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Abstract

This research aims to study the factors affecting the relationship between
liquids saturation and average optical density in five different porous media (i.e.,
Ottawa#3820, Ottawa#3821, Toyoura sand, Ayutthaya sand, and Chonburi sands). Red-
dyed Paraffin liquid with Red Sudan Il (1:10000 by weight) was employed as
experimental liquids in this study.

Physical and chemical properties of both porous media and liquids were investigated in
laboratory including specific gravity, sieve analysis, lgnition loss method, Scanning
Electron Microscope (SEM), viscosity, vapor pressure, and transmittance properties.

All samples were prepared at varying water and paraffin liquid saturations and
compacted into cylindrical container, and then image of each sample was taken by 2
consumer-grade digital cameras fitted with 2 different band-pass filters (450 and 640
nm). Images were analyzed by an in-house program to obtain the average optical
density for each spectral band. Graphic plots of degree of liquid saturation versus
average optical density were constructed for each porous medium.

The results indicated that average optical density in both spectral bands were
linearly proportion to degree of liquids saturation for all porous media except
Ayutthaya sand which average optical density were inversely proportional to degree of
liquid saturation and There were no linearly relationship between average optical
density and degree of liquid saturation in Chonburi sand. Factors affecting the
relationship between liquids saturation and average optical density were particles size
distribution, surface texture of porous media, elements in porous media, and initial

color of dry state of porous media.

Keywords: Average Optical Density, Saturation
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auuvewaslindldnasnszezinainismaass Inenisnaasslildnasnlniisanu auim 1000
o vinmsneasdnsunsansiedaniluaninuislundied auin 150x120x6 wu. wagviinsUdosin
nduaswsuiiiiievilisiegrmsedaniduda ndanduiinisansysuinas way ¥inns
Tuiinameneiiluanivisudunoudiaviinnisindeuiives n-heptane Tnsagldnmildnmiidu
g"dmwé’wﬁﬂﬁﬂumim%auLﬁsmmmmmL%’mammLLaz"?miwﬁmmszéﬁ’umiémﬁwm n-
heptane Tunanlag szuinanismaaes ndsantduriinisusesldiinisinaves nheptane w 30
Renansvesudted Tnsnisneaasldenaalvdinisivavesitluuuisu Tunsmaassdinisfing
Pressure transducer fisyfuLANANSAURIWITIAY 14 ﬁ;mﬁaﬁ'ﬂmmﬁu"uadﬁmaz n-heptane tag
Wevhmsaeuiumssdunsdusaiildannsiasizinmaies nsnaassldnadufivmelslunis

U58110ANT2AUNTTBUAIVRS n-heptane Tugatuaunlidudifisurdseginiloseauiinviinis
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' LY o

auauld dwnisussanaseaun1sdudives n-heptane ludnsduRuioganinsgauinlddudiu
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v
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NalawinNals Inen1sanwIdeiuieswuinislunisruaiasfnelun1simseianseauaIng
dufvesvaLanaly
Darnault wagAmy (1998)lauauainatinnsdoInIuYalas (Light Transmission Method,

LTM) Tun1sUSEUIAISEAUNISOUAIVDIUDIVB A b USEUUaR LN d (U1-LNAPLLA8YiNNNS

o

'
a = [ a

Wisuisumearduiugsznine Hue Sadurfuansnnauifanuudansvesdiusefunisdud
vo9th Tunmsvaassazuisoondudestunou fe tunsunsnidunisaeuifivumauniseuduiug
19361 Hue Wwaw Usinaauautiuresilude3anns (Volumetric water content) ¥1n13vnaes
waiuay Sotrol 220lufiunsnedanneulsiurnseiunsduivesnidsdoudfiuas Sotrol 220 7
Sasrdrunnnaieiu S1uauiedu 6 619 wazsiinisussyfiegnsfuasluuiisiaosda vun

32.5x26x1 @u. lnefnsisvaonlivigeesaiduddiuiuisdy 24 naen Nunamesuiisiiasiinisdy



AMNuEINdeIIUiIRg19RUAIENaeIAle e naeazgniuiinlusyuy RGB Tu VHS iny Fedaein
n1suvaaninatsann RGB Ty HSI (Hue, Intensity wag Saturation) lne Hue Tuguuuu HSI

A131150911991n91N RGB 1Ink®as (R = AwAd G = Aleankas B = @91) AUunIuaifuiatdinsu

29AUTENDULAALLINLADSHILA 0-255

H =255 Y—arctan(w) (2.4)
360 J3(G-B)
Y WuAnsivsduegivanuduvesd@ldenasdi (Y= 90 dw3U G = B, Y= 270 d1%5U G < B)
NMSUSeUIBUAILRABTDY Hue 910 100 ANadaNnATNENgU8Ieag19AUTaNSEAUNIT
AUAVBIUNNLANAAY 6 A1 WUINANMUFUNUSVDIAT Hue wag USUIAINUAINNTUIDIUN LULT

