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Anotacija

Promocijas darbs ir veltits gruntsidens horizonta pastavosas divfazu gkid-
ruma plasmas hidrogeologisko parametru noteikSanas metozu analizei, So
pétljumu nozimes izvértéanai lietiskaja geologija, raksturojot to perspektivu
konkrétu hidrogeologisku uzdevumus risinasana, ka ari So metozu attistibas
tendencu un iespé&ju pétidanai.

Pétijuma pieradits, ka péc urbumu atsiknésanas partrauksanas, limenu
atjauno$anas perioda veicot regularus brivas fazes $kidruma slana biezuma un
ta saskares virsmas ar adeni limena mérijumus atsiknéjamaja urbuma, var iegat
datus, kas lauj noteikt brivas fazes skidruma slana aktualo biezumu gruntsadens
horizonta.

Veikta gruntsidens horizonta pastavos$as divfazu Skidruma plasmas teo-
rétisko datu sistematiska analize, un $ie dati parbauditi lauka eksperimentos.
Sadi iegtitajiem parametriem ir augsta korelacija ar empiriski aprékinatajiem
raditajiem, kas liecina par $o metozu savstarpéjo aizvietojamibu lietiskos un
zinatniskos pétijumos.

Raksturvardi: divfazu $kidrums, briva faze, aktualais slana biezums, grunts-
udens horizonts, naftas produkti, piesarnojums.
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Pétijuma temas aktualitate

Péc Latvijas valstiskuma atjaunosanas XIX gadsimta devindesmitajos ga-
dos saka strauji attistities dazadas ievirzes vides pétijumi, taja skaita augstas
detalizacijas hidrogeologiskie pétjjumi, kas nereti bija saistiti ar vides likum-
dosanas butiskam izmainam. Atbilstosa normativo aktu baze tika pilnveidota
un pakapeniski saskanota ar Eiropas Savienibas telpa ieviestam normam, un
$aja konteksta ka viena no prioritarajam vides prasibam tika noteikta integréta
ripnieciska piesarnojuma kontrole un ta novérsana, piesarnoto vietu apzinasana,
izpéte un sanacija.

Visvairak §is izmainas likumdosana ietekméja naftas un naftas produktu
parstrades, uzglabasanas un transportéSanas uzpémumus (LR Ekonomikas
ministrija, 15.11.2004.), jo to vésturiskas darbibas rezultata daudzas vietas Latvija
bija izveidojusies plasi grunts un gruntsidens piesarnojuma areali (Baltijas
Vides forums, 2006; Gosk et al., 1993; Levin et al., 1994; Aleksans et al., 1997),
bet to atbilstosai izpétei tradicionalas piesarnojuma pétijumu metodes izradijas
nepiemeérotas (Levins, Prols, 1997; Loginova, 1997). Grunti un gruntsﬁdeni €so$o
piesarnojoso naftas produktu daudzuma aprékini bija kladaini (API-Publication,
2004), un iegatie raditaji visbiezak vairakas reizes parsniedza patiesos vidé esosos
piesarnojoso naftas produktu apjomus. Rezultata uznémumiem tika piemeérotas
nepamatoti augstas dabas resursu likmes par faktiski neeso$o videi nodarito
kaitéjumu (Aleksans, 2000; Kovalenko, 1996).

Ik gadu Latvija notiek desmitiem naftas produktu noplazu, kuru rezultata
tiek piesarnoti tiksto$iem kvadratmetru virszemes platibu un udenstilpju,
bet grunti un gruntsideni nonak simtiem kubikmetru naftas produktu (SIA
“VentEko” dati par nopladém pédéjo 8-12 gadu laika). Naftas produktu
piesarnojumam gruntsiidens horizonta ir raksturigs divfazu skidruma stavoklis,
un ta ir viena no aktualakajam vides problémam, kuras pétidanai ir vajadzigas
ipasas metodes un speciala méraparatira.

