H Pressure

gage

Water reservorr,

NAPL reservoir

'
o

a (3303, 2549)

3UM 2-16  LNAPL plume 13 eduiinamainainanend

nnsAnemuindiofinnnsflnavenisiuiunuot (LNAPL) sndeiniuldau wuinly
F3945n LNAPL agiadouiilunuifswazuuaszuiu wing dulunaiseuiiile LNAPL indeufias
capillary fringe §13wse capillary 1N ussloiuarsuazusmin axvili LNAPL luindeouiilunuii
wzinnsinaeuilussuuwuasienariulussesniinsiadouiives LNAPL sidlunuans
LAZLUITEUIUIL AN TLATBUTI(mmobilization) dosmnnseduilufeiniy udendudled
n1sansULnas wudn LNAPL avimdeuiiadlununaiesanusddugn dadunamannisitsysu
dhanaswilivesinmemsefinduvinli LNAPL anunsandeuilénty uazasd LNAPL unsdaud]
widefauazfinmdusogluiuiinsudeu

U wazaniy (2550) TaAnwimnuduiussznindmamuiniuduaiedsuas ssiunis
sussevesnarlunselagldinaianisiasisiamdiefegansedldlunsuageufonsie
1055 1ulngsy LazveamainadeuAe Framad uaz difuiiea fediinaaoulszneuluse
NINUNFUL NINENALTANNED NIURAUTTURLTS NINONAUIUATTRIVET UaY NIENELILAY
difufiiea sedunisdudanngg dmdvgunsaifildussafiedindulangsunsenszvend

WURNAUEINANY 4 BaLUazgs 1.96 3. ANUVUIMILYemIIgfiiegainiy 1.64 nfw/av.eu. dnly
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lunmsveaeugndeudiidedaidsuyaiendiendednsday 1:10,000 dulhsvauazihiiufieagn
JouUfLAINBLIAYAUAINATIYENTIEIY 1:10,000 LUREINY N1InAaesilagien o193y
ndesRanoasiuiu 2 i Inondeusavininnisinsailawmesnsesuaditiiug 2 anudae 450 uily
A wag 640 wiluwns gUdwildgninluiieseiiiionAnumuiuiuiduanadslunsazdig
AR AINAITANBINUIIALFUNUSTENIN9AIAI LU ILL LT LA As LA SERUNISNR 6 Y
vaunallunsielagldwmailannisiesigainatenuinfdanuduiusidunuuidadu wazann

ANUFUNUSALS LDNTIVAIAINUAUILUULTILANARENANUD 450 WTULLAT hay 640 U LULLAS

=

NATATIZRONEY FzansatlUUIzanuAIIZAUN TN MBUIa) ad atlaglunsfine

6

WengAnssun1suilourestiamnad waz uikunwanislunsieniglaaninnads lupeduil 1 46
@ 6 aa
waz wisn 2 R

nuITenatguldiinsAnwiwuudiassiuy 2 4@ Feaguuaiinisiinszanuiadiady

aaaaa

Reactor Wulw3snaNian Ine Whelan et al. (1994) lalviwswainnsganiumingeui (hydrophilic)
adestunsileniuiiavuazamnisaunsnszargansdaudunangeuin (Hydrophobic) 16 Bniie

o o @ = A Y Y H v oA IS
nsgandeanusadanaiunisivasunlasmsenisnssatemivesirtuludilas waliesainnsyand

' (% 1% '
A LY [ = LY

IIANILAzEINABaNIsAEsLitereve sedulunuideiitauierasandadamaudilndiAesnszanin

9
[

Tounu IaeozasaniuiulddazdaadaNunuININNG WD L ANUABNITSUNISIUADANSIY DNNINU

Y N o

Asiansauvesintuls Tngdafveen1sAnekuy 2 17 dnadl

1% [
a o a a v o

MrdunauRndasy Aanisnisinavesituieinas nesdnvagnsivansilaznislvaling

faluanin 2 9@ Meluluiniiekazei (Kim and Corapcioglu, 2003)

[%
[y o w

A1U150A3I9AAUAAVDIANIAUL Plume vosiudBnGs wiloszauidminatadenla (Schroth

et al., 1995)

ANU19099NLAYULUUNNSIARDUNVB VB Ma kaUNSaaranenauiule (Schroth et al., 1995,
1998)

ANA8IULUIAIYDLUUTIaDY 2 05 @1U150NUILADLYaTUNEDINUN I UNISTENT AT N1SAADUN

383 LNAPLs finnuiasrandafiuiduléau (Kim and Corapcioslu, 2003)

Smith and Zhang (2001) laUszandldds 2 if Tun1suseiliunsneaesyila macroscopicuay

microscopic WUABTNI5AINALLUTON (Chang et al., 1994)

1 ¥ a

drudeidlunisveasiuuy 2 IR Afe 8INFON1IAIUANNITITABSAIY LWUNITTZNEVD

(% ¥
o w A a

UHUTDIEY LHU9991nN15UAaRLUULl Reactor axdlaunalugni1n1smnasskuy column win vl
fitdendosmuauludnwiuun Tunsveasiasnedseislutunaunisasnawuuinass szens

N5inaazlUdsuluamINILInA NN 9B ILUUTIADY
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i v Yy v a [
Uil 3 LEUIAYEN WL NIZVDIAUNUVDILAA?

'
o/ e

3.1 dagnlglunisvmeaas

3.1.1 1579
g 19RuNTeNlTlunN1sMAaWiNITLAUAI98199INUS AL IMNTSUAER SN INeNS

Y31 Famdnvays N5eAuaudn 0.4 wng wae 0.7 wns laelissAuaiudnveadllaaun 0.8 1uns
Megranseilaludiegisuugnsuniu Disturbed sample) sewitgvinnisiiudiegaldviinis
nageuAEUILLLluANIN (ASTM D1556-00) szAuauan 0.4 lwns uag 0.7 lwns auasu U

= Y 1 a
N 3-1 LLa(’Nﬂ'ﬁLﬂUG]’J’E]EJ'NﬂUiL!ﬁU’]iJ

UM 3-1  nsiiusegnsauluauny

P ¥ (=K% =1 a a !o’ 1 a a | 1 [ =3

WanosmenuaiuanvuzidununIgduInassuliAviulaziulzUusguin anvasiia
a & = | A A =3 2 a Aaa s v o~ & A o v v 8§ va
AuUduULnNaN @luAunAINuan 0.7 Lﬂumumwmammawmmmmwzﬁamawmagimwwﬂmmu

@ a ' v 8 v A wa a 1 [% d'
GU‘LHG]LM@@UF’]@H‘UNLaﬂﬂﬂLLﬁﬂ\mz‘U‘W 3-2 F]mﬁlIUWUENﬂ‘L!‘UNaEJNl@LLﬂﬂQIﬂNG]'ﬁNV] 3-1

(@) AuiiAman 0.4 wms  (b) AUAIAIINAD 0.7 15
JUN 3-2  shegrfunseildlunisnaaes

3-1
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M13197 3-1  AuaudRvesRunTIefeg1

i STAUANANVBIAY (111A3)
AMENURA
0.4 0.7
ANurILLuluany (nSu/@3.%) 1.97 1.48
USinaunnuduludiu (%) 9.40 16.39
AYINAIIT WAL 2.68 2.65
Soil Classification (USCS) SC SP
HuUseavSUeInIsTY (1a./Aund) - 0.03686

a

nanszrevuIavediindu nedeulaeds Sieve Analysis lonaduanslugun 3-3 degaiu

a

nuan 0.4 was darduussdnsanuaninaus (Coefficient of Uniformity, C,) wiAlals wagen

FuUsz@nsainulag (Coefficient of Curvature, C) n1a1ldle 1o391nA7 91 Dy TAUAU 0

Y I

wsdndunsenfduluvinann dwiegfuiinnugdn 0.7 wes dadudszdnsanuadiays
(Coefficient of Uniformity, C,) 1.77 wagAduuszansaiulag (Coefficient of Curvature, CJ) 1.10
Jadununsrenivuinnazlid (Poorly-Graded Soil) o uunfun1dszuy Unified Soil

Classification datduAnUsyinn SP (Sand Poorly Graded) 31NNITNARDINUIRUTIALEN 0.4

a <@ a

was Wuaufuseneulumenulinaziden (Fine grained soil) 11n FsausiwiniiArduusednsnis

' 1%
a v Y o

Furulann Wisuunyinlrndusimeunatlassliinlnasenui urazlilvaduesnui uselvalu

Usunauiiusesunn 3elimnnzauiazinunlalunisnaasd
# 410 #20  H40 6D wypp  #200

100.000 ¢ S
+ —#— SiDephildm

;\'\.

50.000 [ —#— HIDeph0Tm
80.000 [
70.000 F
80.000

50.000 ¢

%o pasing

40.000 |
30.000 |

20.000

10.000 K ] ; 3

o000 F : : — s e .
10 1 0.1 0.01
TU.5. Standard Seive Size (mm, Log scale)

5UM 3-3  n1slAenNsnsERneveseunAfu

3.1.2 v

YaunaIntglunsAneinisiuaduniulsenauluaieg Winaw, Undusuudu 95, Ursiuwia

'
1 a

lwgod E20, uay uduufialyged £85 Awantluguil 3-4 Faluwiduiniidmienaaniuinisiidiu

U3 Unn Ineidlaauaudmisnes) famns1ei 3-2
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UM 3-4  vpanainldluniveaaes

M19197 3-2  Aavandiveveunainldlunisveaass

YDUNA? G AN UNIE | Aunila (cm¥sec) | 921Ul (°C) | useRsiia (mN/m)
1h Ta 1 1.129 ] 71.97
uialggd £20 e 0.761 0.79 60-90 33.06
ufialosod E85 | wnsoou 0.789 0.82 50-90 NA
LU 95 VGG 0.71 0.74 70-100 28.88

3.2 gunsalnldlunisnaass
N3¥UBNN39g4 (One dimensional column) AlgHvuaiunniada 0.1x 0.1 AT IAIUEA 1

\wAs WARIN 02A3AA (Acrylics) Inedigniiuiieg1efiu (Sampling port ) MivdW 9 90 uiazqnBENg

i
a U ] aa

i 0.1 A3 AUT18INTLTUDNNTIFRART VIofi3T awn 6 11 ieiluunasiuinveanaiiildly

N3N ﬁ’]ual’]ﬂ‘UENﬂi%U@ﬂV]iQZﬁﬂaﬂﬁﬂiizU’]ﬁ‘U@QL‘Via’J WialWaunsassuigvearalaanann

Y

[%
v

nszvennIegl wafviedid lavinnsindandintuaunisivaiiionluanUIunuvewnadInidng

nsrvanysegelime nszuenvsaeanslugui 3-5

5UN 3-5  aunsaineaeinisivaduriunuuldnssuanvssas (One dimensional column)

3-3




UNT 3 L ULAIRNWAIZIRNEAUA UYL

VoL usiog19m318 (Sampling tube) ldlunisiiiusiegisaingaiudlegreiidaslily
nzuennsias nevielivdmedimselannuenilszana 0.3 wes wasldurugudnas 1.5 97 vie

uFegrmaenandliluguin 3-6

Ul 3-6  vieiiusegnamse (Sampling tube)

3.3 385N1990809
Fumpumainiousiognslunimaassmslnaduriusuuldnssuenvssgannsorilalngyi
n1sussanTeaslunszuennsigukasyinisuasauuuilen (Wet compaction) laguasalimsieil
AUVILIRIY 1.50 NudegnuIANURILNT nnthimelisusaset Tngliihduduanduens
0619919 auBundsiifnuugavemss nduidly 30 wii dthduAuii Thieglussduwindu
ﬁ'smsw%’uuuam drunisnaaesiuinuiuudueennu 95 waztnduudaleeed awisariile
Wudeiilasdsuresnarnninduisfuuuiuesnvu 95 wasiifunialyges £20 waztingiy
wialvged £85 mudeu Tngluusazvounal Arumuktuwemseasinau 2 A Ao 1.50 niusie
ANUIANEUALLAT Uag 1.56 NUARNUIANIURAINT AINE1AY
ndInnsEUIUMSeIounsnaesiduESady awnsasiiunmaaedldlaeidanngds
srusnsvesvioid TivouvarlnasennszusnnssgelneUasslfaunszsidhiiveavarlnasenuiain
nsrvennsIadeinnsiumegsfuneangaiusegdagldvieiudiegneussuna 150 niu
fegildluusaznismaaodivisdu 9 fege thiegishudandnludumeufigumad 11025
saradua Wunan 24 $2lug LLé’aﬁmﬂﬁi}"ﬂﬁmﬁﬂLﬁammmm‘?’fuﬁisﬁumm i YIN1SNAas
Tneldvoamarunnaneiu ¢ sgnaldud tndw, drifuuudusennu 95, waziiuuialesed £20,
waziuutalesed 85 mudiu anduthedildanmsmeesslifeundulfdnuasansiui

el

3.4 LHUNITINAADY

wHUNINAReIN1svatuuwuUldnTEUBNNTIgILARIRIgUT 3-7
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manasaimsluada
duuuldnszuannss
e

1
i
falaanaE20 \figlaaan E8S

o i o ; L o p 3 f o ; L o p 2 a o ;
AUNAMNUUILUY 1.50 [AUNAMNNUILUY 1.56] AUNAINNUILUY 1.50 IUNAMHUUILUY 1.56 [AUNANUUILUY 1.50] AUNAINUUILUY 1.56 [AUNANUUILUY 1.50 [AUNAMNUUILUY 1.56]
glom® glom® Jom® glom® glom® glom® gom® glem®

JUN 3-7  wnunsvaaesnsivaduiuiuuldnssuenysegs

3.5 Han1sNAad

yoamafildlunisnnass 4 via Ao 11, tuuuduos, uialvsed £20, uavuialysed £85
Han1SNAAITlE L unNaNITNAaeTeITaLaILRaz T Tnani1sldaun1sves Brooks and
Corey (BC), van Genuchten (VG), Wag Kosugi (LN) lagnanisnaaesazhandtuSeuineu
anuduiusvosnislnafuniufinuruiudy 2 @1 fis AumuILY 1.50 4as1.56 n3usiegnuren
WURLAT MaERU uazinsFeuiisuanuduiusseninmeanaisiaie innnumuiuiusiety
INNINARBIIINSAIMUATERULNT 0 wuRnsTiufdetinaonnandeivualiaUesidus
N199U6 (%S) WU 100 % wazA1 Volumetric water content fiA2119U LYY 1.50 nSUA 8
anNUIARLIUFALLAT WU 0.43 LagA1 Volumetric water content finunundy 1.56 nSuse

aNUIAABUALLAS WU 0.41 MNEIAy d1uinNgs 10 wuRuesaivinn1siadendesunn il

dulAsdnuaznizfuduindainaiandsuainanuilduase Jedealinisusunaaielidulag

v
o v

anwazanzAuiudaANgNABBNNTY mamsmaaaﬂ'ﬁlﬁnaLLUUI%ﬂszuaﬂmsqqqﬁmqﬁ

¥
I

3.5.1  AMURUNUSITRINUIAUDINA

NN INARBIANFLR LSS HINNAUBINA AIUMUILLY 1.50 was 1.56 ¢/cm?® wansly
P17 3-3 uay 3-4 puddy dethdeyaundsunsmuansarudiiudssnieseAutunudui
(Degree of Saturation) fiu AU33AA (Suction) kaENIINLAAIANUFUTUSITZNIN Volumetric water
content AU ﬂ"lLL‘N@m (Suction) Tnenslgaunisues Brooks and Corey (BC), van Genuchten (VG),

Kosugi (LN) a13150uanaiagui 3-8 fia 3-11 wagiaseisiuuslanannsnadn 3-5

3-5



UNT 3 L ULAIRNWAIZIRNEAUA UYL

M99 3-3  NANITNAADIANEUNUSTENINUNAUDINIA N1AUMUILUY 1.50 g/cm?

Capillary Pressure (kPa) | Volumetric Water Content, & Degree of Saturation, S%

0.9 0.074 17.277

0.8 0.082 18.996

0.7 0.087 20.153

0.6 0.091 21.279

0.5 0.099 22.947

0.4 0.108 25.032

0.3 0.150 34971

0.2 0.227 52.873

0.1 *0.40(0.235) ¥90.000(70.25)
0 *0.430 *100.000

ldl . L% s 1 901 [ d‘ ] 3
fA13799 3-4  HANITNAFDIAMUANNUTITENINUINUBINTA NAIUNUILUU 1.56 ¢/cm

Capillary Pressure (kPa) Volumetric Water Content, & Degree of Saturation, S%

0.9 0.089 21.681

0.8 0.092 22.419

0.7 0.095 23.289

0.6 0.106 25.750

0.5 0.115 28.039

0.4 0.132 32.240

0.3 0.153 37.303

0.2 0.259 63.229

0.1 *0.38(0.308) ¥90.400(75.25)
0 *0.410 *100.000
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i =B C model —
8 = 53774
Watert+air,Density 1.50 g/em3 & = 16.562
h,, = 0.21367
A =2.1402
14 BC model =V G mode] =
o " ——— VG model 8, =55.652
e — LN model 3
2 071 S b 8, =19.231
T o] a =36086
2 53 =—LN model =
02 5; = 55513
”-:] 1 % 8, =19.661
0 20 - TN 80 100 A, =0.29062
o =0.30732

UM 3-8 N9 mluansnuduiusseninesedutunududd (Degree of Saturation) fiU ALse9A

(Suction) Y@NAUBINIA NAMUNUILUUIBMTIY 1.50 NTUABYNUIAALTURALINS

== BC model =
water-+air, Density 1.56 g/em”3 8 = 75.260
& =2202%
T BCaodel h, =0.17611
0.9
TS A = 20041
i- 07 4 == VG mode ==
£ 06 1 8 =712
T 05
5 p4 6 =273
W
03 - A =as215
02 - n= 4.5174
0.1 -
: == LN modsl ==
0 20 40 B0 80 100 &, = 7%.436
Degree of Saturation, S% G =aem
R, = 0.25126
O =0.40459

U 3-9 Ny mluansnuduiusseninesedutunududd (Degree of Saturation) fiU ALse9A

(Suction) Y@aNAUBINIA NAMUNUILUUIBMIIY 1.56 NTUABYNUIAALTUFALLNT
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==FEC model ==
water+air,Dentity 1.5 g/cm*3 g = 023997
g = 0065206
BC model
17 h = 015155
i 4 — VG model
0.9 A = 17210
i — LN model
0.8 o — VG modd ==
7 B measured
o7 § g = 0.47725
i{ 0.6 |
= | g = 0.069854
;§ 0.5
& 04 & =72105
0.3 n= 30722
0.2 =LHN model =
0.1 & = 05573
0 .
= 0076412
0 0.1 02 03 04 05 5
o= 013928
Volumetic water content '
T =0773967

JUM 3-10  nenuaneAudINUSsEning Volumetric water content iU A1L399A (Suction) V84

WUaINA NANUNUIMUUYEINTIY 1.50 NTUsBgnUIARLIUFALLINS

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Suction,kpa

==F model ==
water+air,Density 1.56 g/cm”3

g =03
g = 008308

p = 01534

BC model

A= 20039

L VG model

= T model ==

LN model

B measured g = 00477
g = 0088933
b =54510
n= 37059

= [N madkl =

g = 04123

0.1 0.2 0.3 0.4 0.5

g =00%3533

Volumetic water content,

h = 0200566
T =1.40469

JUM 3-11  nenuanerud@iiusseving Volumetric water content fiu A1L3399A (Suction) ¥84

Y1NUBINA NANUAULUUVDINGIY 1.56 ﬂ%’wiaqﬂmﬁﬁmuamm
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A5197 35 LanaAnnaiildainnsm sUA 3-8 F9 3-11 (VG Model)

Density (g/cm?) Air-entry (kPa) | Irreducible saturation, S% Residual Water Content, &

1.50 0.08 19.37 0.082

1.56 0.08 23.18 0.097

3.5.2  AMUAUNUSIZNINN widlgaea E20 AU a1nId

HAN1SVAABIvInLdNTuSsSsIwAalged 20 AUa1n1A fimnuvuiuiy 1.50 wag 1.56 ¢/cm?
wandlussnedl 3-6 wag 3-7 muddu iedideyauideunsmuansanuduiussenineszdutun
36 (Degree of Saturation) U ALSI9A (Suction) kaENTINLANIANFURUTTENTIT Volumetric
water content iU A1W399A (Suction) Iaen13lEauN15v89 Brooks and Corey (BC), van Genuchten

(VG), Kosugi (LN) mmmmméﬁ’agﬂﬁ 3-12 §4 3-15 LAy lATIERiLUTIESImNT197 3-8

A197°97 3-6  WNANIINAADIANNEUNUGTEWINLAELYEDE E20 AUINIA NIAURUILEY 1.50 ¢/cm?

Capillary Pressure (kPa) Volumetric Water content, & Degree of Saturation, S%
0.9 0.045 10.505
0.8 0.049 11.297
0.7 0.051 11.926
0.6 0.060 13.956
0.5 0.058 13.381
0.4 0.065 15.116
0.3 0.069 16.097
0.2 0.115 26.699
0.1 0.234 50.610

0 *0.430 *100.000
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A9 3-7  NANITNAADIANENNLSIENINUAEIwed E20 AUINIA NIAMURUILULY 1.56 ¢/cm’

Capillary Pressure (kPa) Volumetric Water Content, & Degree of Saturation, S %
0.9 0.071 17.394
0.8 0.072 17.700
0.7 0.080 19.732
0.6 0.081 19.871
0.5 0.084 20.573
0.4 0.110 26.879
0.3 0.117 28.683
0.2 0.138 33.867
0.1 0.234 57.212
0 *0.410 *100.000
=} model =—
E20+air.Dentity 150 giem’3 8 =5061
8=11016
BC améed h, =0.13039
— VG model
i l . e A= 22004
s L Jp— =1(; mode] =—
0.8
] 8 =61625
07
2061 . 8 =11.151
2057 @ =77333
" 04 ] n=34235
03 | ==L Nmode| =
® 8 = 95784
0.1
0 . . . . ' 8, = 11366
0 2 40 60 8 100 h, =0093178
Bt o =0.3154

JUN 3-12  nemkanemuduiussendnesedutuaIudus (Degree of Saturation) iU AL

(Suction) vesuidalwses E20 AUDINIA NAMNRUILULYDMNTIE 1.50 g/cm?
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Suction,kpa

E20+air,Density 1.56 g/em*3

BC model

Degree of Saturation, 5%

=B mode] =—
-:5;= (5.542

.ﬁ;= 11,582

ha =(.082708

A =0.92036
=V model =
5’, = |063.5

£ =11.623

A =30318

n= 19230
==LNmodel ==
5; = 244 65

-:9; =15.05

h,, =.022608

g =1.6322

JUM 3-13  nsnluansruduiussenineseAuTuAIuBus (Degree of Saturation) iU ATLIIAA

(Suction) vesuAalgged E20 AUDINIA NAMURUILUUYDINIIY 1.56 ¢/cm?

Suction, kpa

1 5
0.9
0.8 4
0.7 4
0.6 1
0.5 4
0.4 1
0.3 1
0.2 1
0.1 1

E20+air,Density 1,50 g/em”3

BC model

VG model

—— LN model

[ ] m easured

Volumetic water content,

= BC model==
g = 021762

& = 0.047366

n = 013039
A4A=122
==VGmode ==
g = D265

g = 0047947

A =77344

n= 3423

== LN modsl ==
g = 041197

& =0.048271

h = 0093151

&g =0.81559

JUN 3-14  nsmuanemud@uiussening Volumetric water content fiu Aus3ga (Suction) 484

uhalggea E20 AUDINIA NIANUNUILULYBINSIY 1.50 ¢/cm’




UNT 3 L@ ULAIRNWAIZIRNIEAUA UYL

E85+air,Density 1.56 glem3 ==— BC modsl =—=
g = 0.35686
o g = 0.084087
1 VG model
h. = 0.079363
0.9 -| LN model
08 [ L J— 1 A= 17356
0.7 == VG model =—
06 & = 21.694

0.5 -

Suction kpa

& = 0.084119
0.4

]
= m

A =156.03

0.3

ozl n= 27372

0.1 == ==— LN model =—=

0 : : ; : ; ; ey : s
1] 0.05 01 0.15 02 025 03 0.35 04 0.45 g 0.63158
& = 0.089866
Volumetic water content,

h = 0.062978
a =0.83904

UM 3-15  nenuaneauduiusseving Volumetric water content fiu A1399A (Suction) ¥84

uhalggea E20 AUDINIA NIAUNUILULYBINSGIY 1.56 ¢/cm’

A15197 3-8 A TildaNnIINd 3-12 &1 3-15 (VG Model)

Density g/cm® | Air-entry (kPa) | Irreducible of saturation, S% Residual Water Content, &

1.50 0.03 11.07 0.080

1.56 0.03 17.59 0.071

3.53  WAMINARBIANNEUNUSIENIN uidluged E85 iU 91MA
HaN1INAaeeIRLdNTuSsEnIsualeged E85 Auanie imnunuiwil 1.50 uag 1.56 ¢/cm’
LAnIRanITaT 39 wag 3-10 muddy dlevdeyaundeunsminansauduiusseninssduduai
11 (Degree of Saturation) AU A1LTIAA (Suction) WALNIINUARIAIINANTUSTENING Volumetric
water content U ﬂ"]LL‘N@J@ (Suction) Tnanslda@nn1sved Brooks and Corey (BC), van Genuchten

(VG), thag Kosugi (LN) mmsmmméﬁgﬂﬁ 3-16 9 3-19 wazdnTeiuUslaemsned 3-11

3-12
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A9 3-9  NANITNAADIANEUNUSIENINUAE w0 E85 AUINIA NIAMUUUILULY 1.50 g/cm’

Capillary Pressure (kPa) Volumetric Water, & Degree of Saturation, S%
0.9 0.054 12.642
0.8 0.056 13.110
0.7 0.056 13.035
0.6 0.064 14.894
0.5 0.059 13.731
0.4 0.076 17.574
0.3 0.076 17.759
0.2 0.109 25.334
0.1 0.203 47.309

0 *0.430 *100.000

A15719% 3-10  WaNISVRABIANNFNNUSTERILAElgged E85 Aua1n1A NIANNUILLLL.50 g/cm?