U31105 AAUEUNUS UL UULEUNTS

UM 2.2 fMegehiunsedan1siseAunsaufiIvesiiuag Sotrol MuANA1aY

[
[

YUABUNFIINN P AUNITUIANTEAUNITOUAIVBIUINUAT USUIUAIIUANUTUYBIUNLULT

Usumsainnisasuiisudunisnagauldmnudusiussananlunismaas uniA1seAuNIsUAIva 91

P
aaada v Y

Nan1ganeg lnen1sdnassnisindeumvesitluuisidesdiindusianie Sotrol Ineiin1siseuiiisu

[y

ANSEAUNITDNFIVDIUINENANNITENATANITADINIUYDILES AU ANTEAUANUDUFIVDIVDWNAAINLA
INNTINAYSIFDNDG WAaLINNNITANUIUUSUIUUINLTAS I ULARENITNAGDI DINNITNAADINUIN
wiatiansdesiuvetwasiinuminzauiunsussgnaldludinansiiinnunguliunans Wil uag

[y

A19EAUNNTONAINLAININATANITED UV ILES ﬁﬂ'mammﬁaumﬂmmLﬂuﬁﬂummmmﬁlm



AnuarUsnasuntheuied Yoidvvesistie usildesdostivunafiunafiofiaylfuasauisodes
Husinanslauasfianalseiivuinngulas s

Simantiraki hazAalz (2008) UNnALANITADINIUVBILAS (Light Transmission Method,
LTM) Tunnsuszanamssdunseusivesveseunaslussuvaaama (th-LNAPL) Tngvinnnsaeusiiou
WIANALFNTUESENINe Hue AUUSHIAI AN U0t luBsUSunng (Volumetric water
content) LAEAIUFUNUTIENINIAULTNYBILET (Intensity) fuUsanamuALTure st luida
U3u195 (Volumetric water content) Iumwmaawzﬁwaaqmi%’ﬂwamm LNAPL ﬁmam%um‘*gmu
@ 0.003% Tneazfalnamilotunsiolusnsfine wasiiuadlasit vnsdudinnmdiondos Tnown
amdildanndasluiieszianaiomnuiduveanasiislusunsy MatLab wWienissfunisdusives

A5AABUNVEY LNAPL A lvalulau

= 255(@) (2.5)

Ui 2.3 fhegamsmnisindeudives LNAPL Taglélusunsu MatLab

nnmMsaeuiisumldazthiaanesdnlunsaeuiiou wazasuldidmauiduresuas
aruUsRunITuATERUNISBNRIY8Y LNAPL waznsine1duuenin Awes Hue asulsiunsatuen
syfUNSBNFITe e Tunaundsannisdeuisuaztluminisnszaedaves LNAPL flnalu
LUIAILETILITIU Ba1nnansvaaesansnsanliianizan LNAPL

Flores wazAmdy (2011) ULd@ueIlAT1¥RAINa180819418 (Simplified Image Analysis
Method, SIAM) ifieldnsAnuinisiinszsimserunmsdusveseaan lufnanangudeisdidunis
nageunuulivhane war ansaUssdfiuAnssiunseusivewesanldneldanmwain vonand
feanunsnUszanumsziunsdusvesveamarlimngdunislunmaedildlunisiinsegi Flores

wazAny (2011) WUINIBTNTIATIERAME8TEoU Fegnuauslay Kechavarzi Waganiz (2000) 3



MsUszmsERUNBufvemesrairura madeulunnanduasuiiesnntymnnsinm
VBIHUNFDI u,azammiﬁ‘mumﬁﬂizmmﬂ'ﬁzﬁumﬁm’hsuawmmmlﬂuaumﬂamﬁ’ulunn6‘]
sumislunmaneflalunsiinse
Bmsiildlunisaeuiiivuiiioniaunisuaninuduiusseninessiun1sduiive 1w umad
annsavitlalnenisaneniniiies 3 A 9nndesRaneadewinnsandsiiamesnseuasi 450 unlu
WAS uaE 640 UNLAs Tnevin1ssoufieg1afied 3 10819 F9uanA19a1nIsTnis asIen
AmaeBadeuiidoninnisindeudiednais 74 freg1s Tnefeguiauiaegsaunsamiesly
redususeudianiazldlunsfinvimginssunisindeusives LNAPL visluanin 1 Gfuay 2 34
FreeaieauUsEnousie FInasEnImuie fanansan ndusadaetn way fanansanimduigae

[ |

LNAPL flsuansluguil 3 Tnethazgndenddediin fe Brilliant Blue §n3dru 1:10000 Tnetmin

WAz LNAPL 9Qnéaudnng Red Susan lll §n57d7u 1:10000 Ingdmtniduiagiiun1suusiiuives

amagieldlunsITieTegiamangegsienanssisgui 4

Ciry sand Full water Full LMNAPL
S = 0%, 5, = 0% Sy = 100%, S, = 0% Sy = 0%, 5, = 100% A

UM 2.4 nswieudieganldlunisaeuiisuanuduiusueisinsennnaigat1aineg



uni 3
aco =
Asn1sAnE

115 TUN53981ATINITNIS AN BIMIANUFURUSTEMIeAIA UL L UL T d L RA A
syfumsdufvesesaslunseidamequiinsaastesniduauddil
3.1 AMENUANIINENTWLALRIAUTENBUNLANVDIAUNTY
funseildlunisAnuuszneusefunsueanniii 3820 Aunseeenn1Il 3821 AUNTIY
Y5 AUNTILYAYS UavAunTelngsy TnenMAdeULENIFImIT1eT 3.1

M13°99 3.1 NIAFUANANTANIINMENMLALBIAUTENDUNUATITRIAUNT Y

N1INNdaaU AINIZIUY
Specific gravity ASTM D 854
Grain-size analysis ASTM D 422
Loss on ignition ASTM D7348-13
Scanning Electron Microscopy -

3.2 Qmauﬁ'ﬁma NMYATNVBIVDILURA

g v = 1% - = & Yy Ay
SU'E'NL‘Ma’JVIELSU IUﬂqﬁﬂﬂU’]ﬂigﬂaUﬂjﬁJ u’]LLagleNQL‘WafﬂﬁstUNQL‘VT@?Q%QﬂU@Nﬂﬂ?S Red Susan

Il §n3au 1:10000 Taerimiin NsnadeUANENTRN N8N NYBBLIEIUTENB UMY
® MINAFDUMIANUANINNE (Specific gravity)
® nsngEIUAUULA (Viscosity test)
® nsmagesuAUAUle (Vapor pressure test)

e nsnadeuAnENTRNIHILlAvTaIMAs (Transmittance)

3.3 AUAUNUSTENINNAIUVUIUULTILEURAYLALNITONAIVDIVD AR

v v 6 1 1

MsMAasIALdITLS S AL AR LAz ST R uNsBuTveweuvadly
AUNTI8TUAAI99A1835LATIZRA N8I T (Multispectral Image Analysis Method, MIAM)
awnsasiunisnaaeslddl

I3EUFBE MBI ULT 40-50 N3a NALUILAYINSITIY TisRunsauIdIEve LtaLANNg

Aududurunsdu 60 #1989 dofunstenileria 91nduYiINI5UTIPFI0g9alugUnsaiussy
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GT’J@EJ’NVI?QﬂS%U’E‘]ﬂﬁl,é’us\i”lﬂu‘&jﬂa’]ﬁ 4 %53, AINUE 1.96 %31, wazUSuInsiade 24.64 au.gu. lng

AITUANAYIIVUILLUYBINTIEMIDE1WINAY 1.64 nTU/AU.9a. gUNIRIUTIIIRENUARIRAgUR 3.1

5UN 3.1 gUNInlusTIeLehu

9 9

$INITA1YNINAIDL1INILNABININDATIUIU 2 F7 LAUNADILAALAIVIINITANFINAMBINTBY
wasdlvi LA 450 Wil waz 640 wluwns Tamesnsauatantlugun 3.2 Ingviemaass
a aa a X o o ed s & A o
1N15AIVANQUNNTN 25 DIALTALTYA KATAIUANAINTUFNRANSA 70 WesiFud iedesiunis

Y 9

STMeveawal NMsinasgunsallummegeunandlugui 3.3

L\

(n) 450 WluLURS () 640 WULUAT

3UN 3.2 Namasnseauas
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E Soil Sample
z .

X-Rite Gretagmacheth
ColorChecker white
balance card

30 w LED floodlight 30 w LED floodlight

Nikon D90 with 640 nm
Band-pass filter installed

Nikon D90 with 450 nm
Band-pass filter installed

Computer-I Computer-I1

Ui 3.3 gunsalildlunsmaaey

sUdeiligminluliesgiifiomeanamuuiudauaiadefianud 450 uilung wag 640
wluiuns Inglilusunsunmsdunniideutusonuas MatLab Tneguiieldanndosisans avelu
sUuUU NEF aduguiuy Raw file ¥9andaa Nikon agdeainnisuvasguaielieglusunuy TIFF
(Tagged Image File Format) vu1n 16 U6 (65,536 Land) ﬁ]’lﬂﬁ?uﬁ’]ﬂ’liLLUﬁQgUﬁWﬂIﬁLﬂULLUU%’]’Jﬁ’]
wazvimsidenduniswesunafiaziinseyt Jsflvuia 137x137 finlwa uazidendumivesdun
iiel481989 vinnsUszananalagldannisd 3162eTusunsy Matlab nadwdildaziduriaiy
ynuuuanadefiaud 450 wluums was 640 wiluiuns %umaumﬁmswﬁmwmaLLamﬁqu

Y
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Nikon NEF 12 bit Nikon NEF 12 bit