Capillary Pressure (kPa) Volumetric Water, & Degree of Saturation, S%
0.9 0.083 20.222
0.8 0.086 20.963
0.7 0.092 22.509
0.6 0.093 22.801
0.5 0.097 23.608
0.4 0.106 25.926
0.3 0.113 27.665
0.2 0.134 32.663
0.1 0.267 65.216

0 *0.410 *100.000
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== B model —
E 85-+air, Dentity 1.50 g/emA3 6, = 47.308
£ & =11.964
g e h, =0.11043
E T VG mode
081 — Neid A = 16579
07 1 ==VGmodd ==
2061 8 = 71351
2 05 . 8 =11970
= 047 5 A =13704
03] n= 26027
02 ] == LN model =
0.1 - 8 = 10425
‘} T T T T h 3’= Iglloﬁ
] 20 40 60 30 100
A, = 0.075105
Degree of Satwration, 3%
o =089%013

JUN 3-16 N9 MBARIANUANTUSTENINeTEAUTUAILEBUS (Degree of Saturation) TUALTIA

(Suction) veduAalesed E85 AUOINIA NAMUNUILULYENTIY 1.50 g/cm?

== BC model ==
E85+airDentity 1.56 g/em™3 & = 73646
& = ms512
e el h, = 0.090345
0.9 v A= 17362
0.8 7 — LN model = V3 mods]l ==
Bl ®  seasured 8 = 52762
=< 06
£ 05 7 5, = 20516
e .
E 04 & =15583
0.3 n= 2737
027
E == LN model ==
0.1
0 T T T T L '6_, = 166.28
0 20 40 60 80 100 & =21918
Degree of Saturation, §% 1, = 0.062999
T =0383899

JUN 3-17  nsnluansnnuduiussenineseAuTuauBus (Degree of Saturation) iU A1LIIAA

(Suction) vesuialgged E85 AUDINIFA NAMURUIUUVDINIY 1.56 ¢/cm?




UNT 3 L ULAIRNWAIZIRNEAUA UYL

Suction, kpa

0.9 4
0.8 1
0.7 1
0.6 4
0.5 4
0.4
0.3 A
0.2 4
0.1 4

== BC model ==

E35+air,Density 1.50 g/cm”*3 ”

-

BC modsl

Ay

0.2034
0.045769
010863

15838

VG model

—— LN modd

[ ] measurad

== V(G model ==
= 0.40998

0.049722

&
g
A=1519

n= 26107
== LN modsl ==

o =0.46674

0 0.1

0.2

Volumetic water content,

0.5 & =0.055257

h = 0071649

g =091973
|

Ul 3-18

ATINLARIAMUFUNUSTZIINe Volumetric water content AU ALSIAA (Suction) Ve

uidlegea E85 AUDINIA NIAIUNULULYBINGIY 1.50 ¢/cm?

Ruction, kpe

038 A

LR

oy A

08 A

05 A

04 A

03 A

02 4

0.1 4

ESS+air, Density 1.56 g/em3

ECmadd

VG moddl

= aracd

o005

01 015 0z 026

Volumetic water content,

045

== B modsl ==

0.35626

&

0.024027

0.079363

g
h
A= 17356

== VG model =—
& =21.694

g = 0.084119

A =156.03

n= 27372

== LN model ==
g = 0.68193

g = 0.0289266

h =0.062978

a =0.83904

NI NLARIANUFUTUSTENING Volumetric water content iU AU3IAA (Suction) Va3

Yosuialegea E85 AUDINIA NIANRUILULYEIMTIY 1.56 ¢/cm’
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A5197 3-11  Asinegitléannnsan 7 3-16 &4 3-19 (VG Model)

Density g/cm?

Air-entry (kPa)

Irreducible saturation, S%

Residual Water Content, @

1.50

0.04

12.64

0.054

1.56

0.04

21.50

0.88

3.5.4  AMUAUNUSTENING UUUURY 95 AU 91N

NANISNAABITOIAUAURUSIENINWUUTY 95 AUDINA NAUNUILUY 1.50 Uaz 1.56 g/cm’

wanalunns199 3-12 uag 3-13 mua1diu Wethveyaul@eunsmuaniaiuduiusseninesiudu

AI1UBUAT (Degree of Saturation) 1 AILIIAA (Suction) kagnsINLAAIAUFURUTTENING

Volumetric water content iU A1L33AA (Suction) laen151l4aun15v89 Brooks and Corey (BQ),

van Genuchten (VG), ag Kosugi (LN) mmsmam&fﬁgﬂﬁ 3-20 99 3-23 LA IATIEAALUT AR

M9797 3-14

A157197 3-12  WANISVNABIANNFURUSTENINWUUTY 95 AUBINA NIAUUUILLY 1.50 g/cm?

Capillary Pressure (kPa) Volumetric Water, & Degree of Saturation, S%
0.9 0.037 8.583
0.8 0.041 9.590
0.7 0.038 8.883
0.6 0.041 9.448
0.5 0.041 9.482
0.4 0.045 10.431
0.3 0.056 13.088
0.2 0.094 21915
0.1 0.106 31.200

0 *0.430 *100.000
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M99 3-13  WANISYIAADIAMNFURUSITZTINRUUTY 95 AUDINIA NAURUILUY 1.56 ¢/cm’

Capillary Pressure (kPa) Volumetric Water, & Degree of Saturation, S%
0.9 0.067 16.273
0.8 0.069 16.805
0.7 0.068 16.655
0.6 0.072 17.521
0.5 0.068 16.538
0.4 0.075 18.216
0.3 0.074 18.099
0.2 0.096 23.527
0.1 0.126 30.752
0 *0.410 *¥100.000
== BC model ==
g =312
benzene 95+airDensity 1.50 g/cm 3 8 =87055
BC model h, =0.16565
—— VG model A= 28167
:9 - —— LN model == VG model =
w ] % measwed g = 31327
E: 8 = 39438
"g : ) & =50436
LIS n= 48779
" == LN model ==
; : , ; ; j , : — & = 31.755
. ® " . " = a w n s w 8 =9.1370
Degree of Saturation, 5% hﬁ" o
a =03810

5UN 3-20 Ny Mluanam NS TEnInesEAUTuAUBLGT (Degree of Saturation) UATLTIAA

(Suction) YBIUNMTULUUTU 95 AUDINTIA NATUNUMUUTDINTIY 1.50 g/cm?

3-17
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= BC model ==
benzene 95 Density 1.56 g/em*3 8 =30752
£ = 16.675
- BCmodel h,=0.15924
D.19 1 — VGmodel A =31820
0.8 | = Il = WG model —
:"{ g';: ™ iomeed & = 31331
é 0.5 & =16758
z g-‘;: & =5521
0.2 n= 55221
0.1] = LN model ==
. ' ' ' ' I 8, = 31.457
0 20 40 60 80 100 @ = 16352
Degree of Saturation, 5% h. =019047
o =0.38512

JUT 3-21  nsluansmaduius sy nineseAuTuAIuBw (Degree of Saturation) fUAKIINA

(Suction) UBIUNTIULULTU 95 AUBINIA NAMURUILUUYDINTIE 1.56 ¢/cm’

== BC modsl ==
& =0.10588
benzene 95-+air, Density 1.50 g/em*3 8 = 0.037410
. p = 018723
09 A=2%0%9
08 | == VG model ==
07 7 & = 01063
—‘E.L 08 8 = 0036242
f;: g"z | A =40977
03 n= 6.4575
02 1 == LN model ==
01 7 s = 0.1062
0 ' ' ' ' ' § = 0039709
0 0.1 02 03 04 05 b = 025362
T o =003

gﬂﬁ 3-22  ATIMLAAIAMUEUNUSTZIINE Volumetric water content AU ALSIAR (Suction) Vas

UTULUUTU 95 AUe1N1A NAMUNLILULYDINIIY 1.50 g/cm?
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== BC model ==

benzene 95+air Density 1.56 glem ™3 & = 0.1261

g = 0.062345

EC modd
h

0.15929
VG modsl

0.8 4 . A =31872

0.8 4 — INmodd

== WiG model ==
07 " g

& = 0122847
g = 0063633

0.6

0.5
0.4 & =55189

Buction, kpa

0.3 4 n= 50168
0.2
0.1 4 i mae

== LN model ==

T & = 0.12899
0.45

£ = 0069073
h =0.19059

Volumetic water content,

o =0.38528

JUM 3-23  n9lulanemuduiussening Volumetric water content iU As99A (Suction) v8d

UUUUTY 95 AUeIN1A NANUNUILULYDINIIY 1.50 g/cm?

A5197 3-14 A dildannnsnid 3-20 81 3-23 (VG Model)

Density g/cm?

Air-entry (kPa)

Irreducible of saturation, S%

Residual Water Content, &

1.50

0.02

8.583

0.037

1.56

0.02

16.768

0.069

3.6 AATITHNANITNAADY

W3suiisuran snaaasfinumuiuiy 1.50 nfusegnUIARTURURTLAEAUNUINIY 1.56
NIUABgNUIANLYURLLAT Fapavaih, uRalveed £20, uialused £85, thsuuuduos Tagldaunis
Y89 Van Genuchten (VG), Brooks and Corey (BC)
3.6.1  WIBUTBUAMUFIRLSSENING 1 AU 91A HAUMLLLLYBINSIELANATSAY
N5WSBUBUNANISNARBIANNEUTUSSENINNIN AU 8IN7A AUWNUILYLYBINT I8
uAnFNsAuRD 1.50 waz 1.56 n3usegnUIARTUALAT LARIRITUT 3-24 uag 3-25 mudIfy AN Air-
entry Waz Irreducible saturation anunsnaguanuduiusszniaifuennia fanumuintiuyes

NIUALANANTULAAINNTIN 3-15 wag 3-16

3-19
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— VG Denity 1.5 glem"3

1 — VG Deniity 1.56 glem™3
0.9 - ap e
0.8 - '
0.7 * measured 1.56 g/em™3
0.6
0.5
0.4 -
0.3 -
0.2 -
0.1 -

s« measured 1.50 g/em™3

—— BC Dentity 1.5 g/em”3

Suction,kpa

0 20 40 60 80 100
Degree of Saturation, 5%

JUN 3-24  neluansmuduiusseninaseiutuauBus (Degree of Saturation) fUALIINA

Y

(Suction) VBIUINUDINIFNAMUNUILUL 1.50 g/cm? LagANURUILLY 1.56 g/cm?

— VG Dentity 1.5 g/em*3

09 . et — VG Dentity 1.56 glem”3
0.8 - :
0.7 -
06 -
0.5 4 —— BC Dentity 1.5 glem”3
04 | i
0.3 1
0.2 -
0.1

measured 1.50 g/fem™3

e measured 1.56 g/lem™3

Suction, kpa

0 005 01 015 02 025 03 035 04 045 05

Volumetric Water content

© 8

SUN 3-25 ASINLERIANUALNUSTEIAING Volumetric water content fU AML5909 (Suction)

v U

Y9UNAUDINA TAUAUILUY 1.50 g/cm? WazANUIUILEY 1.56 g/cm®
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A9t 3-15  wanaen Air-entry wag Irreducible saturation (BC Model)

Density g/cm® | Air-entry (kPa) Irreducible saturation, S%

1.50 0.08 19.370

1.56 0.08 23.177

A9t 3-16 LR Air-entry uag Residual Water Content (VC Model)

Density g¢/cm’ | Air-entry (kPa) | Residual Water Content, &

1.50 0.08 0.082

1.56 0.08 0.097

362 Wisudisuaaudunussening wialesad E20 AU 8101A AIUAUILLUYDINTIY
UANASNY
MsUSeufisunan seaesmuduiusseauialesed £20 fu 91016 in1unuutues
nseAuANsNsiuRe 1.50 uaz 1.56 niusognuiAiluufuns uanafsgudl 3-26 uaz 3-27muddiu
A1 Air-entry Wag Ireducible saturation anansaasuauduiusTEnisuAalssed £20 fuenie 7

AR ILUUYDINTNUANAAULARIRN1S197 3-17 wag 3-18

—— VG Dentity 1.5 g/lem”™3

0.9
0.8
0.7
0.6

—— VG Dentity 1.56 g/em™3

measuerd 1.50 g/lem™3
e measuerd 1.56 g/em™3
—— BC Dentty 1.5 glem™3

0.4 -
BC Dentity 1.56 g/lem™3

Suction, kpa
(=]
L5

0.2 -
0.1 - .
0 T T T _-I_ — —s
0 20 40 60 80 100

Degree of Saturation, S%

JUN 3-26 N3 mkaRIANFUTLSTENINeTEAUTUAINBN (Degree of Saturation) AUATLTINA

(Suction) vp3uAaleeed E20 AUDINIANIANRUILLY 1.50 ¢/cm® LazAIURUILULY 1.56 g/cm’
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— VG Denity 1.5 glem™3

—— VG Dennty 1.56 g/lem™3

measured 1.5
® measured 1.56
—— BG Dentity 1.50 g/em”3

—— BG Dentity 1.56 glem”3

Suction, kpa
=]
n

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Volumetric Water content, g

JUM 3-27  n9luanemuduiugsendng volumetric water content fiu AU339A (Suction) U84

ufaleged E20 AUaInIA AAUUILUL 1.50 ¢/cm® kagAunuILY 1.56 ¢/cm?

A9t 3-17 e Air-entry wae Irreducible saturation (BC Model)

Density g/cm? Air-entry (kPa) Irreducible saturation, S%
1.50 0.04 11.609
1.56 0.04 17.394

A9t 3-18  # Air-entry uag Residual Water Content (VG Model)

Density g/cm’ Air-entry (kPa) Residual Water Content, &
1.50 0.04 0.050
1.56 0.04 0.071

363 Wisudisuaaudunusseuing wialesad E85 AU 81n1A AAIUAUILUUYDINTIY
UANASNY
MsUSeuTisunan seaesmuduiussesuialesed 85 fu 91n1A finnunuutues
ns1efuAnAAuAe 1.50 uay 1.56 niuregnuIAtleuRINng LARsgUR 3-28 uay 3-29 AuAFU
A1 Air-entry Wag Ireducible saturation anansaasuanuduiussEnisuAalosed £85 funie 7

AR ILUUYDINTINUANANAULARIRNIS197 3-19 wag 3-20
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Suction, kpa

0.9 -
0.8 -
0.7 -
0.6 -
0.5 ~
0.4 -
0.3 -
0.2 -
0.1

— VG Dentity 1.5 g/lem™3

—— VG Dentity 1.56 g/em™3

measured 1.50 g/fem™3
e measured 1.56 g/em™3
—— BC Dentty 1.50 g/cm™3

—— BC Dentity 1.50 glem™3

20 100

Degree of Saturation, S%

JUN 3-28  neluansmaduiusTEnineseAuTuAIuBN (Degree of Saturation) UATKITINA

(Suction) vesuAdlegesa E85 AUDINIANIAIUMUILLY 1.50 g/cm® LagAmuruILiy 1.56 ¢/cm?

Suction, kpa

0.9 -
0.8
0.7
0.6
0.5 1
0.4
0.3 1
0.2
0.1 -

—— VC Dentity 1.56 gfem™3
—— VC Dentity 1.5 glem”3
measured 1.50 g/fem™3
® measured 1.56 g/em™3

— BG Dennty 1.56 glem™3

0

0.05

03 035 04

0.25 045 0.5

Volumetric Water content, 8

gﬂﬁ 3-29  ATINLAAIAMUFUNUSTZIING volumetric water content U ALSIRA (Suction) Vas

uidlggea E85 AUDINIA NIANNNUILUY 1.50 g/cm® kagAunuIliy 1.56 g/cm®
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15197 3-19 A1 Air-entry uag Ireducible saturation 913U7 4.23 (BC Model)

Density g/cm® | Air-entry (kPa) | Irreducible saturation, S%
1.50 0.03 12.641
1.56 0.03 21.497

A9t 3-20 Air-entry k8¢ Residual Water Content ﬁ]ﬂﬂgﬂﬁ 4.24 (VG Model)

Density g/cm’

Air-entry (kPa)

Residual Water Content, &

1.50

0.03

0.054

1.56

0.03

0.088

364 Wisudisuauduiudsenitanduuudy 95 AU 8101A AAMURUILLULYDINGIY
UANASNY
nMsi3euiieunanisnaaesr LS ssrinsituluudy 95 AU 81nA AirumuILuYes
ns1efuAnAiuAe 1.50 uay 1.56 niuregnuIAtleuRiNn LanssgUR 3-30 uaz 3-31 ARy
A1 Air-entry Wag Ireducible saturation anansaasuanuduiussEnisuAalosed £85 fuonie 7

AR ILUUYDINTNUANANAULARIRNIS197 3-21 wag 3-22

—— VG Dentty 1.5 glem™3

1 —— VG Dentty 1.56 g/em™3
0.9 - o
0.8 - a+  measured 1.50 g/lcm™3
:_ 0.7 - ® measured 1.56 glem™3
= 06 e
BC Dennty 1.50 g/cm™3
£ o0s5-
£ 04
@ 0.3 -
0.2
0.1 - i
[} . T T T T _-q
0 20 40 60 80 100

Degree of Saturation, 5%

5UN 3-30 N9 mkanImNdUTuSTENINeTEAuTUALEN (Degree of Saturation) AUALTINA

Y

(Suction) YaIUNMTUUUTU 95 AUDINIANAMURUILUYL 1.50 g/cm® LazAUNUILUY 1.56 g/cm’

3-24



UNT 3 L ULAIRNWAIZIRNEAUA UYL

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Suction, kpa

/..__,‘_. e I

—— V@G Dennty 1.5 glem™3
— VG Deatity 1.56 glem™3
measured 1.5 g/lem™3
¢ measured 1.56 g/cm™3

—— BC Dentity 1.50 g/lem”3

0.05 0.1

015 0.2 0.25

Volumetric Water content, 9

0.35 04 0.45 0.5

JUN 331 n9luanemuduiussEning volumetric water content fiu ALs99A (Suction) ¥84

UTuUuEY 95 Au1In1A NAMURUILLUY 1.50 ¢/cm?® LagAuRUILUY 1.56 ¢/cm?

A151e7 3-21 A Air-entry wag Irreducible saturation (BC Model)

Density g/cm?®

Air-entry (kPa)

Irreducible saturation, S%

1.50

0.02

8.583

1.56

0.02

16.768

A15197 3-22 A Air-entry wag Residual Water Content (VG Model)

Density g/cm® | Air-entry (kPa) | Residual Water Content, &
1.50 0.02 0.037
1.56 0.02 0.069

NANISNAABIAUFUNUTVDINTT INATUHNIUVDIVDUNAAING 4 YRANAMUAUILUUYDING 1N

wANF1aiy 2 A1 WUIRUnTIendauILLLLNANgY (1.56 nTudegnUIAdLLFAILnT) Ain15AnAng

Y9IWBUMAIWINNIFUNTIwNTANUMILLLTBYNTT (1.50 niusegnuiAiiwuRiuns) Tuynreunain

Talun1sneana
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3.65 Wisufisuadnudunusseninuesanains 4 ¥in AU 81016 AAURUILLYYD N Y
WinAu 1.50 g/cm?

Mslsuiieunanisnaassnudutusseamani ¢ ada Tdud dindu wialesed £20 uia

Togod E85 uazifuiuudu 95 fu 9101e fAanuvuiuturemsBWify 1.50 nfusegnuiard

\HURLIAT UARIAIFUN 3-32

water
1 - ——EXD
0.8 4 —EB5
08 4 =
= 07 4 IUHHUHOS
— 0.6 - = measured ""water"
g 05 A
= A& measured ""E20"
= 04
é 03 measured ""ESS"
02 4
0.1 e
o T T —
0 10 20 30 40 50 &0 T0 80 20 100

Degree of Saturation, S%

JUN 3-32  n9mluanemuduiusseninaseautuaudus (Degree of Saturation) fUALTINA
(Suction) YasnaY Suluwdy 95 uilaleged E20 way uidluged E85 AusiniAfiAUVILILIY
1.50 g/cm? (BC Model)

A1 Air-entry Uag Irreducible saturation 9n3U# 3-32 anunsaasuAuduiusseninadingy
JULUUTY 95 widleaed E20 way widlegea E85 AUaINIA NAUNUILUUTBINT8WAU 1.50

o/cm? Ifamsnadt 3-23

A9t 3-23 6 Air-entry uWag Irreducible saturation (BC Model)

Liquid Air-entry (kPa) Irreducible saturation, S%
Distilled Water 0.08 19.371
Gasohol E85 0.04 12.642
Gasohol E20 0.03 11.068
Gasoline 95 0.02 8.853
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A1 Air-entry wag Residual water content 31n3U# 3-33 anunsaasuainuduiusseninedi

naU U UUTU 95 whalwaea F20 way whdlesad E85 AUsINIA NAMUNUIWULYIMSIevNAY 1.50

o/cm? famsnadt 3-24

Suction, kpa
=
[}

Ty —p——

E
- T

water

E20

IUEY 95

——ESB85
measured "water"
measured "E20"
measured "AIUEUOS"

measured "EZ5"

-

=
&
o

015 02 0.25 0.2 0.35 0.4 0.45

Volumetric Water content, 9

SUN 3-33  ASINLERIAUALNUSTEAINe Volumetric water content iU Suction U89UNAY U

v

wwudu 95 wialesed £20 waz uialeged E85 Auannmafianumuwiiy 1.50 ¢/cm? (VG Model)

A9t 3-24 ¢ Air-entry wag Residual water content (VG Model)

Liquid Air-entry (kPa) Residual Water Content, &
Distilled Water 0.08 0.082
Gasohol E85 0.03 0.054
Gasohol E20 0.04 0.050
Gasoline 95 0.02 0.037

3.6.6 WIBUWIEUAMUFUNUSTTNINVBWNAMNG 4 FUA NU 81N1F NATUVUILUUVINGIY

WinAu 1.56 g/cm?

= = v o & & a YIS & o I3
NSLUTHUNYUNANITNAGDIAINUANNUSVUDILAING 4 VUA IWLLﬂ UINAU, LLﬂaIf‘Uﬁaa E20,

wialwged £85, waziduluudy 95 iU 9116 NAUNUILULYIMTIEMIAU 1.56 nSusegnuien

HURLINT LARIAIFUN 3-34
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Suction, kpa

056+

054

o044

034

» ‘i *

e g el e P
e

water

—E20

—ES5

lwuiues
measured "water"
measured "E20"
measured "ES5"

measured "IUIUTULGS"

@
8

Degree of Saturation, 5%

5UN 3-34  nemuanemuduiusTEningsEauTuAudus (Degree of Saturation) fUALTINA

(Suction) Va9NNAU LT 95 wAdlwEDd E20 way widlweaa E85 NUaINIFANANUNLILLLL

1.56 g/cm? (BC Model)

A1 Air-entry Uag Irreducible saturation 9n3U# 3-34 aunsaasuAuduiusseninadingy

JULUUTY 95 widleaed F20 way widlegea E85 AUaINIA NAUNUILUUTBINTI8WNAY 1.56

o/cm? famsnait 3-25

A15197 3-25  #n Air-entry wae Irreducible saturation (BC Model)

Liquid Air-entry (kPa) Irreducible saturation, S%
Distilled Water 0.08 23.177
Gasohol E85 0.03 21.497
Gasohol E20 0.04 17.588
Gasoline 95 0.02 16.768

A1 Air-entry Wag Residual water content 31n3U# 3-35 aunsaasuaiuduiussenineli

AAY, JULWUTY 95, whdlegas E20, way whdledaad E85 nUaIN1A NAINUAUILUUTBINSELYINAY

1.56 o/crn® gamseil 3-36
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Suction,kpa

09
0.8
0.7
0.6
0.3
0.4
0.3
0.2
0.1

water

20

——ESB85

WS
" measured "water"
+ measured ""E20"

"ERSL"

0.03 0.1

0.13 0.2

Volumetric Water content, 8

0.3 0.33 0.4 0.43

gﬂﬁ 3-35  ASTINLARIANUAUNUSIEIING Volumetric water content U A1 Suction UB91INAY

By 95 uwialeged £20 uay uidlvged £85 fusiniATiALVUIWIY 1.56 o/cm® (VG Model)

A9t 3-26 Air-entry wag Residual water content (VG Model)

Liquid Air-entry (kPa) Residual Water Content, &
Distilled Water 0.08 0.097
Gasohol E85 0.03 0.088
Gasohol E20 0.04 0.071
Gasoline 95 0.02 0.068

NANISNAADIAMNUFUNUSUDINT IMATUNIUVDIVDIUAING 4 YUANAMUNUILUUL50 WAL

1.56 nFusgNUIARUALIAT WUTT IVNa09AUILLIY

Y

UINAUTNIIANAUINTGN TUAUTBIAN

Ao whalwgea E85 whalwgaa F20 way UNIUUUTUY 95 AUaInU
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= dy o/ g ya 1 dy go’ 0
UNY 4 WaNIZNUVBINISIUAIVD9TEAUUN IARUANSULIUauvR Uy
4.1 Jagnlglunisveaas

N31880AR1I1 #3820, N31800RNI1 #3821, waznsrevauigniiuntdiludinanslunis
nAaeIN1saduruvesuariniufwaLaldlansnuaudin N suesianannawandby
JUT 4-1 Uagans19il 4-1 anudndu Ieefddudilwagndeudane Red Sudan Il 910 Nacalai tesque,
Japan (1:10000 Taguutin ) uazu19gndauiniiudde Brilliant Blue FCF 910 Nacalai tesque,
Japan (1:10000 tngunidn) wWiadunsiindnanimlunisdananinuazdufinnmuazdsgieiiunis
A ! M vyA ! a va gj ‘&J goj 961 v d‘
annduuasliuizldlddnurenisivisunlatesguaudituiiugiuveniuazindiudiwa lagd

AvanUAvesveuranldlunmsnwiasadgniiauelunisiei 4-2
lun13MagAn¥ANUENRUETENINAUNUILUUTIUALRDULAL TEAUAIUDURIVDIVB AT
1 5endeivinn1IMAaetuaEAInIuANNTIEEYaskasliuAwaliinssemelilouiian

- I a 3 v =~ v vy =~ % a a ¢ i 3
vIoliifinnssemetaensluanmindenduasldladond Inenisldmalinnisinsisininanetuy
1 H Y o o 4 [ d‘ 4 < 1 £ Y -

amaneveslkariuRwavziesegluan niasssanssemedunategiies 72 4ilus Tneiinis
vaaeslurIraIsaRIgnUITYeglunaen Centrifuge 15 Ua. (VUIAEUHIUAUENAN 15 wsl. uazdl
AINNE 118 w3 UazaluRuguuiiviadlviogn 20 C uazaNyudning 70% elvianunsasewme
lads 72 Falue Tumsmdasimssemetuazinhninsusungninuasimingamendaainiu 3
T wihnsSeuisuiurainn s stuiinuanuindnsinissevevesiikasinduaea il
3n3IN1338meNfuIN (Weeni 3%) Jeaunsaiunldlunisveasild dnsnisssmevestndudiea

wazthgninaualuguil 4-2

100 f“\_\‘- - T R
_ A -0~ Ottawa#3820 sand
S 80 \.\‘ -@- Ottawa#3821sand |
g \'\ =+ Chonburi sand
= 60 B
5 P
o \ \
= 3
> 40 -\
\ i
o 20 I. D.\
=]
0 = =
10 1 0.1 0.01

Equivalent grain size (mm)

JUN 4-1  N13NTENLVRUINARE
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M1519% 4-1  AuaTRANIAINTIHYeINa1N

ﬂmamﬁa N1y Ottawa #3820 | v318 Ottawa #3821 | %1378 Chonburi
Soil particle density, O, (g/cm?) 2.64 2.63 2.66
Uniformity coefficient, C, 1.47 1.56 2.68
Mean grain size (Dsg), mm 0.643 0.422 0.397
Hydraulic conductivity, k (cm/s) 2.02x10% 1.80 x 10” 3.69 x 10
Diesel hydraulic conductivity, Kyeee (€M/s) 1.91x10% 1.58 x 10 -
USCS SP SP SP

a wa ~ )
M19197 4-2  AuaudRveIvesmaInltlunisfinm

GIGHGI e Wndiumea
Density, O, (g/cm”) 0.998 0.865
Viscosity, V (mm?/s) 1.00 7.00
Vapor pressure (mmHg) 0.40 17.54
25
=@~ Dyed Diesel
’\3 21 =B Diesel
S —@- Dyed Water
c =Y~- Water
S 157
g
o 14
Q.
©
@ 0.5
—
O T T
0 12 24 36 48 60 72

Time (hr)

UM 4-2  dnsnnssemevesiilufiwaiayi

42 gunsalitlélunisvaaes
421  nsAnwauduRussEnisiaavuuiuduasafsuassERuAMuBNGIvasTa Al
Tunsne

Kechavazi et al. (2000) and Flores (2010) wuinanudusiusseninanumuiuduaiade
uagszRUALBNFITes LNAPL futh Fuduiugmdnvesnsmanuduiuslaeldinaiindinge
amde Tnefinmdetuargninluidueiesdieflilunisinsesinisseduanudufvosiuas
thiufila Tunsfinuil Kechavazi et al. (2000) ldvhmslindesssuuddnoatioglursdumsused
adnafuuauy lugaeedudursnisafiveadudugasdug (10 wiluans Afswelnguasdu

YINA199M 500,760 WaL970 UNTULUAS) wAENABINLY 2 #7 HulAINISAARIAINTDILEINIULAUN

e, jd)}

4-2
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uanesRuBsmNEvesAduignianly (450 unlumns waz 640 ulumns) Tnedl Flores (2010) ¢
yhmsnuluihuesfeusunmsideluadsd

Tunsmnaesagldndes Nikon D90 $1uau 2 f1 uasvinsRndeusunssuasifiaLEIv0e
AA 450 wiluians way 640 wilumms asfindoszgnisalifulmndrenimdaedaies (manual
mode) tileagldmunuanuivesinmesly uaziinsAnusudunauna (white balance card) 14
dieldlun1stinsed ndosisansiiazgnidensetuaouiiumesiiuals USB wazgnaIunung
denmdaelusunsu Nikon Camera control Pro 2. X-Rite wazikiudumaunaazgninsegdnluain
freghaifiefiarldlunsdrdaduvnuasdslunsiesen diuuasainaiildde Floodlights 30 W LED
wagviositldlunismaaesazgnarunugungdliil 20 C° fdranududuinsegii 70% laviinig
yaosnufuurtines Flores (2010) Tudmvasnwdildvinistufinduasdunwlng NEF (Nikon
12-bit proprietary RAW format) LLﬁ?QﬂﬁﬁﬂﬂiﬁﬂLL‘Uaﬂ‘V\IéLﬂug‘ULLUU TIFF format (Tagged Image
File Format) wazld ViewNX 2.0. TIFF images lunisiiasizinimdnelusunsudii@eusielusunsy

MATLAB 2007A Tuduvesnisiniagunsaldsuanslusud 4-3

| Soil Sample

X-Rite Gretagmacbeth
ColorChecker white
balance card

&

30 w LED floodlight 30 w LED floodlight

Nikon D90 with 450 nm
Band-pass filter installed

Nikon D90 with 640 nm
Band-pass filter installed

Computer-I Computer-II

JUN 4-3  msfadsgunsallunisnasesruduiussenineenunuiiuduauadsuas seauay

Y

DUFIVDIVDILNAT

4.2.2 A1SANEINIS MaguvssnlufwanIuns1enlidunlflguineldaniazuinvu-unag

v a

Acrylics Tank $9un 50x60x3.5 %1, (Melulld) fsnuanslugud 4-4 lnsgnesnuuuiield
lun1sfinwiaselinaseiuludiuvesunieuninienaeigniiunly naes Nikon D90 AnfULKY

N303uas 450 u1luluns uag Nikon D90 AAAULHUNTOILAY 640 UILULUAT NABING 2 gnAvAILA

81801MEEAWLeY (manual mode) Wialiaiwazanusidamasiinnuasiivazinisfauwivaugad

4-3
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417 (white balance card) uagndesazgniveusiafiunsuiamasHIua1y USB fin1smivaundadiagly

a U =

TUsunsu Nikon Camera Control Pro2X-Rite LLazmmi’mLLmamqaaﬂJ’]’ﬂ%miaﬂﬁﬂ white balance

card agiinanegauieldlunisondsiavun 2 8Re dvnuavds wazl Floodlights 120 W LED

o

gninldinelvuasalnaiuiegalagliazgnidalagsnluliineuaziiinistuiinam 30 il uag
Yandannyinistuiinamluuds 30 il wazlinsfnnsaindaiendnidesasasiou aunsal

(%
(Y

AnAsaziandlugun 4-5

Transparent Acrylics—,

. N
‘ ¢ | § I | ral‘
K|
15cm 50 em +15 cm
Top view ! 3_‘?’?“

Side View
| J,
" o~ Leftlateral water tank ; Right lateral water tank
8 Al
T A ¥ —  Stainless steel mesh i ’ -il
/i \ = )
24 o /’I A JI — Perforation © 1 em
= ¥ p h/
1I }/
H

I5an 50 em L 15em )
1 1 7 f

Front view

JUT 4-4  uuuuned 2 3R

X-Rite Gretagmacbheth
Color Checker white
balance card

N A

120w LED floodlight 120w LED floodlight

Black curtam
Nikon D90 with 450 nin Nikon D90 with 640 nm
Band-pass (ilter mstalled Band-pass filter mstalled

Computer I Computer IT

sUN 4-5 misdnssgunsallunismaaes
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4.3  P/NINARB
431  msAnwanuduiussEnidauIiudwaLRRELas ST UAUBIR1Ya B VAT
Tunsng
yhmswiEufoeaiamLn 90 fapeng I@EJ(?T’J@EJ"NLwiazéf'gasi’ngﬂmauﬁuﬁwLLamf']ﬁuﬁL%aTu
dnduflumnsinsiy winhanussgasn U sUNsINsEUendiiiuiaings 25 gnuiadlaudiuns fegn
JUNTINTEUBN (WURUALENAT 40 13, ANEY 20 Ui o8 1auAaLfIag199rgni1NeIeae

MNded 1.5 e kazuasainantdlunismaaes Floodlights 30 W LED uaziin1sinuiuaunadvd

=

(white balance card) tieldlunsénsdsdvnuazdmildudumiawesnmaiousiaznw ndesazgn
faelsBulmadienmiesaies (manual mode) sesiililunismnassazgnaruemgamgilia 20
C’ uariaruiuduindogi 70% ludiuvosnmdldvinistufinazduninlng NEF (Nikon 12-bit
proprietary RAW format) k839n%11n156n LLUﬁﬂlWﬁLfJUEULLUU TIFF format (Tagged Image File
Format) wasld ViewNX 2.0. TIFF images lun1siiasiziningelusunsuiiifeusielusunsy

MATLAB 2007A 1a82%1n15:US8Uig UANSEAUAINUDUAIYDIVDLMAIVDIUILA L UL UAANUAINL

PULLLTALRdsTuLAazAUE1IAAY (450 LAy 640 UNlULIAS)

432 asenensivafuvestiufwariiunsedilisusadretinaeldansiitu-dias
Tuunsd 2 Sataldddunisiitednwravesnisiasundasssiunisinavesilgauluuuueu
fdnsFuinuresisiufwalusinansdiidudemefusasuandnety Tneldmadadasizinmens
sgsieuldlunsmsziuanuduiveeurmiarnginssunisnszatefivesinduiea ns
NPaBatneaY 6 Feee uiazsethsasilan miiunndstuiieRasthuyhnsieseinnsivadusiiu
gosifufmanunefilddusadietin nsmedeuniisiardosinistuiinnndendourasfds
axUsznauluseuiisinsouds, nsieisusadet wasnsefiouiidedtufiva Tnsazinnng
TufinnnEeFuRaLn 6 1N 911970 [D450™Tran, [Daso T [Daso® T, [Deao™Ten, [DeaoTmn b8
[Deao”Jmn WaEAMRINATUTUNBUAMTUNTI Ottawa# 3820 uar Ottawa#3821 azgniauslugy

7 4-6 wag 4-7 PUAINU
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(a) (b) (c)

JUN 4-6  MsUSuisunndmsunsvnaemnsie Ottawa #3820 T-1, T-2, uay T-3 (a) uiianilifu

- @

Tumensewiis, (b) whsnidulumensiendusilusedn, ©) wisnndulumensiendudlluse
ﬁ U =l

TUUALYR
i il

o~

(a) (b) (©

JUN 4-7  msUSudlsunndmsunisvnaemnsie Ottawa #3821 T-4, T-5, uae T-6 (a) wianilifu

Tumensiowis, (b) wisrmduluamensendusiluset, ©) wisnaduldsmensiendudluse

v
o w a

UNNUALYA

4.4  WHUNISNAADY

nsnagevluuned 2 fd fdszaunisinavestinfuisiufiee Larn1suNINTURILYDIINeS
o1 TaidunisAnwnuaiseiifinavesnisiuniunaznisinavesildfvluuuiueudiinase
wofnssumsivaduveshifufieaiutanfidudodioriu wiousui 2 snansfuandumssd d-

3
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A5 4-3  NISNAFBUNIS IBTUVDILNITUALIANIUNT I

A1INAFDY NIy Hydraulics gradient (i) mi%usumizﬁmfﬂ
T-1 7318 Ottawa#3820 0 i
T-2 7918 Ottawa#3820 0.1 i
T-3 7318 Ottawa#3820 0.2 i
T-4 1918 Ottawa#3821 0 i
T-5 7918 Ottawa#3821 0.1 #
T-6 1918 Ottawa#3821 0.2 i

aa d‘d

nsmaaeuuisd 2 §R Afnmslvaduriuesh, tiufiea warernia sidunsinylagld
anfinanefensy Ottawa #3820 way Ottawa #3821 n1swwssunsevilalagnisiimsneludng
Freuduindnlusvuuimdmnduinnwlduiedligs 50 wuftms uazauquarmILiueg
il 1.76 nfusiegnuIAilauAiuns Fenmanevomseursazgninmgnsdanlunsiinszinmang
dnludwssnanwhlifuludethegednquaznmdeazgninundidsenmeiisufdeth dw

v Y

AN sazudanvinlnsedusimetinfuganinatsazanur lud1989meNIeNduF e

Y
a

Y o ] A v [ U ¢ =& aa 1 [ & ]
Wiy Tudwiedediunisnaaeuaedutinidia lnen1snaassazuiteaniu 4 Juneu (A3UN 4-8):
srurgdineu (t = 0 fie 18 Taluy) vasndumsuusnlyiviinsiiuseauln (t = 18 s 30 F3lu)
- S o . o T3
MRIINUUYIINITTEUBUIATINADA (t = 30 89 42 Tala) waENaIRINNITARTEAULIATINGD (t =
42 84 52 Wlwy) vihnmslassauindmiunisnaaedasnisaiuauseauaudie (H1 way H2) U7

4-9 LAYILAUVDIUNMUNINUTNI I ULARLTUNDUNKEAIIUAITIN 4-4

nsszunethadausn: thngludsasgnszuisesnvdanniiugn 6 4alus asvhnsudestdufina
100 nSy ImﬁﬁwﬂuﬁLeﬁa%gﬂﬂa'aaiﬁl,maﬂ%mwu@ais (NAa89 T-1 Waznnaed T-4, x = 25 a4,
NAaad T-2, T-3, T-5, kg T-6, x = 15 @3l.) ﬁ;ﬂﬁuaLszjaléfgﬂﬂa'aaiﬁlwa%uLLUUSaizaalﬂiuﬁﬂLﬂu
nan 12 $lus Fstupeuiazldinaieay 18 Falug

madfiuszduiiedusn: vsuseRureniluddliaduagneigfisedu 30 gu. ndunoudeunth
Tnenisnsesiludsdudneisads 1‘1433%’5’1\‘1%‘14@QUﬂ’l’i'iSUWEJ‘IE’lﬁQﬂLLVIuﬁﬁ?EJ‘jW Fumouily
naeAY 12 Flud

A1558UNPUIATINEDN: ‘L‘hLmzﬁﬂﬁuﬁLszjamsiuﬁ’q%gmzmsaamﬁﬂﬂ%’ﬂmamiamzéﬁ’uﬁwmaiufﬁ’q

v v o Ay ) a A a8 o oa v a a o
AIUTIRNUTEAUNADINITAIBAAIIUAISI9N 4-4 TneRagluTurdudwardntuifiniulugadn
JURBUTLYIAN Y 12 F3Lu9

ANSANSEAUUIATINADS: TINNISANTEAUUN LRI ANDNATIA LI UADULNUTEAULIATILT N

warluTuno Ukt IaNMadn 12 9alud

a-7
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50

401

30

204 .
0 100 g of Diesel release

L]

0

Water Table (cm)

0 6 12 18 24 30 36 42 48 54
Time (hr)

UM 4-8  szduvenhiusyEzaIveImsintnsnaaes

nstuinnmazgminnstiufindendesiinoannaiedalisainndes 2 # ndesgnisenlviun
018AINAIEAULEY kazlinsAnwNuEVIaNYTA] NABIgNAIUANNISEIY (Nikon Camera Control
Pro2 ) iilendniAesntsduasiiiouluvmzaisnn wag Floodlights 120 W LED 2ggnilinduriou 30
Junieuiiagiinisyinistiufinam uddinnsmuugaumnivesioneilid 20°C fardu 70%

Reoulvlummeaesagasulinansen 4-4

— Diesel infiltration point

Sand

_hi

JUN 49  msussanseludanaaeu

A15199 4-4  Saulvlunisneass

TEAULN
Fupoumsvegey | svesia i-0 i-01 i-02
N8R
h1 h2 h1 h2 h1 h2
Initial Condition 0 hr 50 cm|50 cm |50 cm |50 cm |50 cm |50 cm
First Drainage Ohr-18hr|5cm | 5cm |10 cm| 5 cm |15 cm| 5 cm [lshisudioa 100 ¢ iaduiivan = 6 hr

First Imbibition 18 hr - 30 hr|35 cm|35 cm |40 cm|35 cm |45 cm |35 cm

Second Drainage |30 hr-42 hr|5cm | 5cm |10 cm| 5 cm |15 cm| 5 cm

Second Imbibition |42 hr - 54 hr[35 cm|35 cm |40 cm |35 cm |45 cm |35 cm

4-8
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Ananuetuiinssnitanisnaaesaziuguuuulng NEF (Nikon proprietary RAW version
files) insudasniwliiluguuuulng TIFF daglusunsy View NX2 a1ntuvitn1siinsieiainany
AaelUsATL Matlab LWaAIWIMNTEAUAIUBNF VBN ([S, ) BELIEAUAIUDUFIVBIUT LAY

(ISo]mn) b3alae

4.5 WANISNAADY
4.5.1 AMUFUNUSTTUINAMUAUILUULTILERRAYLALIEAUANUDUAIVDIVDUNA IUNTE
AUFUNUTTEWINTTAUAIUDUMVDIUTUALTA (So), TLAUANUDNAIVDIUN (S,) WazAIY

MUMUULTEUARe (AOD) vesAunTIgvsatuviauanslusui 4-10 99 4-12 UazaunIshand
ANMUFUNUSTEMINANUA UL UULTILALRAULAZ TEAUAINUDUAIVDIVD AN UNIULARL VRN AR

FIAS9N 4-5 ANUAIRU

Wiy
% g TR g
e
7
T
iy ‘.,—.

090

(d)

(c)
sUN 4-10 Ottawa #3820 sand WAAIANAUNUSANUNUILUULTILELAL TLAUAMUDUF VDI

Y
Aanaztin luLAaztI9UeIAINE1INAY (a) ANUNUILUUTHELRAEESU A= 450 unluuns
(D450), SEAUANUBUMYRIRE (S,) kavseauauBudivesi (S,), (b) yuuasfaRIniusEuIuves
D450, S, WA S, (C) ANUNULULTMELRAsENSTU A= 640 UlnS (D640), SELFUANNBURT

VBIALTA (S,) WATITAUANUBUMVRNI (S,), (d) YuNBIWNRINAUTEUIUYBY D640, S, Uag S,

4-9
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0.1 ¢

0.05

oFg a

(c) (d)

Ul 411 Ottawa #3821 sand wansnudtusAN L auas sERUA B Te sty
AwauaziluLastIweIANNEIAAY (2) AMuruLLiuBanRasdmSy A= 450 wiluwns
(DA50), sesumNudLiITeYa (S,) LarsyiuANLBNTveh (Sw), (b) aguuaqé?qmﬂﬁ’mzmwm
D450, S, way S,, (C) ANUMUILLLLTENaAd MU A= 640 ulwuns (D640), SEAUANMLDLFITES

ALa (S,) warsEAUAMUBNRITENI (S,), (d) YuNBIRRINAUTEUIUVRY D6AO, S, uae S,

4-10
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(a) (b)

0790

06 g So

(© (d)

JUN 4-12 v51898U7 WannuduiusANuruILiuTLaLas TR UANNBNm v iuRaLay

Y

(% '

Ul ULAAZEI9IANNENIARY () AMUNLLLLTANRREFIMSU A= 450 uluwns (D450), SEeu

ANUBUMIVBIALLA (S,) karsEAuAUBNMITENIT (S,), (b) YuNBIRRINAUTEUIUVRY D450, S, uae

S, (O) ANUVULULTMELRAEdMSU A= 640 UluAS (D640), SELAUANLDUIVRIRE (S,) WAy

JEAUANBNAINEAN (S,), (d) YuNeIieR N UsTUIUYRY D640, S, Uag S,

AN5199 4-5  AUNITAUAUNUSTEMINIANUNUILUULTILALRAULAZ TLAUAINUDUAIVDIVDILNA LY

NIBUAAZ YN
N3 Daso R? Deao R?
Ottawa#3820 0.2225,+0.7735,+0.279 0.91 0.1285,,+0.0475,+0.230 0.93
Ottaw#3821 0.080S,+0.5675,+0.146 0.71 0.1485,+0.0615,+0.012 0.74
YaUs 0.1195,,-0.2085,+0.827 0.19 0.0195,-0.0015,+0.076 0.16

AN5199 4-5 BWAAIANUAUNUTTZNINAIAMNUAUILUULTILANLRR LAY TZAUAINUDUAIVD

RINAINANUAUNUS LUV LEUAUIINANUEUNUTTERI AR NN AU UULTILELRAEVDS Dysp A

Y1 v

Deao NUTEAUAINUDUFIVDIUNLUALTA (S,) LATIEAUAINDUATDIUN (S,) Tus1aglamduusean

Doy

=

ANKIUEN (coefficients of correlation, R?) Wudisindulalunisidenyiinvesiagiazininldd




UNA 4 NANSENUYBINISIUAIVBITEAULN AR UsBNSUL Y s uvaItndy

fnanslumsaneinistuvenisufwanutunsefilidusagaet wuiiadulseansainuusluen
Y9IN318 Ottawa #3820 HAMNIAY 0.91 (Dgsp) A% 0.93 (Dggo), N8 Ottawa #3821 HALvIAU
0.71 (Daso) $81% 0.78 (Dgqp) kAENITIHYAYS (Chonburi Sand) AAWYINTU 0.19 (Dgsp) 1T 0.16 (Dego)
Famndudszansanuutiugiiduiiimelalunsiunfuannaislunsfnunisuasuuassse
nsluareshlifuluaneuiiinisfuruveshiufiaiadonaniidarvesedutssdnsanna
wHugIU1INNT 0.70 WU Ottawa #3820 way Ottawa #3821 Jununzunnisurlddneseld
é’m%um'lmaq'%ﬁﬁhmé’fmﬂszﬁwémwLLJJus‘J"]ﬁGi"'m']ﬂﬁaﬁﬁhﬁﬁhwhﬁ’u 0.19 (Dysp) Wa 0.16 (Dggo)
JdldmnzaenisihluAnwineisnsiaszinmageg1sity (Simplified Image Analysis Method)
\flosananuduiusilalidunuuidunss (nonlinear relationship) ﬁy’aﬁmmamaLﬁmwm/maﬁuau%‘

lunsenivsunaresansdunidaoudiags

4.5.2 WNANSTNUVDINI5IMAVR9UNlARULAZEN122UNTULAIRBNST AT UV UALIANIY
N5 laidunaR81n

NANSVAGEU Test T-1: 518 Ottawa #3820, i = 0 uandlugui 4-13 uas 4-14

45
40+ 40
35
— Diesel
30 60 g:!o === Water 100
50
40 225 z
» 5 w
— =20
(a) t =0 hour | . = 2.,
20 s I o
15
10
104 5
o T T T
0 20 40 &0 80 100
Degree of Saturation (%)
10 20 30 40
45y - -
40- 401 :,: 4010,
sy %
- -}“ — Diesel >
304 &0 £ T % ----Water 100
50 -2
(b) t=6h s 2% § -
= 6 hours . 2 3
2 B0 % i
20 1 I 3 2
= 5{ 3 9
104 LT T
104 5
O—
0 20 40 &0 &0 100