C>

Grayscale

TIFF 16 bit TIFF 16 bit

5080 | 5069

7472

5099 | 5187 | 5099 | 5068

|sm' 5157 | 5099 | 5069

|« 0.5745

0.7079

640

JUN 3.4 TunuMTIATIRRANEY



uni 4
NAN1SNAEIU

4.1 Nﬁﬂ’]iﬁﬂ‘l‘:}’]ﬂmauﬁ’aﬂﬂx‘m'}Elﬂ’]W‘U’eNa‘u‘Vl’i’]El

HAN1INAFDUANANTANIINIENINVDIAUNTIURANIFINITIN 4.1 LFULAILANINTT
N3¥YMIVBIBUNIARY KARIRIFUN 4.1

M1519% 4.1 NansAnyIAMENTRNNEANYRIRUNT Y

Properties Ottawa 3820 Ottawa 3821 Ayutthaya Chonburi Toyoura
Specific gravity, G, 2.62 2.66 2.62 2.65 2.64
Uniformity coefficient, C, 1.02 0.72 0.99 0.97 0.89
Curvature coefficient, C. 1.67 2.00 1.63 3.33 1.75
Mean grain size (Dsp), mm 0.70 0.50 0.23 0.40 0.25
Uscs SP SP SP SP SP
LOI (%) 0.38 0.13 0.61 1.26 0.50

MNMIMAgEUNUNAAIE SNz vRsRuN T RlInaaeUTAegsEing 2.62-2.66
funseeenn1in 3820 Svumveadaiulvgiiando 0.70 uu. drufunseysefivuinidniian
f9 023 uu. AUNTIBRNIMUARINITATILUANINTZUUNNTI LN AULULLBNA W (Unified Soil
Classification System, USCS) Iadufunsiefifiauinatinaue (SP) nan1snsivaeulsuia
asdunIelufu se38 Loss on ignition nuhAunmevay3ivinamduniduueguniigaie
1.26% dufumseoonnn 3821 TUTunuasduniduuegesiian fio 0.13%

100 7B
=@- Ayutthaya
80 =@ - Chonburi
_ =@ - Ottawa 3820
8 =l Ottawa 3821
§ 60 A Toyoura
[t
£ 40
©
a
20
0 x 7y
10.00 1.00 0.10 0.01 0.00

Equivalent grain size (mm)

JUM 4.1 FUlAUanIn1sNsEeMIve0un1AfY



4.2 HANTIEENINVYIGBUNTNAILLATEY SEM

15

a A = a o o = ¥ a 3 a 14 14
Aungealdlunisfnyiyneiagniiluiinisfinvilassasieuinutuilisiende
aNsIAIBIANATOURUUADINTIA 0 AUGNADITANTIAY AULINEIANERS UNNINBITEYITNI WA

NMINAFBULARINIFUTN 4.2 Deguind.6

80X

_—
W SionolA - SEY

smKx  wo-

100X

600X

3000X

JUN 4.3 nam1sEnenIMveIgauNINAELATEY SEM YasAuNIIgeennIn 3821



Wag=_170x o

v e
Mag= SUDKX WD e ENSIGME  SowlA<SEY

170X

600X

3000X

JUN 4.4 HANENENNVLILBUNNAELATES SEM Y09AUNT 180858

Wag=_ 0¥

WD- timm  ERTE 1RGNV Sionol A= SEC

o= 170X WO« 12am

ENTH ISRV Signol A= SES Hag= 300K

WD+ ttem  ENT1GME/  SionolAsGEN

170X

600X

3000X

UM 4.5 HaNSENENINVEILBUNINAILLATEI SEM YDIAUNTI8VaYT




180X

600X

3000X

JUN 4.6 HANNSENEAMVLIBOUNNIBLATES SEM YasRunsglngse
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HAYDINITAIEAINVEILDYNINAIENEDI9aNTIAUBIANATOURUUABIN TNV ILITY
Snwasuariuinveadinfuudazaiadudd visegsfivuinveadeniodn nvuzvos
sUadumasuay Milnnugess nevayiilvunvessianednuasingrauiu Snvas
v9e3Uadumasuny Aaiflnuvguse ns1weenn1an 3821 vuravealinnieidniiaiig
atiaue dnvuzvesgusradunsenay ArllanuEeu niweenn1n 3820 vulavealiange
TngjfigaislowFeuifisuiviunsesindu dnvarvesgusradunsnan inflnrmruszidnies
n38lngse vunvesdianeidn Sanvasane dnvazvessuiadumasy dadamusey

ian

N31MNITUAAINITNTLINYAIVRINEGAUER (EDX Spectrum) Uananaguil 4.7 fagui
4.11 Y3519 v0dusagiIeg9iunse uansiegun 4.12

P2-Apr-2015 15:05:30
LSecs: 53

Label :
4 o

B4

2.6 —

KCnt

n.8

Al

K

-

2.00

4.00 6.00 .00 10,00

12.00

14

JUN 4.7 N5 MUAAINIINTELRIVBINANUT (EDX Spectrum) UaiunsIgoanmn1i 3820
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P2-Apr-2015 15:25:38
Label: LSecs: 42