Degree of Saturation (%)

404 404 4045

— Diesel
=== \Water 30

g

30

Y]

(c) t =18 hours

— |
SsHYs8S

Height (cm)
°BE883

20PN

s
E
- R
10 s _--l‘l-_ i 10
3
' o 3
| 0 20 40 80 &0 100

Degree of Saturation (%)
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— Diesel
404 === Water
Iﬁs § L
o 2 E % 3
@ = i
: 3 :
(d) t =30 hours = 2 i
lg x )
-
_{i.
10 i
o {
0 20 40 &0 B8O 100
; Degree of Saturation (%)
10 20 a0 40
45 1
— Diesel
404 40 === Water
35
| &0 30 100
30 50 E %0
40 825
(e) t =42 hours - o
x 220
10 ) 2
20+ 0 T o

0
0 20 40 60 & 100
10 20 30 10 Degree of Saturation (%)

— Diesel

40 L == Water
CAC=EP oo i Ty
i ey
30 &o = X 100
&0 E ! 80
40 2 -f 60
2z :
— - = 20
(f) t =54 hours 0 >3 # -
1
w3t
e
10 B
O
0 20 40 80 &0 100

10 20 30 40 Degree of Saturation (%)

JUN 4-13  dusgiiuanududnvesidiuiiea (4he), Wuszauanudumvesiazingudiea (nang)
wazidUTEAUANBNAIYDN(YI) Tinasenanganenatvesgasiiualuidasyiiailuudasnis

N
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= 45cm
=== 40 cm
| =—=35cm
==+ 30cm
- 25cm
==20cm
| = 15¢em
= 10cm

(a)

Diesel Saturation, S, (%)

| = 45cm
. '.L === 40cm
-—35cm
| ==-30cm
- 25cm
==20cm
7t = 15¢m
—10cm
| == 5cm

(b)

Water Saturation, S, (%)

Time (hr)

5UN 4-14 (@) wuszauanududvenifiumwalugisiaiiegveanismaaes T-1, (b) wdusesiu

AMNBLAIVDINTUTILIAN VRINITVINADS T-1

NaN1INAEDU Test T-2: 11518 Ottawa#3820, i = 0.1 LLﬁﬂﬂIugU‘ﬁl 4-15 uay 4-16

45
40 40
3
— Diesel
30 60 - === Water 100
50 E 80
40 225 60
(a) t =0 hour =z .
=20
10 a 0
20 Ty T o
15
10
104 5
s} T T T
0 20 40 &0 B0 100
Degree of Saturation (%)

45 - X
3 — Diesel
404 40 -3 ot Water
35 _i
4 100 304 3
(b) t =6 hours w « F
Sas ¥
40 =
P 2 204 {
e : K]
154 el
101
10
51 £
Y S
0 20 40 60 8 100
10 20 B o Degree of Saturation (%)
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451
404 404
354
30 100 = 100
80 E o
_ & S 257 &
(c) t =18 hours © 2 o
2 3 2 -
209 0 x [
154
1042
Y Y 5
. . : .
10 20 30 40 D
Diesel
404 Water
Sl
30 100 = i 100
(d) t = 30 hours w E 5 -
80 £ 254 3 o
40 z i;' 40
20 2 204 = 2
20 ; 3 A [
154 x
i
o
10 3
5 3
£
il
]
0 20 40 80 80 100
10 20 20 20 Degree of Saturation (%)
457
£y — Diesel
a0 aff B e water
3
£ )
30 100 P | e
80 g s
60 = 5} A
(e) t =42 hours At ¥
& o i’
20 = pi 8
20 N $ 3
15
1w L
i |
104 » 3
5 E)
b
o
0 20 40 B0 80 100
10 20 20 0 Degree of Saturation (%)
45 =
0 B LT .
404 Pt
c._‘_‘
35 A
— Diesel £
100 20 % 100
30 = <
® E Water i
80 = 25 e
(f) t =54 hours = 2 @
2 —:—“ 20 2
204 ; 3 .
15
10
10
5
0
0 20 40 80 80 100
10 20 20 20 Degree of Saturation (%)

JUN 4-15  dusyaumnuauivesisiufiwa (), dusgauanuduimveahuazihiudiua (na)
wazidUTEAUANANAIYDN(YI) Ninasenainyanenalsvesgasiinaluudasiiailuudasnis

NRavY
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607

501 = 45cm
=== 40 cm
40+ - 35 cm
==+ 30 cm
=—25cm
==20cm
= 15¢cm
= 10cm
== Scm

(a)

Diesel Saturation, S, (%)

- 45cm
=== 40cm
-—35cm
;| =+ 30cm
- 25cm
==20cm
= 15cm
— 10 cm
| == 5cm

(b)

Water Saturation, S, (%)

Time (hr)

5UN 4-16 () WuszauanudusveniiumwaluyisiamiieveanIsmaaes T-2, (b) wWusesiu

AMUDUAIVDINTUTINIAAURINTNABDY T-2

NAN1SNAERU Test T-3: n918 Ottawa#3820 sand, i = 0.2 LLamﬂugﬂﬁ 4-17 uay 4-18

45

40 40

3

— Diesel
30 60 - === Water 100
50 E 80
;g %25 60
= 40
— 2 =]

(a) t =0 hour 2 5y o
20 Ty T M

15

10

104 5

s} T T T
0 20 40 &0 B0 100

Degree of Saturation (%)

457 X
1 - — Diesel
40 407 ===+ Water
354
309 foo =1 100
— 80 E & 80
(b) t =6 hours 5o Saf :
° £ | X =
2 220 k2 2
201 0 T LH o,
15 R
10 :
101 !
g i
H
o —|
0 20 40 60 80 100
10 20 30 0 Degree of Saturation (%)
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45
— Diesel
401 4015 Water
35
30
100 100
30 =
80 E -
P S5 o
= T
40 = K z 0
(c) t =18 hours v Bk $
0 T P =
154
10
104 Ve — !
= 5 i
. i
0
0 20 40 60 80 100
10 20 20 2 Degree of Saturation (%)
451
40 v 404
35
304 100 _ 304 100
80 E o0
(d) t =30 hours 5 S 2
40 = 40
20 —:—“ 20 e
By ] E o
4 154
10 :
104 — Diesel )
1 ----Water b
) S|
0 20 40 60 80 100
10 20 20 10 Degree of Saturation (%)
PlS—— )
3§, — Diesel
407 40 ¥ === Water
35
30
(e) t =42 hours %] w
80 E o
8 825 o
40 E 40
20 —:—“ 20 5
209 0 x Ly
15
10
10" SR e ] s '-{
{
o i
0 20 40 €0 20 100
10 20 30 0 Degree of Saturation (%)
451 ax
a s
40 . b 5
R
35 -
304
100 100
304 =
80 E o0
S 254
60 60
(f) t =54 hours - % -
20 —:—“ 204 5
204 o T o
154
10
07 5 — Diesel
=== Water
o
0 20 40 €0 20 100
10 20 20 20 Degree of Saturation (%)

JUN 4-17  dusgiiuanuduinvesidiuiiea (41e), Wuszauanusumvesiazingudiea (nang)
wazLdUTEAUANBNAIYDIN(YI) Tiasenanganenatsvegasiivaluidasdiiailuudasnis

NN
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=

‘e‘;o = 45cm
tn_ 60 === 40 cm
g =35 cm
E=3 == 30¢cm
(a) g ol el
5 =-=20¢cm
g = 15¢cm
3 20 —10¢cm
a == 3cm

o

100

g

= 80 = 45 cm
“ === 40cm
g - 353 cm
= 60 == 30cm
(b) 5 =——25¢cm
- SN ==20cm
"E = 15¢cm
& —10cm
= 20 == 5cm

0+

Time (hr)

UM 4-18  (a) wusiuaudumvenhdufiwaludiaiaiine vesnisnaass T-3, (b) lduseau

ANBNFIVDIU UGB UBIN1TNAARY T-3

NANSNAABY Test T-4: 518 Ottawa#3821 sand, i = 0 uansluguil 4-19 uay 4-20

40 a0
35
— Diesel

304 o - ===+ Water 100
E 80
40 g B
(a) t =0 hour w I
ﬁ ] 2
20- 0 2 o

*

=

wn

4]

0 20 40 60 B0 100
Degree of Saturation (%)

10 20 30 40
459
404 404
354
304 — Diesel
(b) t = 6 hOUfS o £ -==- Water 0

1
]
Ve

Height (cm)
%:‘: :
il

w
g
[ —
°engasz

°eBbsa8g

204

O
0 20 40 60 80 100
10 20 30 0 Degree of Saturation (%)

4-18
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— Diesel
404 a0 === Water
-3
a0 100 'E' 304
— 80
(c) t =18 hours w S
40 £
=
20 = 204
209 0 i
154
10+ ey
104 z
5
L T ——1
0 20 40 &0 80 100
1‘[] 2‘[] 3‘0 4‘0 Degree of Saturation (%)
451
404 A0+
b o e
gt 35
30 100 304
80 T
60 L 259
d) t=30h ©
t= ours » B
204 0 I |r
1547
104 -
104 2
B !
i
o
0 20 40 &0 80 100
10 20 20 0 Degree of Saturation (%)
1 — Diesel
40 a0 L
-3
and
30+ 100
L 254
(e) t =42 hours ° 2
B an4
20
207 0 i
154
TSIREIRNINI.
40 104 = -,
104 5 ::-
s
o
0 20 40 &0 80 100
ion (%
10 20 30 40 Degree of Saturation (%)
451
404 s 2 404

B 8 8

Height (em)
g

(f) t =54 hours ] H o7

[ —
0 20 40 &0 80 100
16 2‘0 30 4‘0 Degree of Saturation (%)

JUN 4-19  dusgiiuauduiivesidiuiwa (41e), Wiuszauanusumvesiazingufiea (nang)
wazLdUTEAUANBNAIYDIN(YI) Tinasenanganenatsvegasiiualuidasdiiailuudasnis

NRavY
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100+
£
= 801 = 45cm
@ === 40 cm
£ -—35cm
(a) ‘% 60+ =- 30cm
-] —25cm
b ==20cm
@ 40 - 15cm
% = 10cm
o 20 O SEeea 0 o == 5cm
- So g T ™ -
— e e o e S g —n“uu‘-—--&g**_‘“_
0 i < oy — e
0 6 12 18 24 30 36 42 48 54
Time (hr)
100
g
=, 801 v — 45¢cm
@ vy, Iy === 40cm
g ' 7 W —35cm
o i L) WP
£ e vt 14 L -- 30em
5 1 \ 1 | i ® —25cm
(b) E 40 : ! o - =-=20cm
- W ot \ = 15cm
% " . ! —10cm
= 204 v ! ! ! ! -~ 5cm
e 7 1 '
% ! ! 1 -ah ot
0 ! ! ". La " o: ‘! . ‘\_{". An
0 6 12 18 24 30 36 42 48 54
Time (hr)

UM 4-20 (a) wussiiuauduivenihdufiwaludiaiaiine veinisnaass T-4, (b) luseau

AMNBNITDIUN UGB UBINTINABS T-4

NaN1INAEDU Test T-5: 11918 Ottawa#3821 sand, i = 0.1 LLamﬂugﬂﬁ 4-21 wagy 4-22

45
40 40
35
— Diesel
30 %0 =2 ===+ Water 100
50 E hot
40 225 o
(a) t =0 hour 5z 0
220
10 3 20
20 (L ® :
15
10
104 s
0 — -
0 20 40 60 B0 100
Degree of Saturation (%)
10 20 30 40
45
40 40
35
304
— 30 100 -
(b) t =6 hours S
00 L 25
£
40
20 5 201 |
20 : 3 1
15 4
i
10 “
10 5] — Diesel 2
=== Water =~z
o e
) S ———
0 20 40 60 80 100
10 20 30 40 Degree of Saturation (%)
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404 401

B g

Height (cm)
51

(c) t =18 hours ol Hiﬁ

o
0 20 40 60 80 100

10 20 30 40 Degree of Saturation (%)
45
ol W 2o
x: — Diesel
‘ g 351 === Water
100 304
30 =
80 E
) %25~
(d) t =30 hours 5 E
20 -
209 o i
154 I
10 ;—
104 ®
5 =t
i
0 20 40 80 80 100
10 20 ag 40 Degree of Saturation (%}
45
40+ 404
— Diesel
51 === Water
100 304
30 =
80 E
50 5 254
(e) t =42 hours 23
20 2 204
204 : 3
N 4 ~ 1512 ...
. 2 10 i
10 . bl
-4
i
0 20 40 80 80 100
10 20 B 10 Degree of Saturation (%)
45
[ s
af O i T 404

— Diesel
=== Water

b
h

Height (cm)

30 !WU
[ 20{4
(f) t =54 hours ] ° o)

1) N
0 20 40 60 80 1
10 20 20 40 Degree of Saturation (%)

JUN 4-21  usgiuanududvenhdudies (§1e), lWuseiuanududiveniuazilusiea (nang)
uwagldusEAUANUANAITeN(IN) Nlvagenaingafnaisvesgniilvaluusazdisialuusaynig

NAaB
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804

= 45cm
60 === 40 cm
-—35cm
== 30cm
—25cm
==20cm
= 15¢cm
= 10cm
== Scm

(a) 404

204

Diesel Saturation, S (%)

= 45cm
=== 40cm
—35cm
== 30cm
- 25cm
==20cm
= 15cm
=—10¢cm
== 5cm

c
Water Saturation, S, (%)

Time (hr)
JUN 4-22  (a) wusivaudumvenihdufiwaludiaiaiine vesnisaass T-5, (b) lduseau

ANBNFAIVDIUN UG URINTNNADS T-5

NaN1INAEDU Test T-6: 918 Ottawa#3821 sand, i = 0.2 LLamﬂugﬂ‘ﬁl 4-23 ay 4-24

45

404 40

35

— Diesel

504 & 0 == Water 100
50 5-5 80
40 —
(a) t =0 hour » oz °

2 ]
201 b z 7
- 15 °

10

104 5

o ,
0 20 40 60 80 100

Degree of Saturation (%)

10 20 30 40
45+
404 s04
354
30 100 30 ;gu
80 E
60 £ 254 60
40 Z f = P
2 2 204 i 2
(b) t =6 hours 2 S :
2
10 3
101 5 — Diesel f:_
=== Water =3
i
Y S |
0 20 40 80 &0 100
10 20 30 40 Degree of Saturation (%)
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45+
404 401
354
100 30 100
% 0 E - b
60 < 259 %
40 = 40
—_— o 4
(C) t = 18 hours ol 0 3 20 ®
T . i 0 s :
= t'E‘j’\-.vj;",:-“;-,--'- 154 )
104 4
104 o a2
() S
0 20 40 80 &0 100
10 20 30 40 Degree of Saturation (%)
45+
oy 401 — Diesel
354 ===- Water
100 304
30 - ‘EJ )
80 = 51 2.
(d) t =30 hours soE i
2 K] i PO
20 . 3 ¥
154 i
1o} R
10 Y
59 33
L
a kil
—_—
0 20 40 80 80 100
10 20 0 40 Degree of Saturation (%)
407 — Diesel
=== Water
— 100 —
0 K 80 E
60 =
40 =
-3
20 = 3
il 0 x i e
(e) t =42 hours - ] %,
104 -:;
104 o) i
o
Y S —
0 20 40 80 80 100
10 20 ag 40 Degree of Saturation (%)
45+
404
404
354
304
30 100 g‘
; & £ 254
E) =
= 40 §|
0‘) t = 54 hours ° 2 204
- T
o 0 154 St
K
10 -’.:
+
104 5 X
o

I ———
0 20 40 80 80 100
Degree of Saturation (%)

‘Ib 2‘0 Sb 4‘0
JUN 4-23  usgiuanududvenhdudies (§1e), lduseiuanududiveniuaziusiea (nang)
wagldusEAUANUANAITRN(IN) Nlnagenaingannaisvesgniilvaluusazdisialuusaynig

NAa N
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= 45 cm
=== 40 cm
- 35 cm
==+ 30ecm
=—25cm
=-=20cm
= 15cm
=10 cm
== 5cm

(a)

Diesel Saturation, S, (%)

o
Water Saturation, S, (%)

Time (hr)

JUN 4-24  (a) dusyiumnuBuivesfiufwaludiaiaiiiegueanmeass T-6, (b) Wussdiu

ANBNFIVOIU UGB VRN TNINADS T-6

4.6 ATITRNANIINAADY
Tnmsnaassmsinadureaisiuiwarinunediliduimetimeldanizitudias ves
1?711’145Lsﬁaiu&hﬂmﬁfLﬁuﬁ:@Lﬁmﬁ’uiumsmszé’fumm%&hmawaama:]LLazwqaﬂsiumimsmﬂ&’a
vesfufiwanuin andegnmeaes T-1 uay T-6 Seazideaveinsnnasssauandunsnsd 4-3 1
a1 18 Falus msluafuvenindufivavesihegamaans T-1 way T-4 fauandlusuil 4-25 uag 4-26
iy azdaunaldinmeassi T1 dsfufiatginatuasnliiinduasivaluldlnaaings
SFunnnimsneaes T4 finsfuilieanylvadulédiniunn Inenavesnsuanssveinisivada
Fnarndunauiannisiinisveasshaesiuifinansiiidudenardunisivafuvesituiieai
inafudefiegnamaanedl T-1 uag T-4 §n318 Ottawa #3820 war Ottawa #3821 (Judenandlunis
naapwNady Tnefinae Ottawa #3820 (T-1) asdlvmavesdiansieflvgnin Ottawa #3821 (T-
8) fvunadafid@nndt uinsenassedaiiinnanuthvaans (Hydraulic conductivity, k ) ag
Snsndrureserinsseninadafiu (Void Ratio) ilndifssfuvinli fuanddumsned 4-1 Fawaves
AULANANIYBINSNAaE W IER UL AT InTeTiivwavendiniilnauaridnduesiiusadon
muiiinfiuening dwalimsefifauadinlngnstuvesihdufeaiuernaduldldeniuayiva
Fumuturenhldluldlnanngeiifun dunmefifonadedidnduidufisarsmadulddini

wazluadumuturesilanulaties

4-24



UNA 4 NANSENUYBINISIUAIVBITEAULN AR UsBNSUL Y s uvaItndy

45

40+ 401%
354 A2

— Diesel

3093 ¢ ===+ Water

S

304

na
W

by
o

[— ]
SsHE588

Height {cm)
°SE&EB883

20+

-
o

10 A<
10- 5] ...
' o

v 0 20 40 60 80 100

- : - - Degree of Saturation (%)

UM 4-25 n13naaed T-1 (Ottawa #3820) 161 i=0 Maan 18 Tl LaneszAuALdufiivesdily

fLwa (919), LEUTEAUAINUDUAIVIULATUILUADYA (NAN9), SEAUANUDUAIVBIUN (177)

T 45+
40+ 40+
35+
304 100 304 100
80 £ 80
60 L 259 60
a0 E‘ 20
20 = 201 20
204 1o T 0
PR 154
. __'m!n
""-”m-l eI 104
10 - ———
5_
o) S —
0 20 40 60 80 100
10 20 30 40 Degree of Saturation (%) 0 20 30 40

5U# 4-26  n13vAaed T-4 (Ottawa #3821) A1 i=0 WA 18 Falus LansszAuANdNfiIvesdiy

(%
o

Aa (18), LEUTEAUAMUDUAIVDIUILATUNIUADE (NA1Y), SEAUAILDUABIUN (931)

dnlunavesnisiasunasnisivavesildfuluwuveuiuiinasonislnaduresinguiiea
wuindfudimaiidu LNAPLs ssfuriulunundsasnaeldusddudimedanuazasduniutesing
walan3audstunuiiauiaseh LLazqu‘hummﬁwﬁuﬁLezja%Lmﬂa@jmﬁa%’waaﬁﬂé{ﬁu WUy
Aaduuinnazavaueguietureshlifuuasiliinnsanamesosiaaiivhlinisiues
duaziiufiwaanas anaunasnisiadeuiieudnwesituiwanuinlunisneaesd T-1 uas T-¢
Feldifnslnavesldiulunuiveudrnlunisnaaesit T-2, T-5 (i=0.1) uaznsnaaesdi T-3, T-4
(i=0.2) maedeuiidudsnudienansinavosilifunuinhiufiwaszassegmiesefuvei
wazazlnadulumufiamamslva riuresildfuisanmslvavesilifuiigeilfmsuiion
veafuiwatuasiinsuutouvnelvgfloisudisuiusasmsinavesildfuiisninduans

Tuguil 4-27 dwdumane Ottawa #3821

4-25



UNA 4 NANSENUYBINISIUAIVBITEAULN AR UsBNSUL Y s uvaItndy

404

304 l
204

“R&883
Height (cm)
cEag883

o
0 20 40 80 80 100
10 20 30 40 Degree of Saturation (%)

(a) M3Vnaeeil T-4 (i=0)

45

— Diesel

40 401 ---- Water
354
304
304 100 _ 100
80 E 80
60 £ 254 60
40 E 40
Lo g 204 20
204 Lig T 0

- -
o o

@

0 20 40 60 80 100
10 20 30 40 Degree of Saturation (%)

(b) M3VNaei T-5 (i=0.1)

45

40

.
o
T

"
wn

304 b 304
ai -
E
o £ 254
40 -
20 D ol
20{ T 5 @ OF
i T
TR s 15 .
-"‘
10 -5
101 ]
5 e
w,

0 ———
. . . : 0 20 40 60 80 100
10 20 30 40 Degree of Saturation (%)

(©) M3nAaeh T-6 (i=0.2)
JUN 4-27  n1svaaeanl T-4 83 T-6 Maan 18 9l uanssysumnudumvesdiufiea (o),

LEUSZAUANNDINAIVIULALENTUMDA (NAN49), SEAUANUDUAIVBIUN (177)

1 (%
o &Y 1

HAYBIN1TVU-a9 Yae5eautlAAulunyYININgUN 4-28(a) ileundiudwalradueaniainga

¥ 4 v v
v A v ¥ o o o v 1

SFuiuzdiammuLIRuleftundudimelt diluarassimegnileturenifseiuaiugs

a1 A

10 WU MnliszduanudumvesiduuinamitetureuhilAfguinndnusiiudu) 1aein

4-26



UNA 4 NANSENUYBINISIUAIVBITEAULN AR UsBNSUL Y s uvaItndy

tudlevhnsiiussauvenildfuiiufwandiulngfzassvulunieuiviiuazizassagmiloseau

vosvibianuduiveniufwanseau 40 lwuRwes dseiunnnududiivesdiduiieaigs wivedl

teediufwaudilidlaassiuluniouiunisiuvesseauiilninnisasiseglunsewas sl

(% 1%
[y 1Y o

USunauasmslusgauanuassinesg nuandsiudawandusui 4-28(b) uaziilovnisanseauvestuin

a & 9 A ' | Y J = LY H A o 4 [y a o LY
aqaﬂﬂiau’maaaaqmuamﬂ%ﬂaaﬂszmaammu'izmﬁuaqmmamawﬂmmum’maummmu 10

o A [

a a1 U dl ! ‘ﬂl o ! U QI U ’O’
WwuALATIA11In deuandluguil 4-28(0) welileurA1vessyAuAuBuAIvesiunseiu 10
WUFALAT Naan 18 Tl uag 42 Dl dawandlugun 4-28() way 4-28(b) mudwiu avdunaledn
i 9 a o S o o P 9 a o o P o v
ANSEAUANLBNAITENNIIUT 18 MilaearlA1sEAuANBNRITNINAIIMIAT 42 TIL38 WAZNITAANS
YouuRanszAuANgIe Aaslvu LN Ty Jaduiiasisegiuasdmarinlmannis

Juieusswailaauiloinisiu-ad va9seaunlanu

4-27



UNA 4 NANSENUYBINISIUAIVBITEAULN AR UsBNSUL Y s uvaItndy

40-
30
201

-y oL
i) e

10 20 30 40
404

s+ <2 Sk

304
204
10

10 20 30 40
404
304
204
10

10 20 30 40

TEEE

[ T—

°B&E883

a

38

Height (cm)
3

(a) t=18

38

Height (cm)
3

(b) t=30

38

Height (cm)
3

P )

(c) t=42

o+
0 20 40 60 80 100
Degree of Saturation (%)

hour

>
0 20 40 60 80 100
Degree of Saturation (%)

hour
— Diesel|
=== \Water
B
b

(e .
0 20 40 60 80 100
Degree of Saturation (%)

hour

°8588¢g

°B&38383

S

-1

5UM 4-28  n13nAaeail T-4 (Ottawa #3821) A1 i=0 uansszauANNBNMveiufiva (He),

LduszRUAMNBLMURIIkazUNTUAE (A1), ITAUAMNBLAIUBIUT (171) LIasnge

4-28



Uil 5 @UHANIMIAGeN

unil 5 @5UNaNIINAaRY

PNNSANEINTIRATUHIUVDIUINAY Unsuuialegesd E20 Unsiuuialygesd E85LIULUUTUY 95
KUN18 NFNIENNT18BUFIY (Saturated) WWuangiinsgladud (Unsaturated) Inaiasasile
7ldlun1snaaesfe NIzuonNTIgenilsldd (One Dimensional Column) #A3ag194nsenldlunis
NABIVIINSAUMIBENNTZAUAINEN 0.40 AT kAT 0.70 AT 1ABYIINISAIUANAIUAUILULYEA
A0819 T8N UNTAa0T 2 A1 AD NAMURUILUUT 1.50 ¢/cm’ WAEAIUNUILUUN 1.56 g¢/cm?

o Q‘I ;% %)’ QIJ 901 CY a 901 C% [ 12
MuaIRU vesmadnlglunisuaaeslsenaume Unnau dsiuiuudueannu 95 Untulialgged E20

unsiuufaleged £85 ansnagunanisnaaaslasiall

(%
o o

AUNTLAUANUAN 0.40 LUAT MM EUNILUINIANYING IAATUNIUTDIUNT U U LR ULAE U Y
whalgged nsrziunsnarnduiunuseneulumenuidinaziden (Fine grained soil) 110 FsRy
° S v A ¢ ] v o A o ° vaa o v S ' v g -
FndfaduUszansnisauniulesn Weathunvinlandusiseuinatvasslinlvaseanun 1
azldlvadusonun vielvalulSunuidssunn Jakuwunzaunaztirunlglunisneassdadisyaziian

Tunnsneassannin

Aunsefidanuvuiudunnnd (1.56 nfusegnuiAfieufiuns) 9sin1snnf1avesvosman
snnAuneifammuwiuiosnd (1.50 ndusegnuiardisuiums) TnefiAannnitussunn
20-40 % Tunnveawaniildlunsveass esanAudisinrumuiutuin sgdlvunadesinduda
AuidnniAuiiaumuwiulos vilvidaasad (1) ssviadedutes
MsvnassmdTuSueINsIvaTusuYe B IMada 4 viafiANMLALLY 1.50 Lag 1.56 N3
RogNUIARLYUALINT WUT B TG ﬁﬂﬂé"uﬁmimﬁwqmnﬁqm JUAUTDIAIUAD
wRalwzod £85 uialvsed 20 way tisfuiuudy 95 muddu Tnethiinnsandranninuudy
Uszanas 40-100 % 1hstunialssed £85 fnsandnsnnninuudy Usvanal 20-25 % dsfuuia
Twgod E20 fin1sandnsunnninuudy Ussanm 5-30 % setilosanninfiaudissimng Ay
wila wazLsFRIInnIweaarTiaaug Tlvnsinarudesinesswinadinfuiuildenn 5o
nsandnaniign dautifuuudu 95 fanudiedine anumie uazussRsiatiosiianIainli
nslvashuderivsswhadafuiudululdheniweanaiiadugiuhlianéelosiian
InNASEnAMLdUTUS ST IeIULTUEasRAsLaE SE R UAMLD LRI YR ITe Iwa Iy
N3NV ANLTUTUSTEMIN AR ALRA B AT SEAUAN DLV e LMaa T
ANMUEURUS LU VLT AU UIN AN LIRSS E NI 19AIANAU UL ILELRAEVE Dasy 4AE Dggo AU

[y

SYAUAINNDUAIVDIUTUALES (S,) harIEAUAINUDNAIVBIUN (S,) Tas1azldm1dudssansniy

s
a 1

walugh (coefficients of correlation, R?) Wushdnaulalunisiden nuinAduuseansainuwiiugives

7518 Ottawa #3820 AAWNIAU 0.91 (Dyso) Az 0.93 (Dggp), N518 Ottawa #3821 Tannnu 0.71

5-1



Uil 5 @UHANIMIAGeN

(Daso) wa¥ 0.74 (Dggo) WAENITIYAYT (Chonburi Sand) AANYAU 0.19 (Dasp) Uag 0.16 (Dgqp) TIAT
[y a £ ' o a & a1 o [T = d‘ 1Y

duuszdvsanuuwiudmdunumelalumsihuiduiannardunisfinynsiisuwdasssdunisiva
v banulukuiIweunin1sgur 1w dunwalsienagniiArvesindulseanaauusiug,
111N 0.70 Wudmsng Ottawa #3820 wag Ottawa #3821 Juwunzuinisiludnwsiely dmu
N3gvaysEAAduUEANEANRingiInIlimangeansihaNsAn vz agyilnaues
nsAnwlagldmalindinszinimaieiinisaaianiowissanmiesaysndunseniivsuiuues

GREDINIPEATAN

NNSANYINIT AU TuRwan 1 unseNlLdudIn8uINglaaN1IETITU-Uas WU

' 1%
v £ o w a

Wethdufwaiilvasanaingasi@uindufiwass nadulumuuuinsuusaddudiwedan uasas

1% [V V7
v A o W

Inadunuaunndatundudissindslutuiliiuiivaszassegwiieszauvesiilaefidiansend
vunlugjazdswarinlinisluaduresisiuiwaszlualaisinindansendeuinandadunauiain

=) Aa < ) LY S a U s . . .
BINLFYANTUNHNIVDUUANINY LUDYUVDITEAUUIUATVBIAMUYUNWNYAATERN T (Hydrauhc Gradient, i)

Y a1

NULAPITBIAIYDIANUTUNITAANENS I AINAYINLAN1T IMaduve st Tumgal ubulIsIudaa1dan
YIANNTUNYAANEN NNz N sInavesiiufwalukus v inalulalnaangasidudie

Wisuigunisavasnnudunisvariansnussazivaluduisiulatesnia

'
[y o

ludiuvenstu-as vesszauii i Wesedvanasluszaumaniiduazlvaduasunagimnie

Ushameastuiiiliseauanuduivenifiufiwanuiiiuiddengndnuiiiuby uideiusedu
voatuiibieglusyivgegmihdudiwanassegmilounzreadoumivuluniouiuiuazdiulng

(% ]

svasyagniosziuvasiussivndufiwauvdiunasiegluresinmesdansglindeudauly
% o Y} 58w oA ~ Y 1 | = | o § v a X 8
wioufuszauve Uliudwanasrsedluduiazdmarilmifianisvudeouasivluundsinig
ady va Y A a & = 4 o 8 da & af | a
sysuPIAninAAseiuaaiiinns$ITu Wedhiiansvudeunngulaauazuilan szdialdese

GUEE

5-2



LONA1TD19D9

LNAITD19D9

ASTM International, Designation: D 2325 — 68 (Reapproved 2000) “Standard Test Method for
Capillary- Moisture Relationships for Coarse- and Medium textured Soils by Porous-Plate
Apparatus” pp. 228-232

Chapuis, R. P., Masse, ., Madinner, B., and Aubertin, M. (2007), “A Drainage Column Test for
Determining Unsaturated Properties of Coarse Material”, Vol. 30, Issue 2, pp. 1-7

Darnault, C. J. G., Throop, J. A, Di Carlo, D. A,, Rimmer, A., Steenhuis, T. S., and Parlange, J.Y.
(1998), “Visualization by light transmission of oil and water contents in transient two-
phase flow fields”, Journal of Contaminant Hydrology, Vol. 31(3-4), pp. 337-348

Fagerlund, F., Illangasekare, T.H., and Niemi, A. (2007), “Nonaqueous-Phase Liquid Infiltration
and Immobilization in Heterogeneous Media: 2. Application to Stochastically
Heterogeneous Formations”, Vadose Zone Journal, Vol. 6, pp. 483-495

Ferrand, L. A, Milly, P. C. D., and Pinder, G. F. (1989), “Experimental Determination of Three-
Fluid Saturation Profiles in Porous media”, Journal of Contaminant Hydrology, Vol. 4, pp.
373-395

Fetter, C. W. (1999), Contaminant Hydrogeology, 2" Ed., Prentice Hall

Flores, G. (2010), “A Simplified Image Analysis Method to Evaluate LNAPL Saturation under
Fluctuating Groundwater Conditions”, Doctoral thesis, Kyoto University

Flores, G., Katsumi, T., Inui, T., and Kamon, M. (2010), “Examination of LNAPL Migration in
Porous Media Using a Simplified Image Analysis Method”, Proc. of 9" Geo-environmental
Engineering, Korea, pp. 83-90

Kechavarzi, C., Soga, K, and Wiart, P. (2000), “Multispectral image analysis method to
determine dynamic fluid saturation distribution in two-dimensional three-fluid phase flow
laboratory experiments”, Journal of Contaminant Hydrology, Vol. 46(3-4), pp. 265-293

Lu, N. and Likos, W. J. (2004), Unsaturated Soil Mechanics, Wiley

Kamon, M., Endo, K, and Katsumi, T. (2003), “Measuring the k-S-p relation on DNAPLs
migration”, Engineering Geology, Vol. 70, Issues 3-4, pp. 351-363

Oostrom, M., Dane, J.H., and Wietsma, T.W. (2007), “A Review of Multidimensional, Multifluid
Intermediate-scale Experiments: Flow Behavior, Saturation Imaging, and Tracer Detection

and Quantification”, Vadose Zone Journal, Vol. 6(3), pp. 610-637

R-1



LONA1TD19D9

Rimmer, A., Di Carlo, D. A., Steenhuis, T. S., Bierck, B., Durnford, D., and Parlange, J. Y. (1998),
“Rapid fluid content measurement method for fingered flow in an oil-water-sand system
usingsynchrotron X-rays”, Journal of Contaminant Hydrology, Vol. 31(3-4), pp. 315-335

Sharma, R. S. and Mohamed, M. H. A. (2003), “An experimental investigation of LNAPL
migration in an unsaturated/saturated sand” Engineering Geology, Vol. 70, Issues 3-4, pp.
305-313

Sudsaeng, S., Flores, G., Katsumi, T., Inui, T., Likitlersuang, S., and Yimsiri, S. (2010), “Study of
Diesel Migration in Porous Media by the Simplified Image Analysis Method”, Proc. of 23™
KKCNN Symposium on Civil Engineering, Taiwan, pp. 379-382

Tuck, D. M., Bierck, B. R., and Jaffe, P. R. (1998), “Synchrotron Radiation Measurement of
Multiphase Fluid Saturations in Porous Media: Experimental Technique and Error Analysis”,
Journal of Contaminant Hydrology, Vol. 31(3-4), pp. 231-256

A9nn3 wavm (2547), grnssaiimendswinden, inine1dousms, fwajlan

LT AAALTBY (2529), NAAIENTIRIAUAIUIAINTIN, NBITTBUALVAADY, NTUBAUTZNI,
DTN

sagns lodnann (2541), Ugiimendesiu, fusiadedl 7, nedwiusitinen, uniinerdoinuasmans,
NTUNN

13003 ASNIENAAS (2549), miﬁﬂquaﬂiimmi‘UuL‘f‘jaummﬁlﬂﬁm%’aLwaﬂu%uﬁulﬁﬁuﬁa AIUNNS
AATILNIINNNAING, IMNTNUSTUTYY N, UNTINEIFENEATAIERST, NTHNN

andns enlvey, 3o edygyde uaz inTeadnd m3qu (2548), “Aranimiamanslidusvesiud
Faduilaiduresnnuiiu”, 115815358 wv. @ududindnw) 5, 2, Wi 80-89

anms gIAnTINg (2502), Ugfinamans, fuinded 1, ngamwe

407N AIANTANT (2542), aaeuginamans, AUNATIN 1, N3N

R-2



NANA

NANAR

Yimsiri, S., Euaapiwatch, S., Flores, G., Katsumi, T., and Likitlersuang, S. (2016), “Effects of water
table fluctuation on diesel fuel migration in one-dimensional laboratory study”, European

Journal of Environmental and Civil Engineering, DOI: 10.1080/19648189.2016.1197158



I Taylor & Francis
Taylor & Francis Group

rad European Journal of Environmental and Civil Engineering

ISSN: 1964-8189 (Print) 2116-7214 (Online) Journal homepage: http://www.tandfonline.com/loi/tece20

Effects of water table fluctuation on diesel fuel
migration in one-dimensional laboratory study

S. Yimsiri, S. Euaapiwatch, G. Flores, T. Katsumi & S. Likitlersuang

To cite this article: S. Yimsiri, S. Euaapiwatch, G. Flores, T. Katsumi & S. Likitlersuang
(2016): Effects of water table fluctuation on diesel fuel migration in one-dimensional
laboratory study, European Journal of Environmental and Civil Engineering, DOI:
10.1080/19648189.2016.1197158

To link to this article: http://dx.doi.org/10.1080/19648189.2016.1197158

ﬁ Published online: 16 Jun 2016.

N
C/J Submit your article to this journal &

||I| Article views: 3

A
h View related articles &'

P

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=tece20

(Download by: [Dr Siam Yimsiri] Date: 19 June 2016, At: 01:05 )



http://www.tandfonline.com/action/journalInformation?journalCode=tece20
http://www.tandfonline.com/loi/tece20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/19648189.2016.1197158
http://dx.doi.org/10.1080/19648189.2016.1197158
http://www.tandfonline.com/action/authorSubmission?journalCode=tece20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tece20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/19648189.2016.1197158
http://www.tandfonline.com/doi/mlt/10.1080/19648189.2016.1197158
http://crossmark.crossref.org/dialog/?doi=10.1080/19648189.2016.1197158&domain=pdf&date_stamp=2016-06-16
http://crossmark.crossref.org/dialog/?doi=10.1080/19648189.2016.1197158&domain=pdf&date_stamp=2016-06-16

Downloaded by [Dr Siam Yimsiri] at 01:05 19 June 2016

European Journal of Environmental and Civil Engineering, 2016 e Taylor & Francis
http://dx.doi.org/10.1080/19648189.2016.1197158

Taylor &Francis

Effects of water table fluctuation on diesel fuel migration in
one-dimensional laboratory study

S. Yimsiri®", S. Euaapiwatch®, G. Flores®, T. Katsumi® and S. Likitlersuang®

“Department of Civil Engineering, Burapha University, Chonburi, Thailand; *Faculty of
Engineering, Kyoto University, Kyoto, Japan; “Graduate School of Global Environmental Studies,
Kyoto University, Kyoto, Japan, YGeotechnical Research Unit, Department of Civil Engineering,
Chulalongkorn University, Bangkok, Thailand

(Received 5 September 2014, accepted 26 May 2016)

The effects of water table fluctuation on diesel fuel redistribution in unsaturated soil
are investigated in the laboratory by one-dimensional column test. The simplified
image analysis method is used to assess the saturation distributions of water and die-
sel in the flow domain under transient condition. The experiments are undertaken on
two homogeneous sands to study the effects of different particle sizes. The two-phase
experimental data illustrate soil-liquid characteristic curves (SLCCs) of water/air and
diesel/air systems. The SLCCs of diesel/water systems can be predicted by scaling
procedure. A descending order of matric suction at a given saturation of wetting
phase is in the order of air/water, diesel/water and air/diesel systems. Coarser particle
size gives smaller entry pressure, residual matric suction and residual degree of satu-
ration. The three-phase (air/water/diesel) experimental data illustrate that, during
imbibition stages, air and diesel are entrapped below water table with the entrapped
air saturations of 18-24% and entrapped diesel saturations of 6-10% for fine sand.
Coarser particle size yields smaller entrapped diesel saturations and larger entrapped
air saturations. The residual diesel saturations during drainage stages and entrapped
diesel saturations during imbibition stages do not show any systematic difference as
these stages are repeated. During imbibition stages, 37-47% of the total amount of
diesel fuel is entrapped under the water table. Also, there is no systematic difference
in the amount of diesel fuel entrapped under the water table when imbibition stages
are repeated.

Keywords: LNAPL; diesel fuel; water table fluctuation; residual; entrapment

1. Introduction

Groundwater is the most important freshwater resource that humanity must rely on. Only
0.5% of the world’s total water supply is available to human as a freshwater (97% is sal-
ine water in the ocean and 2.5% is frozen as ice caps and glaciers) and 98% of the avail-
able freshwater is groundwater (Feth, 1973). Groundwater can be contaminated by many
causes and contamination by organic products, which are often associated with petroleum
hydrocarbons or halogenated compounds used as industrial solvents, poses one of major
problems. The contamination of groundwater by petroleum hydrocarbons, such as diesel
fuel and gasoline as a result of improper disposal practices, spills and leaking storage
facilities, represents one of the most common sources of subsurface contamination
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(United State Environmental Protection Agency (US EPA), 2002). These contaminants
exist as an immiscible phase when in contact with water and their densities are less than
water which makes them being classified as light non-aqueous phase liquids (LNAPLs).
These products are usually multi-component organic mixtures consisted of chemicals
with varying degrees of water solubility, but are toxic at low concentration. Therefore,
they can act as long-term sources of groundwater contamination.

After LNAPL is released on the surface, it moves downward through the unsaturated
zone and a fraction is retained in the soil pores as residual phase by capillary forces until
movement stops. If large amount of LNAPL is released, however, it reaches saturated zone
and spread laterally along the capillary fringe and may also depress the capillary fringe
and groundwater table. Fluctuation of groundwater table complicates the migration of
LNAPL by causing LNAPL redistribution across the zone of fluctuation because LNAPL
becomes entrapped above and below the mobile LNAPL due to capillary force. Such fluc-
tuation of groundwater table commonly occurs in any geographical regions and may arise
from variation in aquifer recharge—discharge, groundwater extraction or injection through
wells, seasonal rainfall, barometric effects, tidal influences and evapotranspiration cycles.
Redistribution of LNAPL due to groundwater table fluctuations may lead to enhanced
dissolution of LNAPL source zone and dissolved-plume formation.

To select appropriate remedial strategy at an LNAPL-contaminated site, it is neces-
sary to delineate the extent of the contaminated area. This information can be obtained
by an extensive field investigation, which generally is expensive and time-consuming.
Such a field investigation can be optimised if the likely migration pattern of LNAPL
can be estimated by numerical analysis. A number of numerical simulators have been
developed to model LNAPL transport in subsurface (e.g. Host-Madsen & Jensen, 1992;
Kaluarachchi & Parker, 1989; Karapanagioti, Gaganis, & Burganos, 2003; Unger,
Sudicky, & Forsyth, 1995). Under groundwater table fluctuation condition, the hysteresis
nature of the relative permeability-saturation-capillary pressure relationships and fluid
entrapment phenomenon are important aspects of the implemented constitutive relation-
ship for the numerical analysis (e.g. Oostrom, Hofstee, & Wietsma, 2006; Steffy,
Johnston, & Barry, 1998; Van Geel & Sykes, 1997). Their predictive capability and
adequacy of various assumptions embodied in them need to be evaluated against well-
controlled laboratory experiment under transient and static conditions before confident
predictions of the fate of LNAPLs in subsurface of field-scale problems can be made.

There have been many intermediate-scale multiphase flow experiments of LNAPL
transport in which quantitative data are obtained. The LNAPL transport experiments
were conducted in one-dimension by; e.g. Eckberg and Sunada (1984) and Lenhard,
Dane, Parker, and Kaluarachchi (1988) and in 2-dimension by; e.g. Van Geel and Sykes
(1994) and Kechavarzi, Soga, and Illangasekare (2005). Few researchers conducted the
experiments to study effects of water table fluctuation on LNAPL redistribution in one-
dimension, e.g. Lenhard, Johnson, and Parker (1993), Steffy et al. (1998) and Kamon,
Li, Flores, Inui, and Katsumi (2006), and in two-dimension, e.g. Van Geel and Sykes
(1997) and Oostrom et al. (2006). Very few researchers investigated the effects of repe-
tition of water table fluctuation on LNAPL redistribution (e.g. Chompusri, Rivett, &
Mackay, 2002). Unfortunately, due to the limitation of instrumentation technique, there
was quantitative information of fluid saturations only either at discrete point under
dynamic condition or of entire domain at near steady-state condition. Numerous
researchers have also studied effects of particle size on the behaviour of unsaturated
soil, i.e. on soil-liquid characteristic curve (SLCC) (e.g. Arya & Paris, 1981; Yang,
Rahardjo, Leong, & Fredlund, 2004), on residual saturation (e.g. Ryan & Dhir, 1993),



Downloaded by [Dr Siam Yimsiri] at 01:05 19 June 2016

European Journal of Environmental and Civil Engineering 3

and on permeability (e.g. Arya, Leij, Shouse, & van Genuchten, 1999; Chapuis, 2004);
however, most studies have been done with soil element tests. Therefore, there is a
dearth of intermediate-scale experimental data of transient fluid saturation distribution in
the entire flow domain at any time under water table fluctuation condition with attention
to effects of particle size.

The objective of the present study is to carry out a one-dimensional immiscible
three-phase flow experiment with consideration on the effects of water table fluctuation
on LNAPL redistribution and entrapment with particular attention to particle size of
sand and repetition of water table fluctuation. The experiments are carried out under
well-defined and controlled conditions by two laboratory one-dimensional columns each
containing a different sand material. The phase saturation data are measured using an
image analysis technique to obtain detailed quantitative data of transient fluid saturation
distribution in an entire flow domain. These experimental results can develop better
understanding on the effects of water table fluctuation on LNAPL migration and can
provide well-controlled laboratory experimental data against which numerical models
can validate their predictive capabilities.

2. Simplified image analysis method (SIAM)

In laboratory test, measurement of NAPL saturation is the most difficult and important
task in acquiring precise quantitative data. Although gravimetric sampling method is the
most accurate, it cannot provide saturation data continuously because soil samples must
be removed from a soil mass. Conventionally, the non-intrusive and non-destructive
methods used to measure fluid saturations are: e.g. y-ray attenuation, X-ray attenuation,
time domain reflectometry (TDR) and electrical conductivity probes (e.g. DiCarlo,
Bauters, Steenhuis, Parlange, & Bierck, 1997; Kamon, Endo, & Katsumi, 2003; Topp,
Davis, & Annan, 1980; Tuck, Bierck, & Jaffe, 1998). Although accurate, these methods
are experimentally demanding and do not allow the acquisition of transient fluid satura-
tion distribution in the entire flow domain at any specific time. The data generated are
restricted to either saturation distribution under static or steady-state flow conditions or
local measurement of saturation during transient flow. Owing to these experimental
difficulties, the number of multi-dimensional three-phase flow experiments, where both
saturation and pressure of all fluids are measured, are not abundant.

The SIAM developed by Flores, Katsumi, Inui, and Kamon (2011) is employed in
this research to assess the saturation distributions of water and LNAPL in sand under
transient condition. This method is a non-intrusive and non-destructive technique to
measure saturations of fluids in porous media in the entire domain of the experimental
column. The Beer—Lambert Law of Transmittance is employed to obtain linear relation-
ships between average optical density (defined in Equation (1)) and fluid saturations that
can be used, after proper calibration, to calculate fluid saturations of soil samples when
their photos are taken.

1 1 I

Di:ﬁj;dﬁ:ﬁ; — logyg 70 (1)
where D; is the average optical density, i is a given spectral band, N is number of pixels
contained in area of interest, dj; is optical density of individual pixels, [;; is intensity of
the reflected light given by individual pixel values and [j? is intensity of light that
reflected by an ideal white surface.
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The SIAM uses two consumer-grade digital cameras with the 450 and 640-nm
band-pass filters. The transmittance analysis shows that, at wavelength of 640 nm, the
red-dyed diesel gave maximum transmittance and the water gave minimum transmit-
tance, whereas the opposite pattern was observed at wavelength of 450 nm. The
calibration process requires three calibrating photos corresponding to the extremities of
the D-S,-S,, relationship plane, which are (i) dry sand (S,, = 0%, S, = 0%), (ii) sand
fully saturated with water (S,, = 100%, S,=0%) and (iii) sand fully saturated with
NAPL (S,, = 0%, S, =100%) (see Figure 1), where S, is water saturation and S, is
NAPL saturation. The matrix of correlation equation can then be obtained as shown in
Equation (2).