3.6 —
Si

2.9 —

2.2 —
KCnt

.4

0

0.7 — HafM

cl M K
oo -

200 4.00 6.00 .00 10.00 12.00

3UN 4.8 N3MUAAININTELMVBINANUETE (EDX Spectrum) U89iunIIgeann1In 3821

P2-Apr-2015 16:08:10
Label: LSecs: 32

2.5 5

1.5 —
KCnt
1.0

0.5 — HaA

e "
0.0 ¥ y

2.00 4.00 6.00 §.00 10.00 12.00 141

3UN 4.9 N5MUAAININTENLRIVBINANUTW (EDX Spectrum) UaiunsIgoese

P2-Apr-2015 16:23:42
Label: LSecs: 32

1.4 — _
Si

1.1 —

0.5 —
KCnt
0.6 —
Ha

0.3 1 Fe

K Fe

2.00 4.00 6.00 &.00 10000 12.00

5UN 4.10 n319LAAINIINTEINYAIVDINGIIUER (EDX Spectrum) VeIRunsIevays
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P2-Apr-2015 15:39:12
Label: LSecs: M

1.8 —
Si

1.5 —

1.1

KCnt

0.7 —

0.4 — Ha

0.0 — ¥ f u u t
0.00 2.00 400 6.00 8.00 10.00 12.00

5UM 4.11 n519UaAIN1INTELMIVBINGIIUE19 (EDX Spectrum) vasiunsielngse

NIIMUAAINITNTLINYAIVBING1UFT (EDX Spectrum) vesiunsignnviianuii @i
Tugjuszneulusesnianeu (S) sendiau (O) uazegiidlon (A) uenanddawusnman (Fe)
waglnunaden (K) luiunsievays naveinsAnwiesdlsenouniuaiiveaiunsielnegds EDX
LaAnafaguR 4.12

60

50
M Carbon (C)

4c M Oxygen [Q)
m Sodium (Na)

;5:; 20 Magnesium (Mg)

W Aluminium (Al)
M Silicon (Si)

20
M Potassium [(K)
W ircn (Fe)

10

0

Ottawa (3820) Ottawa (3821) Ayutthaya Chonburi Toyoura

UM 4.12 waveamsfinwesAuszneumanilvessiunselagds EDX



20

4.3 NANSANYIAMENUTANINNIENNVBIVBLNEAD
vaunainldluns@nwiusenaume diasidaval Inglravaiazgndeudnie Red
Susan Ill 895183 1:10000 HANITNAFBUAMANTANIINIYNINVBIVDINAILANIAINTINN 4.2

¥ v

waznansAnwAandinisulavesuatuln way Fuvandousieduag uaniagui 4.13

715199 4.2 NaNIANYIAMANTRNINNEATNYBIVDLYE

Properties Water Paraffin Liquid
Density at 20°C, Ps (g/cm’) 0.998 0.883
Viscosity, V (mm?/s) 1.00 242.41
Vapor pressure at 30°C (mmHg) 4.30 0.50
160
- Water r
140~ I
== Paraffin liquid |
120 {
0] _’—""_--‘_-"\J
£ 100 [ T
£ /
£ 80 4 f
VAN,
= /]
© 60 /4
/
40 /
[
20 /
_ /
0- H : 4 H .
0 200 400 600 800 1000

Wavelength (nm)

JUN 4.13 AaandAnisiulavesadluin way THavaIdaumedLna

¥y
= A

IINMINAFBUNUIIAUMUILLLYEINAD 0.998 nSu/au.au. way Thamnadne 0.883
n$a/au.y. AANuniiavetinge 1 uuZ/Aund uas TRamaiiie 242.41 1 un?Aunit wazild
audulerestuasiiamaaigumad 30°C vy 4.30 Safwnsusen war 0.50 dadiuns
Usen suafu

ﬂﬁmaammamﬁam'imuié’suaqLLaﬁﬁmmﬁﬁmﬂ Tnewp3ad UV Spectrophotometer
Tuiliifeuanuinfinnueninauusyanm 200-300 uluwasuassuldUssann 10% 9ntu
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AMUEINsalUNITHULATDILARANTLIUDS 90% N1AUBIAAY 400 UITULLAT INUULANTY

& v = ::4' | = XX 9] = !
wntegliauisrasmuennauyszuin 900 wiluwas dulunsalvesiisarfonduns waslsl
aunson Ul luYIANNEIAGUAINTT 400 UTTWAT INULILARE U IR ITLaRULAIUGS
110% 71939A21181IAAU 550 UILWUAT wae wasauiIulaaTandis 150% NY9Aue1InaY
900 ulutuns

4.4 AMUFUNUSTZRINNAINMURUILUULITILELAAIUAZN1TDUAIVDIVDINA

aué’aasmﬁgq 5 %1l aﬂﬂjﬂmﬂ/lﬂﬂEJU‘Vﬂﬂ?ﬁﬂﬁﬂﬁNéi“ﬁﬁﬂﬁ’]ﬂ’JW%U’]LLﬁUL%ﬂLLmLQgEJ
LAZIZAUNITBUFIVEIE AR IEITIAT TR A ME e T sdeu (Multispectral Image Analysis
Method, MIAM) IﬂamumamqmLmaumumumiawmmamaqmmLmﬂmqﬂumummumau
60 fegsniuihlugenmuayinszimeauduuauaasivasueneay 450 uiluwns
(Daso) U FNANUE1IAAY 640 UNTLUNT (Dgao) hagtummAanuduiusiusedunisdusves
YDANAD HANSVAROULANIT IS 4.3
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A15199 4.3 ANUFUNUGTENINAIANU AU L UULTILELRRULAT TLAUNITOUFIVDIVB LA