10 00 o1 00 00
_ | (Daso = Dysp)Sw + (Dyso — Dyso ) So + Dysg

= 2
D640} 14x400 [ EDégo - DggogSw + EDg}to - Dggogso + Dggo} 14x400

where 14 x 400 is the dimension of matriX, [Dy4sgli4xa00 and [Desoliaxa00 are average
optical densities of each mesh element for wavelengths 450 and 640 nm, [Dg(s)o] 14400
and [D220]14X400 are average optical densities of each mesh element for dry sand,
[D22]1axa00 and [D{3]14xa00 for water-saturated sand; [D3%,]14x400 and [D2g]14xa00 for
NAPL-saturated sand.

In this analysis, the studied domain (3.5x100 cm?) is divided into 5,600 (14 x 400)
mesh elements of 0.25 x 0.25 cm? each. This discretisation is selected on the basis of
trial analysis to optimise dispersion of the results. During the experiment, the photos are
taken and the average optical densities of each mesh element of the studied domain are
calculated and compared to the corresponding ones for all three cases and then water
saturation [S),]i4x400 and NAPL saturation [S,]jsx400 can be obtained by solving
Equation (2). It is verified that (i) a linear relationship exists between optical density
and saturations of water and diesel fuel for Ottawa #3821 and #3820 sands with
coefficients of determination (%) ranging between 0.78 and 0.93 and (ii) the accuracy of
obtained degree of saturation is +10%.

0.8
0.6
0.4
D, 100
80
60
0.0 P
0 s
20 % 0 2

Case 1 Case 2 Case3 at Wavelength !

Dry sand | Only water|Only LNAPL
8$.=0% | S, =100% |S, =0%
8$,=0% |S$,=0% |S,=100%

Figure 1. Simplified image analysis method.
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3. Details of experiments

In this study, there are three experimental parts, i.e. (i) Tempe pressure cell, (ii) two-
phase column experiment and (iii) three-phase column experiment. The two-phase
column experiment and Tempe pressure cell aim to study the SLCCs of tested sands.
The three-phase column experiment aims to investigate the effects of groundwater table
fluctuation on diesel fuel distribution in subsurface.

3.1. Tested sands and LNAPL

Two sand materials, i.e. Ottawa #3821 and #3820 sands, are used in this study. These
tested sands are classified as poorly graded fine and medium sands, respectively, at rela-
tively dense state. Their grain-size distribution curves are shown in Figure 2 and some
properties are summarised in Table 1. Both sands are prepared at similar dry unit weight
and void ratio resulting in relatively similar coefficient of permeability. Thus, the only
difference between these two specimens is the grain size.

Diesel fuel is used as an experimental LNAPL. It is dyed red with Red Sudan III
(1:10000 by weight) to enhance visual observation and increase its light absorbance
properties. There is no noticeable change in the physical properties of diesel fuel after
being mixed with dye and the dye does not migrate between water and diesel fuel and
it is not absorbed by sand particles. The properties of the liquids employed in this study
are summarised in Table 2.

3.2. Tempe pressure cell

The air/water and air/diesel drainage tests at high matric suction are conducted using a
Tempe pressure cell. In these tests, air is the non-wetting fluid and water or diesel fuel
is the wetting fluid. The air pressure of 10-90 kPa is supplied through the inlet tube at
the top cap and the liquid is allowed to drain out of the soil specimen from the under-
neath outlet which is connected to the atmosphere (0 kPa). The system is left for 24 h
to reach equilibrium at each applied air pressure which is confirmed by observing the

100 -
90 “
\“ == Ottawa #3821 | |
80 \‘-‘ —@— Ottawa #3820 ||
\
70 \
= 60 3
2 | &
ic ° \"‘
R 40 \ t
30 \ “
20 \ 1
\
P L‘n—.—-ni
\
0 ‘
10 1 0.1 0.01

Particle size (mm)

Figure 2. Grain-size distribution curves of tested sands.
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Table 1. Properties of tested sands.

Properties Ottawa #3821 Ottawa #3820
Unified Soil Classification System (USCS) SP SP
Description (according to USCS) Fine sand Medium sand
Specific gravity, G 2.63 2.64
Mean grain size (Dsg), mm 0.422 0.643
Coefficient of uniformity, C, 1.48 1.36
Coefficient of curvature, C, 0.91 0.95
Coeff. of permeability of water, k,, (cm/s)” 1.80 x 1072 2.02x1072
Coeff. of permeability of diesel, &, (cm/s)” 1.58x1072 1.91x1072
Dry unit weight, y4., (KN/m?) 17.6 17.6
Void ratio, e 0.49 0.50

*Constant-head permeability test at 20 °C.

Table 2. Properties of tested liquids.

Properties Water Diesel fuel
Density, p; (g/cm3) at 20 °C 0.998 0.865
Kinematic viscosity, 4 (mm?/s) at 20 °C 1.00 4.10
Surface tension (mN/m) at 20 °C 70.28 28.80
Vapor pressure (mmHg) at 40 °C 7.37 3.75

change of weight of draining liquid being less than 0.5%. The procedure is then
repeated at higher applied air pressure. The change in the liquid content of the soil
specimen is measured by the volume of draining liquid.

3.3. Two-phase column experiment

One-dimensional columns, 3.5 x 3.5 x 110 cm® constructed of transparent acrylic walls,
are employed in this study. The base of column is connected to the constant-head water
reservoir to control the water pressure at its base. The upper air-phase boundary condi-
tion is atmospheric. Evaporation is minimised by covering top of the column with plas-
tic plate that contained small holes to avoid producing vacuum. There are access ports
at every 10 cm along the column height for sample collection to determine the liquid
saturation by gravimetric method. The sampling ports has 10 mm diameter; therefore,
the obtained liquid saturations are average values over these areas. The room tempera-
ture and humidity are controlled to maintain relatively stable values of 20 °C and 80%,
respectively. The laboratory set-up and example colour photos are presented by Flores
et al. (2011).

The air/water and air/diesel drainage tests at low matric suction are conducted by
two-phase column experiment. The column is packed with oven-dried sand up to
h =105 cm (where % is the height from the base of column). The column packing is
done in short lift to ensure sample homogeneity. The sand is slowly wetted from below
until water or diesel fuel ponded on the surface after which suction is applied from top
to remove trapped air. After that, the liquid head at the base of the column is lowered
to 2 =5 cm and the liquid inside the column is allowed to drain out through the base of
column. The column is left for 72 h to allow for equilibrium by observing the change
of weight of draining liquid being less than 0.5%.
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Figure 3. Prescribed water pressure at the base of the column.

3.4. Three-phase column experiment

The effects of groundwater table fluctuation on diesel fuel distribution are studied by
three-phase column experiment. The experimental set-up is similar to that of two-phase
column experiment except that, in this experiment, dry sands are filled up to only
h =45 cm. After fully saturated condition, the water pressure at the base is varied to con-
trol the water table height in the column in four stages, i.e. first drainage, first imbibition,
second drainage, and second imbibition, as shown in Figure 3. The water pressure head at
the base of the column is altered instantaneously to the required value and the water table
height inside the column is correspondingly altered in an uncontrolled rate with each stage
finished within 5—-10 min. The detail of each stage is described as follow.

(1) First drainage: The water pressure at the base is lowered from 2 =45 to 5 cm
and the water inside the column is allowed to drain freely out of the base. After
6h, 15 g (17.3 cm?) of diesel fuel is introduced from the top of column; there-
fore, the system composes of three phases from this point onward. The column
is left for further 12 h and this stage takes totally 18 h.

(i1) First imbibition: The water pressure at the base is raised from 42 =15 to 30 cm
and the water table inside the column is allowed to move freely upward. After
that, the column is left for 12 h.

(i) Second drainage: The water pressure at the base is lowered from 4 =30 to
5 cm and the water table inside the column is allowed to move freely down-
ward. No additional diesel is added to the system. After that, the column is left
for 12 h.

(iv) Second imbibition: The first imbibition process is repeated in this stage.

4. Soil-liquid characteristic curves
4.1. SLCCs in two-phase systems of air/water and air/diesel

The SLCC is a relationship between the liquid saturation and matric suction (S-p
relation) of soil. In this study, the main drainage (drying) curves of S-p relations can be
analysed. The SLCCs of Ottawa #3821 and #3820 sands are shown in Figures 4 and 5,
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Figure 5. SLCCs of Ottawa #3820 sand.

respectively, the data of which are obtained from both two-phase column experiment (at
low matric suction of less than 10 kPa) and Tempe pressure cell (at high matric suction
of 10-90 kPa). In two-phase column experiment, the height of a measurement location
above the liquid table is assumed to equal to the maric suction (or negative pore-liquid
pressure head) at that point. The obtained SLCCs are fitted with the empirical models
of van Gunechten (1980) (VG) (Equation 3) and Fredlund and Xing (1994) (FX)
(Equation 4) with a least-squares algorithm and the resulting SLCCs are shown in
Figures 4 and 5. The constants of the models are summarised in Table 3 and it shows
that finer sand (Ottawa #3821) yields larger S,, v,, a and n but smaller m, whereas die-
sel fuel gives lower S,, @ and n but larger m. The effects of particle size on model
parameters obtained in this research are consistent with Yang et al. (2004). From this
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Table 3. Constants of SLCC models.

van Genuchten model Fredlund & Xing model
Fluid a v, a
Sand pair S, (kPa) m n ¥ (kPa) (kPa) m n I

Ottawa Air/ 0.1109 1.460 2.55 15.56 0.982 4.252 1.027 0.37 155.0 0.993
#3821 Water
Air/ 0.0790 0.854 2.81 11.78 0.988 4.723 0.487 0.51 543 0.995
Diesel
Ottawa Air/ 0.0797 0.556 2.88 10.00 0.982 3.825 0.482 0.42 130.0 0.994
#3820 Water
Air/ 0.0574 0376 4.72 7.09 0989 2.589 0.260 0.50 119.0 0.989
Diesel

Note: All variables are defined in Equation 4.

research, the FX model fits the experimental data better (indicated by #* in Table 3),
particularly at large matric suction which is consistent with the discussion of Fredlund
and Xing (1994). Thus, only the FX model is used for further analysis.

m

S=S§+(1-5) S,, a, m, n are fitting parameters) 3)

n(1+%) 1

tn(1+5) | finfe+ (4)]]

where S = degree of saturation; w = matric suction; S, = residual degree of saturation
(see Figure 8); w, = residual matric suction (see Figure 8); y, = air-entry pressure (see
Figure 8); e =natural number 2.71828 ...; a =model parameter relates to air-entry
pressure (a increases, v, increases); m = model parameter relates to residual degree of
saturation (m decreases, y, increases); n = model parameter relates to slope of SLCC
(n decreases, dy/dS increases)

(,, a, m, n are fitting parameters) 4)

4.2. Estimation of SLCC in two-phase system of diesel/water

For a rigid porous medium, it is only necessary to measure S-p relations for two of the
three two-phase systems (i.e. air/water, ait/NAPL or NAPL/water) and the S-p relation
of the third system may then be predicted (Lenhard & Parker, 1987). In the scaling pro-
cedure proposed by Parker, Lenhard, and Kuppusamy (1987), S-p relations of two-phase
systems are adjusted to obtain a unique scaled function for a given porous medium after
applying a linear transformation to matric suction as shown in Equation (5).

Sw(ﬂawlpaw) = SO(ﬁanlpao) = SW’(ﬁOWl/IOM/) = S*(w*) (5)

where @, o and w refer to air, NAPL, and water phases, respectively;
S; = (S; —S;)/(1 = 8j) is the effective saturation of wetting phase j; S, is the irre-
ducible saturation of wetting phase j (S;. = 0 for FX model); 8, is a fluid pair-dependent
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scaling factor; and S"(y") is a scaled function between the saturation of wetting phase
and matric suction. The scaling coefficients are related as shown in Equation (6)
(Lenhard & Parker, 1987). In this study, Equation (6) is employed to determine the scal-
ing factor f,,, rather than deriving it on the basis of fluid interfacial tensions because
small water solubility and volatility of organic compounds can affect the fluid interfacial
tensions (Lenhard & Parker, 1988).

1 1 1

P Pon Pun ©
The procedure for predicting S-p relationship of diesel-water system is described as fol-
lows; (i) taking the air—water system as a reference fluid pair system and setting
P = 1.0; (i) fitting S-p relation of air-water system to obtained S"(y"); (iii) obtaining
P, by fitting S-p relation of air—diesel system; (iv) obtaining f,,, by using Equation (6);
and (v) calculating S,, and w,,, according to Equation (5). The scaled effective satura-
tion-matric suction relations are shown in Figure 6. All the scaling factors in air/water,
air/diesel and diesel/water systems are summarised in Table 4. The scaling factor of
each fluid pair is relatively similar for each porous medium which may indicate that the
scaling factors are fluid-dependent parameters as indicated in Parker et al. (1987).

From the obtained FX parameters and scaling factors, the S-p relations of all two-
phase systems can be shown in Figure 7. The SLCCs show that, once the value of the
matric suction increases slightly above the entry pressure, significant reduction in the
degree of saturation is recorded which means that most of liquid drains out of the sand
specimen. The tested sand specimens are poorly graded resulting in a relatively flat tran-
sition in the S-p relationship. The physical properties can be derived from these SLCCs
(see drying curve in Figure 8) and the results are summarised in Table 5. It can be seen
that finer sand has larger y,, v, and S,, whereas diesel fuel gives smaller y, and y,.
The effects of particle size on these physical parameters are also consistent with those
reported by Yang et al. (2004).

Figure 7 shows that a descending sequence of matric suction at a given saturation of
wetting phase is in the order of air/water, diesel/water and air/diesel systems. The entry

100 100
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O Water O Water
—FX ——FX
10 Ottawa #3821 101 (b)) Ottawa #3820 |

1 @& ¥

Scaled matric suction, i (kPa)
Scaled matric suction, y (kPa)

0.1 0.1
0 50 100 0 50 100

Effective degree of saturation, S (%) Effective degree of saturation, S (%)

Figure 6. Scaled effective saturation-matric suction relations.
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Table 4. Scaling factors of all two-phase systems.

Scaling factors

Ottawa #3821

Ottawa #3820

ﬁaw 1 1
Bao 2.308 2.348
Bow 1.764 1.742
:Beference system.

Use Equation (6).
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Figure 7. Saturation-matric suction relations of all two-phase systems.
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Table 5. Physical properties derived from Fredlund and Xing SLCCs.

Fluid pair Sand v, (kPa) v, (kPa) S, (%)
Air/Water Ottawa #3821 1.0 1.1 9.5
Ottawa #3820 0.45 0.52 7.5
Air/Diesel Ottawa #3821 0.42 0.50 10.5
Ottawa #3820 0.20 0.23 8.5
Diesel/Water Ottawa #3821 0.56 0.63 10.0
Ottawa #3820 0.25 0.31 8.0

Note: All variables are defined in Figure 8.

pressure of air/water system is larger than that of diesel/water system. This suggests
that, in their corresponding two-phase systems, diesel fuel is easier to displace water
than air at the beginning of drainage process. The entry pressure of air/water system is
larger than that of air/diesel system. This also suggests that diesel fuel is easier to be
desaturated than water in their corresponding two-phase systems. This phenomenon is
also consistent with the results from other LNAPLs presented by; e.g. Parker et al.
(1987), Busby, Lenhard, and Rolston (1995), Sharma and Mohamed (2003), and
Kamon, Li, Endo, Inui, and Katsumi (2007).

5. Effects of groundwater table fluctuation on diesel fuel distribution

The effects of groundwater table fluctuation on diesel fuel distribution can be analysed
from the three-phase column experiment. The profiles of water and diesel saturations in
entire domain during each test stage are presented. During the experiment, it is verified
that the difference between total amount of diesel fuel derived from volume integration
of the image analysis is within £10% of the actual amount which indicates accuracy of
SIAM used in current study. To avoid confusion in the following discussion, entrapped
fluid is defined as non-wetting fluid that is occluded by water at a location far below
the water table during imbibition process, whereas residual fluid is defined as immobile
fluid held in place at a location far above the water table by capillary force after fluid is
allowed to drain (Lenhard, Oostrom, & Dane, 2004).

5.1. First drainage stage

The water saturation profiles, after the water pressure at the base of the column is low-
ered to 2 =5 cm for 6 h, is shown in Figure 9 and they are compared with the SLCCs
(FX model) derived earlier (air/water curves in Figure 7). The consistency between
these data indicates the uniformity of packing of soil column between tests. The thick-
nesses of capillary fringe are 9 and 4 cm for Ottawa #3821 and #3820 sands, respec-
tively.

At t=06h, 15 g of diesel fuel is introduced to the soil surface such that slight pond-
ing occurs; therefore, the diesel fuel pressure may be assumed to be near atmospheric.
The diesel fuel infiltrates into the sand surface within 10 and 5 min for Ottawa #3821
and #3820 sands, respectively. Mobile diesel fuel moves downward while residual diesel
fuel remains behind. The dynamic variations of fluid saturation profiles with time
between ¢ = 618 h are shown in Figures 10 and 11 for Ottawa #3821 and #3820 sands,
respectively. For Ottawa #3821 (fine sand), the diesel fuel front reaches the capillary
fringe within approximately 7 h (=13 h) with the rate of advancement of approxi-
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Figure 9. Water saturation profiles at z =6 h.
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Figure 10. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 6—18 h.

mately 7 cm/hr at the beginning and decreasing to approximately 1.5 cm/hr when diesel
front approaching the capillary fringe. For Ottawa #3820 (medium sand), similar beha-
viour is observed but with faster rate of diesel front advancement. Most diesel fuel
rapidly moves to the capillary fringe within less than 0.5 h (= 6.5 h) which gives the
rate of diesel front advancement of more than 70 cm/hr.
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Figure 11. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 6—18 h.
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Figure 12. Liquid saturation profiles at end of 1st drainage stage (¢ = 18 h).

Figure 12 shows the liquid saturation profiles at the end of first drainage (¢ = 18 h)
which is considered as close to equilibrium state. For Ottawa #3821 (fine sand), addition
of diesel fuel leads to decrease in the thickness of the capillary fringe from 9 to 5 cm
without changes in the position of the water table and the thickness of diesel pool above
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the capillary fringe is 7 cm (Figure 12(a)). The presence of the diesel fuel reduces the
capillary force in an air/water system to an air/diesel/water system; consequently, the
thickness of capillary fringe of the water table is correspondingly reduced. For Ottawa
#3820 (medium sand), the diesel fuel totally eliminates the capillary fringe with slight
depression of the water table by 2 cm and the thickness of diesel pool above the water
table is 9 cm (Figure 12(b)). At the diesel pool, the diesel fuel saturation is large and
the water saturation is negligible. The residual liquid saturations above the diesel pool
are S,,=3.8% and S,,, = 14.4% for Ottawa #3821 and S,,=4.1% and S§,,,=10.2%
for Ottawa #3820 sands.

5.2. First imbibition stage

At ¢t = 18 h, the water pressure at the base of the column is raised to # =30 cm and the
dynamic variations of fluid saturation profiles with time during = 18-30 h are shown
in Figure 13 and 14 for Ottawa #3821 and #3820 sands, respectively. For Ottawa #3821
(fine sand), after the water table rises, the diesel fuel moves up in an apparently delayed
response where the system reaches equilibrium after 4 h (=22 h). For Ottawa #3820
(medium sand), most diesel fuel rapidly moves up toward the top of the column within
0.5h (¢=18.5h). After that, the diesel fuel continues accumulating above the water
table (Figure 14(a)), whereas the water seems to already reach its equilibrium state (Fig-
ure 14(b)). This indicates that the diesel fuel moves upward slower than water due pos-
sibly to its larger viscosity.

Figure 15 shows the liquid saturation profiles at the end of first imbibition stage
(=30 h) which is considered as close to equilibrium state. For Ottawa #3821 (fine
sand), the thickness of the capillary fringe after the water table rise further decreases
from 5 to 2 cm without changes in the position of the water table and the thickness of
diesel pool above the capillary fringe is still 7 cm (Figure 15(a)). This reduction of
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Figure 13. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 18-30 h.
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Figure 15. Liquid saturation profiles at end of 1st imbibition stage (¢ =30 h).

capillary fringe is expected because water is imbibing into the porous media. For
Ottawa #3820 (medium sand), the diesel fuel totally eliminates the capillary fringe with
slight depression of the water table by 4 cm and the thickness of diesel pool above the
water table is 12 cm (Figure 15(b)). At the diesel pool, the diesel fuel saturation is large
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and the water saturation is negligible. At the end of first imbibition stage, there are air
and diesel fuel entrapped under the water table. The entrapped saturations of each phase
are S,.=24.1% and S, .= 10.2% for Ottawa #3821 and S,.=27.1% and S, . =4.6%
for Ottawa #3820 sands.

5.3. Second drainage stage

At t=30 h, the water pressure at the base of the column is again lowered to 2 =5 cm
and the dynamic variation of fluid saturation profiles with time during ¢ =30-42 h are
shown in Figure 16 and 17 for Ottawa #3821 and #3820 sands, respectively. For Ottawa
#3821 (fine sand), the diesel fuel front reaches the capillary fringe within approximately
4h (=34 h) with the rate of advancement of approximately 6 cm/hr (Figure 16(a)).
For Ottawa #3820 (medium sand), most diesel fuel rapidly moves to the capillary fringe
within approximately 1 h (=31 h) which gives the rate of diesel front advancement of
approximately 30 cm/hr (Figure 17(a)). Generally, the observed behaviour during second
drainage stage is relatively similar to first drainage stage.

Figure 18 shows the liquid saturation profiles at the end of second drainage stage
(=42 h) which is considered as close to equilibrium state. For Ottawa #3821 (fine
sand), the thickness of the capillary fringe increases from 2 to 5 cm without depression
of the water table and the thickness of diesel pool above the capillary fringe is 6 cm
(Figure 18(a)). For Ottawa # 3820 (medium sand), the diesel fuel totally eliminates the
capillary fringe with slight depression of the water table by 1 cm and the thickness of
diesel pool above the water table is 6 cm (Figure 18(b)). The liquid saturation profiles
at the end of second drainage stage are relatively similar to that at the end of first drai-
nage stage. The residual liquid saturations above the diesel pool are S,, =4.9% and S,,
»=10.7% for Ottawa #3821 and S,,, = 4.6% and S,,,, = 7.9% for Ottawa #3820 sands.
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Figure 16. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 30-42 h.



Downloaded by [Dr Siam Yimsiri] at 01:05 19 June 2016

18 S. Yimsiri et al.

45~—‘ 1 45
— 30 hr e== 30 hr
40 <SS 305y 4017 <TI0 br
=== 31 hr b === 31 hr
=< 34 hr =< 34 hr
—ir 351 = 42 hr
2 Diesel 2 .. () Water
L 2 =
= = N -
= < 25 .
= =
¥ ¥ £
= =20 =
] =
15- g
. \j,
10- —
LIS <

; 5cm . VWT‘ﬂT'h-&{nE

0 20 40 60 80 100 0 20 40 60 80 100

Degree of saturation, S, (%) Degree of saturation, S (%)

Figure 17. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 30—42 h.
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Figure 18. Liquid saturation profiles at end of 2nd drainage stage (z = 42 h).

5.4. Second imbibition stage

At t =42 h, the water pressure at the base of the column is again raised to 4 =30 cm
and the dynamic variation of fluid saturation profiles with time during ¢ =42-54 h are
shown in Figures 19 and 20 for Ottawa #3821 and #3820 sands, respectively. For
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Figure 19. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 42-54 h.
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Figure 20. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 42-54 h.

Ottawa #3821 (fine sand), after the water table rises, the diesel fuel moves up in a
delayed fashion where the system reaches equilibrium after 4 h (at = 46 h). For Ottawa
#3820 (medium sand), most diesel fuel rapidly moves up toward the top of the column
within 1 h (z =43 h). After that, the diesel fuel continues accumulating above the water
table (Figure 20(a)), whereas the water seems to already reach its equilibrium state
(Figure 20(b)). Generally, the behaviour during second imbibition stage is relatively
similar to that of first imbibition stage.
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Figure 21. Liquid saturation profiles at end of 2nd imbibition stage (¢ = 54 h).

Figure 21 shows the liquid saturation profiles at the end of second imbibition stage
(=154 h) which is considered as close to equilibrium state. For Ottawa #3821 (fine
sand), the diesel fuel totally eliminates the capillary fringe with depression of the water
table by 4 cm and the thickness of diesel pool above the water table is 13 cm
(Figure 21(a)). For Ottawa #3820 (medium sand), the diesel fuel also totally eliminates
the capillary fringe with slight depression of the water table by 2 cm and the thickness
of diesel pool above the water table is 9 cm (Figure 21(b)). The liquid saturation pro-
files at the end of second imbibition stage are relatively similar to those at the end of
first imbibition stage. The entrapped saturations of each phase at the end of second
imbibition stage are S,.=17.9% and S,.=6.7% for Ottawa #3821 and S,.=30.1%
and S, . = 6.0% for Ottawa #3820 sands.

6. Discussions

The residual saturations at the end of drainage stages and the entrapped saturations at
the end of imbibition stages are summarised in Figure 22. The total residual saturations
(diesel + water) during drainage stages of Ottawa #3821 sand are larger than those of
Ottawa #3820 sand due to finer sand particle size. Also, the entrapped diesel saturations
during imbibition stages of Ottawa #3821 sand are larger than those of Ottawa #3820
sand due also to finer sand particle size. However, the entrapped air saturations during
imbibition stages of Ottawa #3821 sand are smaller than those of Ottawa #3820 sand.
The residual diesel saturations during drainage stages are approximately unchanged as
the drainage stages are repeated. This may not be consistent with Chompusri et al.
(2002) who showed that the residual LNAPL above a mobile phase became smaller
with continued water table oscillations.
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Table 6. Comparison of residual entrapped air during imbibition stage.

Lenhard et al. Ryan and Dhir

Properties (1993) (1993) This research
Porous medium  Sandy material Glass particle Ottawa #3821 Ottawa #3820
D50 =400 pm D50 =210-710 D50 =400 nm D50 =600 pm
um

Medium e=0.67y=162 e=10.58-0.69 e=049y=176 e=050y=17.6
density” kN/m? kN/m? kN/m?

LNAPL Soltrol 170 Soltrol 170 Diesel fuel Diesel duel

Water table 5 cm/10 min Slowly Rapidly Rapidly
movement

Entrapped air 6-10% 7-17% 18-24% 27-30%
(Sa.c)

*e = void ratio, y = unit weight.

During imbibition stages (rising water table), there is some air (apart from some die-
sel) entrapped under water table. This phenomenon was also observed from similar
experiments by Lenhard et al. (1993) and Ryan and Dhir (1993), the comparison of
which is summarised in Table 6. All researches used similar sizes of porous media and
similar LNAPLs (Soltrol 170 and diesel have relatively similar viscosity and surface
tension); however, the amounts of entrapped air obtained from this research are much
larger than those of other researches. This may be due to two main reasons, i.e. (i) the
sands used in this research are denser and (ii) the water table movement in this research
is more rapid. The denser sand specimens reduce the pore sizes and increase the pore
tortuosity which may hinder the escape of air from the pore during imbibition process.
Moreover, the oscillation of the water table is controlled by instantaneously adjustment
of the water pressure at the base of the column to a specified value and allow the water
table height in the column to correspondingly alter in an uncontrolled rate. This may
introduce turbulent flow at the fluid interface which enhances air entrapment. However,
this effect is expected to be less for Ottawa #3821 sand since the movement of water
table is slower.

It is also noted that this experiment is conducted in one-dimension which limits the
flow channel. In a two-dimensional rising water table system, diesel may not rise as fast
as the water table and can be completely by-passed. In that case, the rising diesel has to
displace water when it moves upward and the water/diesel entry pressure has to be

Table 7. Comparison of extension two-phase to three-phase.

Water residual Total liquid residual

Sand Stage Saowx SOk Saowx Saokk
Ottawa #3821 1st drainage 14.4 10.0 18.2 10.5
2nd drainage 10.7 10.0 15.6 10.5
Ottawa #3820 1st drainage 10.2 8.0 143 8.5
2nd drainage 7.9 8.0 12.5 8.5

yote: All variables are defined in Equations (7) and (8).
From experiment (see Figure 22).
“From SLCCs (see Table 5).
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exceeded for this to occur. Especially in fine-grained sand, the entry pressure might be
such that a body of continuous diesel may be retained below the water table.

In three-phase systems of air, NAPL, and water in which the water phase is the most
preferentially wetting fluid followed by the NAPL and the least wetting air phase, the
total liquid saturation is a function of two-phase air/NAPL matric suction (Equation (7))
and the water saturation is a function of two-phase NAPL/water matric suction (Equa-
tion (8)) (Lenhard & Parker, 1987). Therefore, the SLCCs of two-phase systems
obtained in Figure 7 can be used to estimate the residual liquid saturations observed
during drainage stages of three-phase experiment, the comparison of which is sum-
marised in Table 7. It can be seen that the comparison is acceptable and the results of
second drainage stage give better consistency.

S = 85" (Vo) ™)
S =S (W) ®)

where S7°" = §57 4- S4°", superscript aow denotes 3-phase system, and superscripts ow
and ao denote 2-phase NAPL/water and air/NAPL systems, respectively.

Figure 23 presents the amount of diesel fuel above and below water table at equilib-
rium of each stage. It is noted that the elevation of water table is derived from the water
pressure at the base of the column. During drainage stages, most of the diesel fuel
locates above the water table. Very small amount of diesel fuel enters under water table
for Ottawa #3820 because diesel fuel depresses the existing thin capillary fringe due to
coarse sand particle size. During imbibition stages, 37-47% of the total amount of die-
sel fuel is entrapped under the water table. Comparison of the results of first with sec-
ond imbibition stages, there is no systematic difference in the amount of diesel fuel
entrapped under the water table with the change in particle size. Several parameters
may affect LNAPL distribution in porous media after water table fluctuation, including
volume of LNAPL present, magnitude and speed of water table fluctuation and porous
media and LNAPL properties (e.g. Lenhard et al., 1993; Oostrom et al., 2006).

7. Conclusions

The effects of water table fluctuation on diesel migration in vadose zone are investigated
by one-dimensional column test. The saturation distributions of water and diesel in the
entire flow domain under transient condition are measured by the SIAM (Flores et al.,
2011). The two-phase column and Tempe pressure cell data yield soil-liquids character-
istic curves (SLCCs) of air/water and air/diesel systems. The empirical model of
Fredlund and Xing (1994) fits the experimental data better particularly at large matric
suction. By applying scaling procedure (Lenhard & Parker, 1987), the SLCCs of a
diesel/water system can be predicted. Comparing the SLCCs of three two-phase sys-
tems, a descending sequence of matric suction at a given saturation of wetting phase is
in the order of air/water, diesel/water and air/diesel systems. Finer particle size gives
larger entry pressure (y,), residual matric suction () and residual degree of saturation
(S,), whereas larger fluid viscosity yields smaller y, and y,.

The three-phase column data show the effects of groundwater table fluctuation on
diesel fuel distribution. Water table fluctuation results in a considerable increase in the
vertical extent of the source zone. During drainage stages, diesel and water are present
as residual phases above the water table and the total residual saturation of finer sand is
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larger. These residual saturations in three-phase system can be predicted from the
obtained SLCCs of two-phase systems according to Lenhard and Parker (1987). During
imbibition stages, the experimental data suggest that air and diesel are entrapped below
water table with the entrapped air saturations of 18-24% and entrapped diesel satura-
tions of 6-10% for fine sand. The residual diesel saturations during drainage stages and
entrapped diesel saturations during imbibition stages do not show any systematic differ-
ence as these stages are repeated. When the sand particle size becomes coarser, the
entrapped diesel saturations are smaller; however, the entrapped air saturations are lar-
ger. The amounts of entrapped air obtained from this study are much larger than those
of other researches which may be due to the used of denser sands and more rapid water
table movement in this study. During imbibition stages, 37-47% of the total amount of
diesel fuel is entrapped under the water table. Comparisons of the results of first with
second imbibition stages and of fine with coarse sands do not show any systematic dif-
ference in the amount of diesel fuel entrapped under the water table.
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The effects of water table fluctuation on diesel fuel redistribution in unsaturated soil
are investigated in the laboratory by one-dimensional column test. The simplified
image analysis method is used to assess the saturation distributions of water and die-
sel in the flow domain under transient condition. The experiments are undertaken on
two homogeneous sands to study the effects of different particle sizes. The two-phase
experimental data illustrate soil-liquid characteristic curves (SLCCs) of water/air and
diesel/air systems. The SLCCs of diesel/water systems can be predicted by scaling
procedure. A descending order of matric suction at a given saturation of wetting
phase is in the order of air/water, diesel/water and air/diesel systems. Coarser particle
size gives smaller entry pressure, residual matric suction and residual degree of satu-
ration. The three-phase (air/water/diesel) experimental data illustrate that, during
imbibition stages, air and diesel are entrapped below water table with the entrapped
air saturations of 18-24% and entrapped diesel saturations of 6-10% for fine sand.
Coarser particle size yields smaller entrapped diesel saturations and larger entrapped
air saturations. The residual diesel saturations during drainage stages and entrapped
diesel saturations during imbibition stages do not show any systematic difference as
these stages are repeated. During imbibition stages, 37-47% of the total amount of
diesel fuel is entrapped under the water table. Also, there is no systematic difference
in the amount of diesel fuel entrapped under the water table when imbibition stages
are repeated.

Keywords: LNAPL; diesel fuel; water table fluctuation; residual; entrapment

1. Introduction

Groundwater is the most important freshwater resource that humanity must rely on. Only
0.5% of the world’s total water supply is available to human as a freshwater (97% is sal-
ine water in the ocean and 2.5% is frozen as ice caps and glaciers) and 98% of the avail-
able freshwater is groundwater (Feth, 1973). Groundwater can be contaminated by many
causes and contamination by organic products, which are often associated with petroleum
hydrocarbons or halogenated compounds used as industrial solvents, poses one of major
problems. The contamination of groundwater by petroleum hydrocarbons, such as diesel
fuel and gasoline as a result of improper disposal practices, spills and leaking storage
facilities, represents one of the most common sources of subsurface contamination
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(United State Environmental Protection Agency (US EPA), 2002). These contaminants
exist as an immiscible phase when in contact with water and their densities are less than
water which makes them being classified as light non-aqueous phase liquids (LNAPLs).
These products are usually multi-component organic mixtures consisted of chemicals
with varying degrees of water solubility, but are toxic at low concentration. Therefore,
they can act as long-term sources of groundwater contamination.

After LNAPL is released on the surface, it moves downward through the unsaturated
zone and a fraction is retained in the soil pores as residual phase by capillary forces until
movement stops. If large amount of LNAPL is released, however, it reaches saturated zone
and spread laterally along the capillary fringe and may also depress the capillary fringe
and groundwater table. Fluctuation of groundwater table complicates the migration of
LNAPL by causing LNAPL redistribution across the zone of fluctuation because LNAPL
becomes entrapped above and below the mobile LNAPL due to capillary force. Such fluc-
tuation of groundwater table commonly occurs in any geographical regions and may arise
from variation in aquifer recharge—discharge, groundwater extraction or injection through
wells, seasonal rainfall, barometric effects, tidal influences and evapotranspiration cycles.
Redistribution of LNAPL due to groundwater table fluctuations may lead to enhanced
dissolution of LNAPL source zone and dissolved-plume formation.

To select appropriate remedial strategy at an LNAPL-contaminated site, it is neces-
sary to delineate the extent of the contaminated area. This information can be obtained
by an extensive field investigation, which generally is expensive and time-consuming.
Such a field investigation can be optimised if the likely migration pattern of LNAPL
can be estimated by numerical analysis. A number of numerical simulators have been
developed to model LNAPL transport in subsurface (e.g. Host-Madsen & Jensen, 1992;
Kaluarachchi & Parker, 1989; Karapanagioti, Gaganis, & Burganos, 2003; Unger,
Sudicky, & Forsyth, 1995). Under groundwater table fluctuation condition, the hysteresis
nature of the relative permeability-saturation-capillary pressure relationships and fluid
entrapment phenomenon are important aspects of the implemented constitutive relation-
ship for the numerical analysis (e.g. Oostrom, Hofstee, & Wietsma, 2006; Steffy,
Johnston, & Barry, 1998; Van Geel & Sykes, 1997). Their predictive capability and
adequacy of various assumptions embodied in them need to be evaluated against well-
controlled laboratory experiment under transient and static conditions before confident
predictions of the fate of LNAPLs in subsurface of field-scale problems can be made.

There have been many intermediate-scale multiphase flow experiments of LNAPL
transport in which quantitative data are obtained. The LNAPL transport experiments
were conducted in one-dimension by; e.g. Eckberg and Sunada (1984) and Lenhard,
Dane, Parker, and Kaluarachchi (1988) and in 2-dimension by; e.g. Van Geel and Sykes
(1994) and Kechavarzi, Soga, and Illangasekare (2005). Few researchers conducted the
experiments to study effects of water table fluctuation on LNAPL redistribution in one-
dimension, e.g. Lenhard, Johnson, and Parker (1993), Steffy et al. (1998) and Kamon,
Li, Flores, Inui, and Katsumi (2006), and in two-dimension, e.g. Van Geel and Sykes
(1997) and Oostrom et al. (2006). Very few researchers investigated the effects of repe-
tition of water table fluctuation on LNAPL redistribution (e.g. Chompusri, Rivett, &
Mackay, 2002). Unfortunately, due to the limitation of instrumentation technique, there
was quantitative information of fluid saturations only either at discrete point under
dynamic condition or of entire domain at near steady-state condition. Numerous
researchers have also studied effects of particle size on the behaviour of unsaturated
soil, i.e. on soil-liquid characteristic curve (SLCC) (e.g. Arya & Paris, 1981; Yang,
Rahardjo, Leong, & Fredlund, 2004), on residual saturation (e.g. Ryan & Dhir, 1993),
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and on permeability (e.g. Arya, Leij, Shouse, & van Genuchten, 1999; Chapuis, 2004);
however, most studies have been done with soil element tests. Therefore, there is a
dearth of intermediate-scale experimental data of transient fluid saturation distribution in
the entire flow domain at any time under water table fluctuation condition with attention
to effects of particle size.

The objective of the present study is to carry out a one-dimensional immiscible
three-phase flow experiment with consideration on the effects of water table fluctuation
on LNAPL redistribution and entrapment with particular attention to particle size of
sand and repetition of water table fluctuation. The experiments are carried out under
well-defined and controlled conditions by two laboratory one-dimensional columns each
containing a different sand material. The phase saturation data are measured using an
image analysis technique to obtain detailed quantitative data of transient fluid saturation
distribution in an entire flow domain. These experimental results can develop better
understanding on the effects of water table fluctuation on LNAPL migration and can
provide well-controlled laboratory experimental data against which numerical models
can validate their predictive capabilities.

2. Simplified image analysis method (SIAM)

In laboratory test, measurement of NAPL saturation is the most difficult and important
task in acquiring precise quantitative data. Although gravimetric sampling method is the
most accurate, it cannot provide saturation data continuously because soil samples must
be removed from a soil mass. Conventionally, the non-intrusive and non-destructive
methods used to measure fluid saturations are: e.g. y-ray attenuation, X-ray attenuation,
time domain reflectometry (TDR) and electrical conductivity probes (e.g. DiCarlo,
Bauters, Steenhuis, Parlange, & Bierck, 1997; Kamon, Endo, & Katsumi, 2003; Topp,
Davis, & Annan, 1980; Tuck, Bierck, & Jaffe, 1998). Although accurate, these methods
are experimentally demanding and do not allow the acquisition of transient fluid satura-
tion distribution in the entire flow domain at any specific time. The data generated are
restricted to either saturation distribution under static or steady-state flow conditions or
local measurement of saturation during transient flow. Owing to these experimental
difficulties, the number of multi-dimensional three-phase flow experiments, where both
saturation and pressure of all fluids are measured, are not abundant.

The SIAM developed by Flores, Katsumi, Inui, and Kamon (2011) is employed in
this research to assess the saturation distributions of water and LNAPL in sand under
transient condition. This method is a non-intrusive and non-destructive technique to
measure saturations of fluids in porous media in the entire domain of the experimental
column. The Beer—Lambert Law of Transmittance is employed to obtain linear relation-
ships between average optical density (defined in Equation (1)) and fluid saturations that
can be used, after proper calibration, to calculate fluid saturations of soil samples when
their photos are taken.

1 1 I

Di:ﬁj;dﬁ:ﬁ; — logyg 70 (1)
where D; is the average optical density, i is a given spectral band, N is number of pixels
contained in area of interest, dj; is optical density of individual pixels, [;; is intensity of
the reflected light given by individual pixel values and [j? is intensity of light that
reflected by an ideal white surface.
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The SIAM uses two consumer-grade digital cameras with the 450 and 640-nm
band-pass filters. The transmittance analysis shows that, at wavelength of 640 nm, the
red-dyed diesel gave maximum transmittance and the water gave minimum transmit-
tance, whereas the opposite pattern was observed at wavelength of 450 nm. The
calibration process requires three calibrating photos corresponding to the extremities of
the D-S,-S,, relationship plane, which are (i) dry sand (S,, = 0%, S, = 0%), (ii) sand
fully saturated with water (S,, = 100%, S,=0%) and (iii) sand fully saturated with
NAPL (S,, = 0%, S, =100%) (see Figure 1), where S, is water saturation and S, is
NAPL saturation. The matrix of correlation equation can then be obtained as shown in
Equation (2).

10 00 o1 00 00
_ | (Daso = Dysp)Sw + (Dyso — Dyso ) So + Dysg

= 2
D640} 14x400 [ EDégo - DggogSw + EDg}to - Dggogso + Dggo} 14x400

where 14 x 400 is the dimension of matriX, [Dy4sgli4xa00 and [Desoliaxa00 are average
optical densities of each mesh element for wavelengths 450 and 640 nm, [Dg(s)o] 14400
and [D220]14X400 are average optical densities of each mesh element for dry sand,
[D22]1axa00 and [D{3]14xa00 for water-saturated sand; [D3%,]14x400 and [D2g]14xa00 for
NAPL-saturated sand.

In this analysis, the studied domain (3.5x100 cm?) is divided into 5,600 (14 x 400)
mesh elements of 0.25 x 0.25 cm? each. This discretisation is selected on the basis of
trial analysis to optimise dispersion of the results. During the experiment, the photos are
taken and the average optical densities of each mesh element of the studied domain are
calculated and compared to the corresponding ones for all three cases and then water
saturation [S),]i4x400 and NAPL saturation [S,]jsx400 can be obtained by solving
Equation (2). It is verified that (i) a linear relationship exists between optical density
and saturations of water and diesel fuel for Ottawa #3821 and #3820 sands with
coefficients of determination (%) ranging between 0.78 and 0.93 and (ii) the accuracy of
obtained degree of saturation is +10%.

0.8
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0.4
D, 100
80
60
0.0 P
0 s
20 % 0 2

Case 1 Case 2 Case3 at Wavelength !

Dry sand | Only water|Only LNAPL
8$.=0% | S, =100% |S, =0%
8$,=0% |S$,=0% |S,=100%

Figure 1. Simplified image analysis method.
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3. Details of experiments

In this study, there are three experimental parts, i.e. (i) Tempe pressure cell, (ii) two-
phase column experiment and (iii) three-phase column experiment. The two-phase
column experiment and Tempe pressure cell aim to study the SLCCs of tested sands.
The three-phase column experiment aims to investigate the effects of groundwater table
fluctuation on diesel fuel distribution in subsurface.

3.1. Tested sands and LNAPL

Two sand materials, i.e. Ottawa #3821 and #3820 sands, are used in this study. These
tested sands are classified as poorly graded fine and medium sands, respectively, at rela-
tively dense state. Their grain-size distribution curves are shown in Figure 2 and some
properties are summarised in Table 1. Both sands are prepared at similar dry unit weight
and void ratio resulting in relatively similar coefficient of permeability. Thus, the only
difference between these two specimens is the grain size.

Diesel fuel is used as an experimental LNAPL. It is dyed red with Red Sudan III
(1:10000 by weight) to enhance visual observation and increase its light absorbance
properties. There is no noticeable change in the physical properties of diesel fuel after
being mixed with dye and the dye does not migrate between water and diesel fuel and
it is not absorbed by sand particles. The properties of the liquids employed in this study
are summarised in Table 2.

3.2. Tempe pressure cell

The air/water and air/diesel drainage tests at high matric suction are conducted using a
Tempe pressure cell. In these tests, air is the non-wetting fluid and water or diesel fuel
is the wetting fluid. The air pressure of 10-90 kPa is supplied through the inlet tube at
the top cap and the liquid is allowed to drain out of the soil specimen from the under-
neath outlet which is connected to the atmosphere (0 kPa). The system is left for 24 h
to reach equilibrium at each applied air pressure which is confirmed by observing the

100 -
90 “
\“ == Ottawa #3821 | |
80 \‘-‘ —@— Ottawa #3820 ||
\
70 \
= 60 3
2 | &
ic ° \"‘
R 40 \ t
30 \ “
20 \ 1
\
P L‘n—.—-ni
\
0 ‘
10 1 0.1 0.01

Particle size (mm)

Figure 2. Grain-size distribution curves of tested sands.
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Table 1. Properties of tested sands.

Properties Ottawa #3821 Ottawa #3820
Unified Soil Classification System (USCS) SP SP
Description (according to USCS) Fine sand Medium sand
Specific gravity, G 2.63 2.64
Mean grain size (Dsg), mm 0.422 0.643
Coefficient of uniformity, C, 1.48 1.36
Coefficient of curvature, C, 0.91 0.95
Coeff. of permeability of water, k,, (cm/s)” 1.80 x 1072 2.02x1072
Coeff. of permeability of diesel, &, (cm/s)” 1.58x1072 1.91x1072
Dry unit weight, y4., (KN/m?) 17.6 17.6
Void ratio, e 0.49 0.50

*Constant-head permeability test at 20 °C.

Table 2. Properties of tested liquids.

Properties Water Diesel fuel
Density, p; (g/cm3) at 20 °C 0.998 0.865
Kinematic viscosity, 4 (mm?/s) at 20 °C 1.00 4.10
Surface tension (mN/m) at 20 °C 70.28 28.80
Vapor pressure (mmHg) at 40 °C 7.37 3.75

change of weight of draining liquid being less than 0.5%. The procedure is then
repeated at higher applied air pressure. The change in the liquid content of the soil
specimen is measured by the volume of draining liquid.

3.3. Two-phase column experiment

One-dimensional columns, 3.5 x 3.5 x 110 cm® constructed of transparent acrylic walls,
are employed in this study. The base of column is connected to the constant-head water
reservoir to control the water pressure at its base. The upper air-phase boundary condi-
tion is atmospheric. Evaporation is minimised by covering top of the column with plas-
tic plate that contained small holes to avoid producing vacuum. There are access ports
at every 10 cm along the column height for sample collection to determine the liquid
saturation by gravimetric method. The sampling ports has 10 mm diameter; therefore,
the obtained liquid saturations are average values over these areas. The room tempera-
ture and humidity are controlled to maintain relatively stable values of 20 °C and 80%,
respectively. The laboratory set-up and example colour photos are presented by Flores
et al. (2011).

The air/water and air/diesel drainage tests at low matric suction are conducted by
two-phase column experiment. The column is packed with oven-dried sand up to
h =105 cm (where % is the height from the base of column). The column packing is
done in short lift to ensure sample homogeneity. The sand is slowly wetted from below
until water or diesel fuel ponded on the surface after which suction is applied from top
to remove trapped air. After that, the liquid head at the base of the column is lowered
to 2 =5 cm and the liquid inside the column is allowed to drain out through the base of
column. The column is left for 72 h to allow for equilibrium by observing the change
of weight of draining liquid being less than 0.5%.
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Figure 3. Prescribed water pressure at the base of the column.

3.4. Three-phase column experiment

The effects of groundwater table fluctuation on diesel fuel distribution are studied by
three-phase column experiment. The experimental set-up is similar to that of two-phase
column experiment except that, in this experiment, dry sands are filled up to only
h =45 cm. After fully saturated condition, the water pressure at the base is varied to con-
trol the water table height in the column in four stages, i.e. first drainage, first imbibition,
second drainage, and second imbibition, as shown in Figure 3. The water pressure head at
the base of the column is altered instantaneously to the required value and the water table
height inside the column is correspondingly altered in an uncontrolled rate with each stage
finished within 5—-10 min. The detail of each stage is described as follow.

(1) First drainage: The water pressure at the base is lowered from 2 =45 to 5 cm
and the water inside the column is allowed to drain freely out of the base. After
6h, 15 g (17.3 cm?) of diesel fuel is introduced from the top of column; there-
fore, the system composes of three phases from this point onward. The column
is left for further 12 h and this stage takes totally 18 h.

(i1) First imbibition: The water pressure at the base is raised from 42 =15 to 30 cm
and the water table inside the column is allowed to move freely upward. After
that, the column is left for 12 h.

(i) Second drainage: The water pressure at the base is lowered from 4 =30 to
5 cm and the water table inside the column is allowed to move freely down-
ward. No additional diesel is added to the system. After that, the column is left
for 12 h.