Ottawa#3820 Standard View Orthogonal View
B
Daso 7 ,%%’}Z"
2 d
Deao
- aw
’ ” |
Y o —
Y3845, oy 32 32 a¢ a7 at
4 3
Ottawa#3821 Standard View Orthogonal View
Daso F
Deao
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M990 4.3 ANUFUNUTTEIINIAIANUAULUUTILELRA LA TLAUNTOUFVDIVDLMAT (71D)

Ayutthaya
y Y Standard View Orthogonal View
sand
gt e
3
Daso T b
& as |
Deao ol :.=| 1
-":ll \\L_____,..—-—-—I-
T s
s 5,
Chonburi
Standard View Orthogonal View
sand
Daso F
Dsao i

ak T ¥ T
B 42 02 dd 0 02 42 WA
i
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M990 4.3 ANUFUNUTTEIINIAIANUAULUUTILELRA LA TLAUNTOUFVDIVDLMAT (71D)

Toyoura sand Standard View Orthogonal View

a* :.'."""""""""'\

e o -

=

Daso

®a

y
w
1]

Deao

33133323209 2133 37 3= 32

5 i

AN5199 4.4 AUNTHANIANALNUSTEUINAIAINUNUILUILTILALRALALIEAUNITIUAIVDI
Yaaadlufuns Y

Material Das R? Degao R?

Ottawa 3820 0.100 + 0.220 S,, + 0.665 S, | 0.930 | 0.104 + 0.134 S,, + 0.224 S, | 0.840

Ottawa 3821 0.082 + 0.232 5,, + 0.693 S, | 0.920 [ 0.074 + 0.152 S5,, + 0.312 S, | 0.893

Ayutthaya 0.405-0.181 5, + 0.277 S, 0.881 0.151-0.009 5,, + 0.5195, | 0.776

Chonburi 0.654 - 0.239 S,, +0.0095, | 0.626 | 0.456-0.0625,, +0.1595, | 0.622

Toyoura 0.152 + 0.334 S,, + 0.587 S, | 0.872 | 0.090 + 0.182 5,, + 0.307 S, | 0.864

NHANINAAEUANLEURLSTE A ANITL LU T LA uaE T2 AUN TN
YosmadluAuNIIELAnEiafy 5 ¥RANUTN ALELRUSIEWIIAIAIRLIRLUL AR
LarszAuUNIBufvesvesmarluAuNII8e0nA111 3820 08ARNI 3821 Aunelngse i
auduTuEfuLuULUsY namAeiiastfunisdufivewewmarlufunseriiuaniy Araau
Wuuasadefivundunalde AIUAUNIIEOYEET AUFUNUSTEVNINAIANUNUIRILTINES
WwasuarszAuNduFIveIvewardinuduiusfunuunndu nanfe Weszdun1sdusives
vosmarludunsefiuuiniy Aanudusanaieiidanas daulufunsevays liny
AUETUS LU USE AL LT AR A LA T2 UNN S AU YD 1D a7




uni 5

ARTITRUAZATUNANITNAGDU

5.1 AIANUNUIMUILTIHERAELAZSTAUNITDUM IV IVBIMAT

Ausogena 5 via gNUINIMAFRUMIANUFUNUTTENTNAIAMUNUIUULTINES
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Abstract

This research aims to apply an image analysis technique to investigate relationships between liquid saturations and Average
Optical Densities (AODs) of four different porous media (i.e., Ottawa#3820, Ottawa#3821, Toyoura, and Chonburi sands).
Water and diesel are used as liquids. Twenty tested samples, including 10 samples of air-water two-phase system and 10
samples of air-diesel two-phase system with variations of diesel and water saturations, are prepared for each porous medium.
All samples are compacted into cylindrical containers then photos of each sample are taken by two digital cameras fitted with
different band-pass filters. The photos are analyzed by an in-house program to obtain average optical densities for each spectral
band. Relationships between AODs and liquid saturations are analyzed for each porous media. The results indicate that AODs
are linearly proportion to degree of water and diesel saturations for all porous media in both spectral bands except Chonburi
sand. The reason is due to the fact that Chonburi sand has a very rough surface which can absorb water and other liquids more
than other media.