(iv) Second imbibition: The first imbibition process is repeated in this stage.

4. Soil-liquid characteristic curves
4.1. SLCCs in two-phase systems of air/water and air/diesel

The SLCC is a relationship between the liquid saturation and matric suction (S-p
relation) of soil. In this study, the main drainage (drying) curves of S-p relations can be
analysed. The SLCCs of Ottawa #3821 and #3820 sands are shown in Figures 4 and 5,
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Figure 5. SLCCs of Ottawa #3820 sand.

respectively, the data of which are obtained from both two-phase column experiment (at
low matric suction of less than 10 kPa) and Tempe pressure cell (at high matric suction
of 10-90 kPa). In two-phase column experiment, the height of a measurement location
above the liquid table is assumed to equal to the maric suction (or negative pore-liquid
pressure head) at that point. The obtained SLCCs are fitted with the empirical models
of van Gunechten (1980) (VG) (Equation 3) and Fredlund and Xing (1994) (FX)
(Equation 4) with a least-squares algorithm and the resulting SLCCs are shown in
Figures 4 and 5. The constants of the models are summarised in Table 3 and it shows
that finer sand (Ottawa #3821) yields larger S,, v,, a and n but smaller m, whereas die-
sel fuel gives lower S,, @ and n but larger m. The effects of particle size on model
parameters obtained in this research are consistent with Yang et al. (2004). From this
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Table 3. Constants of SLCC models.

van Genuchten model Fredlund & Xing model
Fluid a v, a
Sand pair S, (kPa) m n ¥ (kPa) (kPa) m n I

Ottawa Air/ 0.1109 1.460 2.55 15.56 0.982 4.252 1.027 0.37 155.0 0.993
#3821 Water
Air/ 0.0790 0.854 2.81 11.78 0.988 4.723 0.487 0.51 543 0.995
Diesel
Ottawa Air/ 0.0797 0.556 2.88 10.00 0.982 3.825 0.482 0.42 130.0 0.994
#3820 Water
Air/ 0.0574 0376 4.72 7.09 0989 2.589 0.260 0.50 119.0 0.989
Diesel

Note: All variables are defined in Equation 4.

research, the FX model fits the experimental data better (indicated by #* in Table 3),
particularly at large matric suction which is consistent with the discussion of Fredlund
and Xing (1994). Thus, only the FX model is used for further analysis.

m

S=S§+(1-5) S,, a, m, n are fitting parameters) 3)

n(1+%) 1

tn(1+5) | finfe+ (4)]]

where S = degree of saturation; w = matric suction; S, = residual degree of saturation
(see Figure 8); w, = residual matric suction (see Figure 8); y, = air-entry pressure (see
Figure 8); e =natural number 2.71828 ...; a =model parameter relates to air-entry
pressure (a increases, v, increases); m = model parameter relates to residual degree of
saturation (m decreases, y, increases); n = model parameter relates to slope of SLCC
(n decreases, dy/dS increases)

(,, a, m, n are fitting parameters) 4)

4.2. Estimation of SLCC in two-phase system of diesel/water

For a rigid porous medium, it is only necessary to measure S-p relations for two of the
three two-phase systems (i.e. air/water, ait/NAPL or NAPL/water) and the S-p relation
of the third system may then be predicted (Lenhard & Parker, 1987). In the scaling pro-
cedure proposed by Parker, Lenhard, and Kuppusamy (1987), S-p relations of two-phase
systems are adjusted to obtain a unique scaled function for a given porous medium after
applying a linear transformation to matric suction as shown in Equation (5).

Sw(ﬂawlpaw) = SO(ﬁanlpao) = SW’(ﬁOWl/IOM/) = S*(w*) (5)

where @, o and w refer to air, NAPL, and water phases, respectively;
S; = (S; —S;)/(1 = 8j) is the effective saturation of wetting phase j; S, is the irre-
ducible saturation of wetting phase j (S;. = 0 for FX model); 8, is a fluid pair-dependent
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scaling factor; and S"(y") is a scaled function between the saturation of wetting phase
and matric suction. The scaling coefficients are related as shown in Equation (6)
(Lenhard & Parker, 1987). In this study, Equation (6) is employed to determine the scal-
ing factor f,,, rather than deriving it on the basis of fluid interfacial tensions because
small water solubility and volatility of organic compounds can affect the fluid interfacial
tensions (Lenhard & Parker, 1988).

1 1 1

P Pon Pun ©
The procedure for predicting S-p relationship of diesel-water system is described as fol-
lows; (i) taking the air—water system as a reference fluid pair system and setting
P = 1.0; (i) fitting S-p relation of air-water system to obtained S"(y"); (iii) obtaining
P, by fitting S-p relation of air—diesel system; (iv) obtaining f,,, by using Equation (6);
and (v) calculating S,, and w,,, according to Equation (5). The scaled effective satura-
tion-matric suction relations are shown in Figure 6. All the scaling factors in air/water,
air/diesel and diesel/water systems are summarised in Table 4. The scaling factor of
each fluid pair is relatively similar for each porous medium which may indicate that the
scaling factors are fluid-dependent parameters as indicated in Parker et al. (1987).

From the obtained FX parameters and scaling factors, the S-p relations of all two-
phase systems can be shown in Figure 7. The SLCCs show that, once the value of the
matric suction increases slightly above the entry pressure, significant reduction in the
degree of saturation is recorded which means that most of liquid drains out of the sand
specimen. The tested sand specimens are poorly graded resulting in a relatively flat tran-
sition in the S-p relationship. The physical properties can be derived from these SLCCs
(see drying curve in Figure 8) and the results are summarised in Table 5. It can be seen
that finer sand has larger y,, v, and S,, whereas diesel fuel gives smaller y, and y,.
The effects of particle size on these physical parameters are also consistent with those
reported by Yang et al. (2004).

Figure 7 shows that a descending sequence of matric suction at a given saturation of
wetting phase is in the order of air/water, diesel/water and air/diesel systems. The entry

100 100
@ Diesel ® Diesel
O Water O Water
—FX ——FX
10 Ottawa #3821 101 (b)) Ottawa #3820 |

1 @& ¥

Scaled matric suction, i (kPa)
Scaled matric suction, y (kPa)

0.1 0.1
0 50 100 0 50 100

Effective degree of saturation, S (%) Effective degree of saturation, S (%)

Figure 6. Scaled effective saturation-matric suction relations.
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Table 4. Scaling factors of all two-phase systems.

Scaling factors

Ottawa #3821

Ottawa #3820

ﬁaw 1 1
Bao 2.308 2.348
Bow 1.764 1.742
:Beference system.

Use Equation (6).

100 100
— Air/Water — Air/Water
— — Diesel/Water — = Diesel/Water

. —— Air/Diesel - —— Air/Diesel
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o Q.
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Figure 7. Saturation-matric suction relations of all two-phase systems.
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Table 5. Physical properties derived from Fredlund and Xing SLCCs.

Fluid pair Sand v, (kPa) v, (kPa) S, (%)
Air/Water Ottawa #3821 1.0 1.1 9.5
Ottawa #3820 0.45 0.52 7.5
Air/Diesel Ottawa #3821 0.42 0.50 10.5
Ottawa #3820 0.20 0.23 8.5
Diesel/Water Ottawa #3821 0.56 0.63 10.0
Ottawa #3820 0.25 0.31 8.0

Note: All variables are defined in Figure 8.

pressure of air/water system is larger than that of diesel/water system. This suggests
that, in their corresponding two-phase systems, diesel fuel is easier to displace water
than air at the beginning of drainage process. The entry pressure of air/water system is
larger than that of air/diesel system. This also suggests that diesel fuel is easier to be
desaturated than water in their corresponding two-phase systems. This phenomenon is
also consistent with the results from other LNAPLs presented by; e.g. Parker et al.
(1987), Busby, Lenhard, and Rolston (1995), Sharma and Mohamed (2003), and
Kamon, Li, Endo, Inui, and Katsumi (2007).

5. Effects of groundwater table fluctuation on diesel fuel distribution

The effects of groundwater table fluctuation on diesel fuel distribution can be analysed
from the three-phase column experiment. The profiles of water and diesel saturations in
entire domain during each test stage are presented. During the experiment, it is verified
that the difference between total amount of diesel fuel derived from volume integration
of the image analysis is within £10% of the actual amount which indicates accuracy of
SIAM used in current study. To avoid confusion in the following discussion, entrapped
fluid is defined as non-wetting fluid that is occluded by water at a location far below
the water table during imbibition process, whereas residual fluid is defined as immobile
fluid held in place at a location far above the water table by capillary force after fluid is
allowed to drain (Lenhard, Oostrom, & Dane, 2004).

5.1. First drainage stage

The water saturation profiles, after the water pressure at the base of the column is low-
ered to 2 =5 cm for 6 h, is shown in Figure 9 and they are compared with the SLCCs
(FX model) derived earlier (air/water curves in Figure 7). The consistency between
these data indicates the uniformity of packing of soil column between tests. The thick-
nesses of capillary fringe are 9 and 4 cm for Ottawa #3821 and #3820 sands, respec-
tively.

At t=06h, 15 g of diesel fuel is introduced to the soil surface such that slight pond-
ing occurs; therefore, the diesel fuel pressure may be assumed to be near atmospheric.
The diesel fuel infiltrates into the sand surface within 10 and 5 min for Ottawa #3821
and #3820 sands, respectively. Mobile diesel fuel moves downward while residual diesel
fuel remains behind. The dynamic variations of fluid saturation profiles with time
between ¢ = 618 h are shown in Figures 10 and 11 for Ottawa #3821 and #3820 sands,
respectively. For Ottawa #3821 (fine sand), the diesel fuel front reaches the capillary
fringe within approximately 7 h (=13 h) with the rate of advancement of approxi-
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Figure 9. Water saturation profiles at z =6 h.
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Figure 10. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 6—18 h.

mately 7 cm/hr at the beginning and decreasing to approximately 1.5 cm/hr when diesel
front approaching the capillary fringe. For Ottawa #3820 (medium sand), similar beha-
viour is observed but with faster rate of diesel front advancement. Most diesel fuel
rapidly moves to the capillary fringe within less than 0.5 h (= 6.5 h) which gives the
rate of diesel front advancement of more than 70 cm/hr.
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Figure 11. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 6—18 h.
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Figure 12. Liquid saturation profiles at end of 1st drainage stage (¢ = 18 h).

Figure 12 shows the liquid saturation profiles at the end of first drainage (¢ = 18 h)
which is considered as close to equilibrium state. For Ottawa #3821 (fine sand), addition
of diesel fuel leads to decrease in the thickness of the capillary fringe from 9 to 5 cm
without changes in the position of the water table and the thickness of diesel pool above
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the capillary fringe is 7 cm (Figure 12(a)). The presence of the diesel fuel reduces the
capillary force in an air/water system to an air/diesel/water system; consequently, the
thickness of capillary fringe of the water table is correspondingly reduced. For Ottawa
#3820 (medium sand), the diesel fuel totally eliminates the capillary fringe with slight
depression of the water table by 2 cm and the thickness of diesel pool above the water
table is 9 cm (Figure 12(b)). At the diesel pool, the diesel fuel saturation is large and
the water saturation is negligible. The residual liquid saturations above the diesel pool
are S,,=3.8% and S,,, = 14.4% for Ottawa #3821 and S,,=4.1% and S§,,,=10.2%
for Ottawa #3820 sands.

5.2. First imbibition stage

At ¢t = 18 h, the water pressure at the base of the column is raised to # =30 cm and the
dynamic variations of fluid saturation profiles with time during = 18-30 h are shown
in Figure 13 and 14 for Ottawa #3821 and #3820 sands, respectively. For Ottawa #3821
(fine sand), after the water table rises, the diesel fuel moves up in an apparently delayed
response where the system reaches equilibrium after 4 h (=22 h). For Ottawa #3820
(medium sand), most diesel fuel rapidly moves up toward the top of the column within
0.5h (¢=18.5h). After that, the diesel fuel continues accumulating above the water
table (Figure 14(a)), whereas the water seems to already reach its equilibrium state (Fig-
ure 14(b)). This indicates that the diesel fuel moves upward slower than water due pos-
sibly to its larger viscosity.

Figure 15 shows the liquid saturation profiles at the end of first imbibition stage
(=30 h) which is considered as close to equilibrium state. For Ottawa #3821 (fine
sand), the thickness of the capillary fringe after the water table rise further decreases
from 5 to 2 cm without changes in the position of the water table and the thickness of
diesel pool above the capillary fringe is still 7 cm (Figure 15(a)). This reduction of

45
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Degree of saturation, S, (%) Degree of saturation, S (%)

Figure 13. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 18-30 h.
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Figure 14. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 18-30 h.
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Figure 15. Liquid saturation profiles at end of 1st imbibition stage (¢ =30 h).

capillary fringe is expected because water is imbibing into the porous media. For
Ottawa #3820 (medium sand), the diesel fuel totally eliminates the capillary fringe with
slight depression of the water table by 4 cm and the thickness of diesel pool above the
water table is 12 cm (Figure 15(b)). At the diesel pool, the diesel fuel saturation is large
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and the water saturation is negligible. At the end of first imbibition stage, there are air
and diesel fuel entrapped under the water table. The entrapped saturations of each phase
are S,.=24.1% and S, .= 10.2% for Ottawa #3821 and S,.=27.1% and S, . =4.6%
for Ottawa #3820 sands.

5.3. Second drainage stage

At t=30 h, the water pressure at the base of the column is again lowered to 2 =5 cm
and the dynamic variation of fluid saturation profiles with time during ¢ =30-42 h are
shown in Figure 16 and 17 for Ottawa #3821 and #3820 sands, respectively. For Ottawa
#3821 (fine sand), the diesel fuel front reaches the capillary fringe within approximately
4h (=34 h) with the rate of advancement of approximately 6 cm/hr (Figure 16(a)).
For Ottawa #3820 (medium sand), most diesel fuel rapidly moves to the capillary fringe
within approximately 1 h (=31 h) which gives the rate of diesel front advancement of
approximately 30 cm/hr (Figure 17(a)). Generally, the observed behaviour during second
drainage stage is relatively similar to first drainage stage.

Figure 18 shows the liquid saturation profiles at the end of second drainage stage
(=42 h) which is considered as close to equilibrium state. For Ottawa #3821 (fine
sand), the thickness of the capillary fringe increases from 2 to 5 cm without depression
of the water table and the thickness of diesel pool above the capillary fringe is 6 cm
(Figure 18(a)). For Ottawa # 3820 (medium sand), the diesel fuel totally eliminates the
capillary fringe with slight depression of the water table by 1 cm and the thickness of
diesel pool above the water table is 6 cm (Figure 18(b)). The liquid saturation profiles
at the end of second drainage stage are relatively similar to that at the end of first drai-
nage stage. The residual liquid saturations above the diesel pool are S,, =4.9% and S,,
»=10.7% for Ottawa #3821 and S,,, = 4.6% and S,,,, = 7.9% for Ottawa #3820 sands.
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Figure 16. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 30-42 h.
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Figure 17. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 30—42 h.
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Figure 18. Liquid saturation profiles at end of 2nd drainage stage (z = 42 h).

5.4. Second imbibition stage

At t =42 h, the water pressure at the base of the column is again raised to 4 =30 cm
and the dynamic variation of fluid saturation profiles with time during ¢ =42-54 h are
shown in Figures 19 and 20 for Ottawa #3821 and #3820 sands, respectively. For
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Figure 19. Liquid saturation profiles of Ottawa #3821 sand during ¢ = 42-54 h.
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Figure 20. Liquid saturation profiles of Ottawa #3820 sand during ¢ = 42-54 h.

Ottawa #3821 (fine sand), after the water table rises, the diesel fuel moves up in a
delayed fashion where the system reaches equilibrium after 4 h (at = 46 h). For Ottawa
#3820 (medium sand), most diesel fuel rapidly moves up toward the top of the column
within 1 h (z =43 h). After that, the diesel fuel continues accumulating above the water
table (Figure 20(a)), whereas the water seems to already reach its equilibrium state
(Figure 20(b)). Generally, the behaviour during second imbibition stage is relatively
similar to that of first imbibition stage.



Downloaded by [Dr Siam Yimsiri] at 01:05 19 June 2016

20 S. Yimsiri et al.

Degree of saturation, S, (%) Degree of saturation, S, (%)
100 80 60 40 20 O 100 80 60 40 20 O
45—t —1—1 45 45—t ——1 145

40- 40 401

35 35 35

25

Height, h (cm)
b
Height, h (cm)
~N
it

204 20 204

151 15 151
10 10 10
3
s
0 20 40 o0 80 100 0 20 40 60 80 100
Degree of saturation, S, (%) Degree of saturation, S, (%)
(a) Ottawa #3821 (b) Ottawa #3820

Figure 21. Liquid saturation profiles at end of 2nd imbibition stage (¢ = 54 h).

Figure 21 shows the liquid saturation profiles at the end of second imbibition stage
(=154 h) which is considered as close to equilibrium state. For Ottawa #3821 (fine
sand), the diesel fuel totally eliminates the capillary fringe with depression of the water
table by 4 cm and the thickness of diesel pool above the water table is 13 cm
(Figure 21(a)). For Ottawa #3820 (medium sand), the diesel fuel also totally eliminates
the capillary fringe with slight depression of the water table by 2 cm and the thickness
of diesel pool above the water table is 9 cm (Figure 21(b)). The liquid saturation pro-
files at the end of second imbibition stage are relatively similar to those at the end of
first imbibition stage. The entrapped saturations of each phase at the end of second
imbibition stage are S,.=17.9% and S,.=6.7% for Ottawa #3821 and S,.=30.1%
and S, . = 6.0% for Ottawa #3820 sands.

6. Discussions

The residual saturations at the end of drainage stages and the entrapped saturations at
the end of imbibition stages are summarised in Figure 22. The total residual saturations
(diesel + water) during drainage stages of Ottawa #3821 sand are larger than those of
Ottawa #3820 sand due to finer sand particle size. Also, the entrapped diesel saturations
during imbibition stages of Ottawa #3821 sand are larger than those of Ottawa #3820
sand due also to finer sand particle size. However, the entrapped air saturations during
imbibition stages of Ottawa #3821 sand are smaller than those of Ottawa #3820 sand.
The residual diesel saturations during drainage stages are approximately unchanged as
the drainage stages are repeated. This may not be consistent with Chompusri et al.
(2002) who showed that the residual LNAPL above a mobile phase became smaller
with continued water table oscillations.
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Table 6. Comparison of residual entrapped air during imbibition stage.

Lenhard et al. Ryan and Dhir

Properties (1993) (1993) This research
Porous medium  Sandy material Glass particle Ottawa #3821 Ottawa #3820
D50 =400 pm D50 =210-710 D50 =400 nm D50 =600 pm
um

Medium e=0.67y=162 e=10.58-0.69 e=049y=176 e=050y=17.6
density” kN/m? kN/m? kN/m?

LNAPL Soltrol 170 Soltrol 170 Diesel fuel Diesel duel

Water table 5 cm/10 min Slowly Rapidly Rapidly
movement

Entrapped air 6-10% 7-17% 18-24% 27-30%
(Sa.c)

*e = void ratio, y = unit weight.

During imbibition stages (rising water table), there is some air (apart from some die-
sel) entrapped under water table. This phenomenon was also observed from similar
experiments by Lenhard et al. (1993) and Ryan and Dhir (1993), the comparison of
which is summarised in Table 6. All researches used similar sizes of porous media and
similar LNAPLs (Soltrol 170 and diesel have relatively similar viscosity and surface
tension); however, the amounts of entrapped air obtained from this research are much
larger than those of other researches. This may be due to two main reasons, i.e. (i) the
sands used in this research are denser and (ii) the water table movement in this research
is more rapid. The denser sand specimens reduce the pore sizes and increase the pore
tortuosity which may hinder the escape of air from the pore during imbibition process.
Moreover, the oscillation of the water table is controlled by instantaneously adjustment
of the water pressure at the base of the column to a specified value and allow the water
table height in the column to correspondingly alter in an uncontrolled rate. This may
introduce turbulent flow at the fluid interface which enhances air entrapment. However,
this effect is expected to be less for Ottawa #3821 sand since the movement of water
table is slower.

It is also noted that this experiment is conducted in one-dimension which limits the
flow channel. In a two-dimensional rising water table system, diesel may not rise as fast
as the water table and can be completely by-passed. In that case, the rising diesel has to
displace water when it moves upward and the water/diesel entry pressure has to be

Table 7. Comparison of extension two-phase to three-phase.

Water residual Total liquid residual

Sand Stage Saowx SOk Saowx Saokk
Ottawa #3821 1st drainage 14.4 10.0 18.2 10.5
2nd drainage 10.7 10.0 15.6 10.5
Ottawa #3820 1st drainage 10.2 8.0 143 8.5
2nd drainage 7.9 8.0 12.5 8.5

yote: All variables are defined in Equations (7) and (8).
From experiment (see Figure 22).
“From SLCCs (see Table 5).
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exceeded for this to occur. Especially in fine-grained sand, the entry pressure might be
such that a body of continuous diesel may be retained below the water table.

In three-phase systems of air, NAPL, and water in which the water phase is the most
preferentially wetting fluid followed by the NAPL and the least wetting air phase, the
total liquid saturation is a function of two-phase air/NAPL matric suction (Equation (7))
and the water saturation is a function of two-phase NAPL/water matric suction (Equa-
tion (8)) (Lenhard & Parker, 1987). Therefore, the SLCCs of two-phase systems
obtained in Figure 7 can be used to estimate the residual liquid saturations observed
during drainage stages of three-phase experiment, the comparison of which is sum-
marised in Table 7. It can be seen that the comparison is acceptable and the results of
second drainage stage give better consistency.

S = 85" (Vo) ™)
S =S (W) ®)

where S7°" = §57 4- S4°", superscript aow denotes 3-phase system, and superscripts ow
and ao denote 2-phase NAPL/water and air/NAPL systems, respectively.

Figure 23 presents the amount of diesel fuel above and below water table at equilib-
rium of each stage. It is noted that the elevation of water table is derived from the water
pressure at the base of the column. During drainage stages, most of the diesel fuel
locates above the water table. Very small amount of diesel fuel enters under water table
for Ottawa #3820 because diesel fuel depresses the existing thin capillary fringe due to
coarse sand particle size. During imbibition stages, 37-47% of the total amount of die-
sel fuel is entrapped under the water table. Comparison of the results of first with sec-
ond imbibition stages, there is no systematic difference in the amount of diesel fuel
entrapped under the water table with the change in particle size. Several parameters
may affect LNAPL distribution in porous media after water table fluctuation, including
volume of LNAPL present, magnitude and speed of water table fluctuation and porous
media and LNAPL properties (e.g. Lenhard et al., 1993; Oostrom et al., 2006).

7. Conclusions

The effects of water table fluctuation on diesel migration in vadose zone are investigated
by one-dimensional column test. The saturation distributions of water and diesel in the
entire flow domain under transient condition are measured by the SIAM (Flores et al.,
2011). The two-phase column and Tempe pressure cell data yield soil-liquids character-
istic curves (SLCCs) of air/water and air/diesel systems. The empirical model of
Fredlund and Xing (1994) fits the experimental data better particularly at large matric
suction. By applying scaling procedure (Lenhard & Parker, 1987), the SLCCs of a
diesel/water system can be predicted. Comparing the SLCCs of three two-phase sys-
tems, a descending sequence of matric suction at a given saturation of wetting phase is
in the order of air/water, diesel/water and air/diesel systems. Finer particle size gives
larger entry pressure (y,), residual matric suction () and residual degree of saturation
(S,), whereas larger fluid viscosity yields smaller y, and y,.

The three-phase column data show the effects of groundwater table fluctuation on
diesel fuel distribution. Water table fluctuation results in a considerable increase in the
vertical extent of the source zone. During drainage stages, diesel and water are present
as residual phases above the water table and the total residual saturation of finer sand is
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larger. These residual saturations in three-phase system can be predicted from the
obtained SLCCs of two-phase systems according to Lenhard and Parker (1987). During
imbibition stages, the experimental data suggest that air and diesel are entrapped below
water table with the entrapped air saturations of 18-24% and entrapped diesel satura-
tions of 6-10% for fine sand. The residual diesel saturations during drainage stages and
entrapped diesel saturations during imbibition stages do not show any systematic differ-
ence as these stages are repeated. When the sand particle size becomes coarser, the
entrapped diesel saturations are smaller; however, the entrapped air saturations are lar-
ger. The amounts of entrapped air obtained from this study are much larger than those
of other researches which may be due to the used of denser sands and more rapid water
table movement in this study. During imbibition stages, 37-47% of the total amount of
diesel fuel is entrapped under the water table. Comparisons of the results of first with
second imbibition stages and of fine with coarse sands do not show any systematic dif-
ference in the amount of diesel fuel entrapped under the water table.
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