Keywords: LANPLs, Diesel, Saturation, Image analysis method

1. Introduction

Diesel fuel and gasoline leakage from underground
storage tank (UST) is one of the most common subsurface
contamination problems. Petroleum hydrocarbons do not
readily mix with water and are known as Non-Aqueous
Phase Liquids (NAPLs) which can be classified into two
types, i.e. denser than water (Dense Non-Aqueous Phase
Liquids, DNAPLs) and lighter than water (Light Non-
Aqueous Phase Liquids, LNAPLs). Understanding the
distribution of NAPLSs in the subsurface is important for cost-
effective remediation strategies of contaminated aquifers. In
laboratory investigation, measurement of NAPLSs saturation
is the most difficult and important task in acquiring precise
data [1]. Most image techniques used photon-attenuation,
such as gamma ray [2] and X-ray techniques [3] to obtain
NAPLs saturation. Multispectral Image Analysis Method
(MIAM) has been developed by Kechavarzi et al. [4] as an
alternative tool for measuring saturation distributions of
NAPLs, air, and water in laboratory experiments under
dynamic condition. Kechavarzi et al. [4] successfully
established linear relationships between NAPL (Soltrol 220)
saturation, water saturation, and optical density of silica sand
by using narrow spectral band-pass filter (10 nm large and
centered at 500, 760, and 970nm) installed in digital near-
infrared cameras.

This research aims to study saturation-optical density
relationships in four different sand, i.e. Ottawa#3820,
Ottawa#3821, Toyoura, and Chonburi sands. Diesel is

*Corresponding author. Tel.: +6681 451 4387
Email address: sitthiphat@buu.ac.th
doi: 10.14456/kkuenj.2016.44

selected as a NAPL and two Nikon D90 digital cameras with
640 and 450 nm band-pass filters are used to capture
reflected light intensity within each spectral band. An image
analysis technique following Flores et al. [5] is used to obtain
NAPL, air, and water saturations. Two-phase (air-water and
air-diesel) relationships are established for all porous media.

2. Materials and methods
2.1 Multispectral image analysis method

Multispectral Image Analysis Method has been proposed
by Kecharvarzi et al. [4] and provides a non- destructive and
non-intrusive tool to measure degree of liquids and air
saturations in both two-phase and three-phase system under
dynamic condition. It provided a relationship between
Average Optical Densities (AOD) and degree of liquid
saturations in sand. The Optical density (Dr) is defined in
term of reflectance as shown in Eq. (1).

D, = —log(%) (1)

where I" is the intensity of the reflected light from interested
object and 1° is the intensity of the reflected light from an
ideal white surface, respectively.

The quantity of liquid presented in the system can be
captured by digital cameras fitted with band-pass filters.
From digital images, AOD (Di) can be defined in term of
reflected light intensities as shown in Eq. (2).
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where N is the number of pixels in the interested area and,
for a given spectral band i, dji is the optical density of each
pixel, I; is the reflected light intensity from each pixel, and
1;0 is the reflected light intensity from ideal white surface.

In two-phase (air-water and air-diesel) system only one
camera fitted with band-pass filter (wavelengths A = i) is
required. Liquid saturation (S) can be obtained from
following equation.

D, =aS+b ©)

2.2 Material, Equipment and method
2.2.1 Material

Ottawa#3820, Ottawa#3821, Toyoura, and Chonburi
sands are used in this study. Basic properties of these sands
are presented in Table 1. Figure 1 presents X-ray diffraction
technique (XRD) diagrams of all sands. The results show
that a dominant mineral of all porous media is quartz. Albite
is found in both Chonburi and Toyoura sands. Microcline is
found only in Chonburi sand and Orthoclase is found only in
Toyoura sand. Scanning Electron Microscopy (SEM) is
conducted for all porous media to investigate morphological
appearances at surface of sands. Obtained SEM micrographs
are shown in Figure 2. Red dyed diesel by Red Sudan Il
(1:10000 by weight) is selected as LNAPL and blue dyed
water by Brilliant Blue FCF (1:10000 by weight) is used in
this study.

2.2.2 Equipment

Two Nikon D90 digital cameras each fitted with a band-
pass filter (450 nm and 640 nm) are used to capture images.
White balance, shutter speed, and aperture of both cameras
are kept constant. Two computers are used in this experiment
and each computer are connected to digital camera via USB
cable to remotely control digital cameras by Nikon
Camera control Pro 2 program. X-Rite Gretagmacbeth
ColorChecker® white balance card is located close to the
samples for white and black color reference. 30 W LED
floodlights are applied in this experiment to lighten the sand
samples. Equipment installation is shown in Figure 3.

2.2.3 Method

Known amounts of water and sand are mixed to produce
10 samples with a constant dry unit weight of sand with
variation of water saturations. The samples are packed in 25
c¢m3 cylindrical shape container (h = 20 mm, d = 40 mm).
Reflected light intensity of each sample are captured by both
cameras which are located approximately 1.5 m away from
the samples. To prevent evaporation of water, humidity and
room temperature during test are kept constant at 70% and
20 ° C, respectively. Diesel and sand are mixed with
variation of diesel saturation to produce another 10 samples
by similar procedures. Photos of all samples are recorded in
NEF format and ViewNX 1.5.0 software is used to export all
photos to TIFF format after that TIFF images are analyzed
by MATLAB release 2007a following the methods of Flores
etal. [5]. Image analysis procedure are presented in Figure
4,
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Figure 1 XRD diagram (a) Ottawa#3820 sand (b)
Ottawa#3821 sand (c) Chonburi sand and (d) Toyoura sand.
Peaks are due to Quartz (Q) (SiO2), Microcline (M)
(KAISi308), Albite (A) (NaCa)(SiAl)408 and Orthoclase
(O) (KAISi308)

3. Results

AOD and water saturation relationships in different
porous media for A = 450 and 640 nm are presented in
Figures 5 and 6, respectively. Image analysis results show
that AODs in both wavelengths are linearly proportion to
water saturations in each image for all porous media except
Chonburi sand. The average optical density at wavelength A
= 450 nm of Chonburi sand is linearly independent with
degree of water saturation and the coefficient of
determination (R2) in Table 2 shows the lowest value when
compared to others porous media. At 640 nm wavelength,
the coefficient of determination (R2) is much better than at
450 nm wavelength indicating that the air-water two-phase
system by image analysis method at 640 nm band-pass filter
is more suitable than at 450 nm band-pass filter.
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Figure 2 SEM micrographs of tested sand

Table 1 Basic properties of sand
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Properties Ottawa#3820 Ottawa#3821 Chonburi Toyoura
Particle density, ps (g/cm?) 2.64 2.63 2.66 2.61
Uniformity coefficient, Cy 1.47 1.56 2.68 151
Mean grain size (Dso), mm 0.643 0.422 0.397 0.224
Soil permeability, k (cm/s) 2.02x10%2 1.80 x 1072 3.69 x 102 2.01x103
Average Porosity 0.375%0.012 0.384+0.016 0.42610.020 0.44510.016
USCS SP SP SP SP
LOI (%) 0.38 0.13 1.26 0.50
Table 2 AOD and water saturation relationships
Porous Media Daso R? De4o R?
Ottawa#3820 sand 0.250 Sw + 0.248 0.65 1.029 Sw + 0.309 0.98
Ottawa#3821sand 0.125 Sw+ 0.152 0.69 1.284 Sw +0.068 0.98
Chonburi sand 0.013 Sw + 0.802 0.08 0.472 Sw + 0.654 0.75
Toyoura sand 0.509 Sw +0.273 0.89 0.862 Sw + 0.066 0.95
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Table 3 AOD and diesel saturation relationships
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Porous Media Daso R? De4o R?
Ottawa#3820 sand 0.669 So + 0.336 0.94 0.638 S, +0.111 0.94
Ottawa#3821sand 0.588 So+ 0.130 0.92 0.608 So +0.138 0.95
Chonburi sand -0.069 S, + 0.825 0.10 -0.360 So + 0.916 0.55
Toyoura sand 0.680 So +0.335 0.96 0.484 S, +0.068 0.93
3
, Su
E E Soil Sample é 1
X-Rite Gretagmacbeth E 038 o Ofttawa#3820 sand
ColorChecker white 2 06 ® Ottawaz3821 sand
balance card 5 4 Chonburisand
é 0 v Toyoura sand
S:uz
30 w LED floodlight 30 w LED floodlight < % 02 04 06 08

Nikon D90 with 450 nm
Band-pass filter installed

Nikon D90 with 640 nm
Band-pass filter installed

AAETE 1Y

Computer-I Computer-II
Figure 3 Experimental set up

Nikon NEF 12 bit Nikon NEF 12 bit

TIFF 16 bit

Degree of water saturation, §_

Figure 6 AOD and water saturation relationships in different
porous media for 2 = 640 nm.
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Figure 7 AOD and diesel saturation relationships in different
porous media for 2 = 450 nm.
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Figure 5 AOD and water saturation relationships in different

porous media for 2 = 450 nm.
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Figure 8 AOD and diesel saturation relationships in different
porous media for 2 = 640 nm.

In all porous media AOD and diesel saturation, have
linear relationships except Chonburi sand as shown in
Figures 7 and 8. AOD at 450 and 640nm of Chonburi sand
have inverse relationships with degree of diesel saturation as
presented in Table 3.

4. Discussion

AOD at hoth spectral bands of Chonburi sand exhibit
inversely linear relationships with water and diesel
saturations. SEM images (Figure 2c) show that the surface
morphology of Chonburi sand is significantly different from
other sands. The size distribution of Chonburi sand is large.
Moreover, at high magnification, very rough particle surface
is observed, which means that Chonburi sand may be able to
absorb water and other liquids more than other media. These
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observations are supported by the basic properties shown in
Table 1, especially the highest hydraulic conductivity of
Chonburi sand. In fact, at the time that the Chonburi-sand
samples are prepared, liquids can be absorbed into the sand
particles. SEM results and unsatisfactory coefficient of
determination (R2) obtained from Chonburi sand confirm
that the optical technique, such as Multispectral Image
Analysis Method, is not suitable for this kind of sand.

5. Conclusions

AOD, water saturation, and diesel saturation
relationships are investigated for four different sands and it
is experimentally found that linear relationships between
AOD, degree of water saturation, and degree of diesel
saturation are existed in all sands, except Chonburi sand
because liquids can be absorbed into the surface of Chonburi
sand particle. Therefore, the Optical technique, such as
Multispectral Image Analysis Method, may be suitable for
the investigation of NAPLs behavior in various kinds of
media, except the media that can absorb the liquids, such as
for the case of Chonburi sand, which is firstly found in this
research.
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