Gruntsiidens horizonta pastavosa divfazu $kidruma plisma ka probléma
ir plasi pétita pasaulé. Ipadi ir atziméjamas Amerikas Naftas institita (API)
izstrades (API-No.4711, 2001; API-Publication, 2004), ka ari atseviski pétijumi
Latvija (Aleksans, 2006; Buikis, 1989; Spalvins, Lace, 1997; Spalvins et al.,
1997). Sajos pétijumos tiek akcentéti gruntsiidens horizonta pastavosas divfazu
$kidruma plasmas teorétiskie aspekti, tomér joprojam zinatniskaja literatara ir
nepietiekami diskutéts par $o teorétisko jautajumu atbilstibu daba novérotajam,
par teorétisko modelu aprobaciju un parbaudi, nemot véra lauka mérijumu
rezultatus.

Divfazu $kidruma nosacijumiem gruntsiidens horizonta nav piemérojami
tradicionalie pazemes idenu plismas un tas dinamiku aprakstosie vienadojumi.
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Seit darbojas daudzfaktoru vide, kuras izzinaganai ir vajadzigas jaunas metodes,
bet tas var ieglt vienigi, veicot mérktiecigus pétijumus un eksperimentus.
Neskatoties uz minéto, Latvija $adi pétijumi ir loti ierobezoti (Aleksans, 2000),
bet to trikums liedz vides specialistiem, hidrogeologiem un inZenieriem iegit
nepiecieSamos parametrus naftas produktu izraisita piesarnojuma izplatibas
ierobezo$anai un teritoriju sanacijas projektu izstradei (Aleksans, 2002).

Pétijuma meérkis un uzdevumi

Veikta pétijuma meérkis bija izstradat jaunu praktisku metodi gruntsidens
horizonta pastavosa divfazu $kidruma slana aktuala biezuma noteik$anai, izpétit
divu $kidrumu, kas nesajaucas, plismas likumsakaribas poraino nogulumu vidé,
parbaudit jau zinamas teorétiskas metodes, izvértéjot to piemérotibu hidro-
geologisko jautajumu risinasanai Latvijas geologiskajos apstaklos.

Svarigakie uzdevumi, lai sasniegtu minéto mérki, bija savakt, apkopot
un izanalizét apjomigo faktu materialu un atrast pareizo aprékinu algoritmu,
kas butu maksimali vienkar$s un taja pasa laika lautu iegit iespéjami patiesu
rezultatu, balstoties tikai uz urbumu atstkné$anas datu apstradi. Loti butiski
bija ari noteikt svarigakos kritérijus, kas ietekmé brivas fazes $kidruma slana
biezumu gruntstudens horizonta, ka ari galvenos faktorus, kuru ietekmeé veidojas
starpiba starp urbuma nomeérito Skietamo brivas fazes skidruma slana biezumu
un §1 Skidruma aktualo (faktisko) biezumu gruntsiidens horizonta.

Pétijuma nosacijumi tapat paredzéja analizét iegttos datus un atsiknésanas
eksperimenta mérijumu rezultatus, lai parbauditu, vai analitisko aprékinu dati
adekvati raksturo nosakama parametra skaitlisko vértibu un §1 parametra vari-
&Sanu. Svarigi bija izdalit un raksturot likumsakaribas, kas var negativi ietekmét
rezultata ticamibu, veikt kladaino rezultatu (noraidito vértibu) analizi, raksturot
to rasanas iemeslus un iespéjamos risinajumus kladu novérsanai.

Lai izpilditu izvirzito meérki, tika izvértétas visas pieejamas jaunako teo-
rétisko metozu izstradnes, analizéta publicéta zinatniska literattira (Nyer et al.,
1996; Aral, Liao, 2000; Lefebvre, 2006; Bondy et al., 2006), pétijumu tehniskie
zinojumi (Aleksans, 2002; Aleksans, 1998) un interneta pieejama informacija, ka
arl tika pétiti un analizéti dazadu profesionalo organizaciju rikoto konferencu,
seminaru un kursu materiali (Howard, 2005; Merry, 2005).

Darbu novitate

Pétijums aptver pédéjo desmit gadu laika autora iegtito lauka novérojumu
rezultatu apkopojumu, to analizi un salidzinaganu ar parametriem, kas iegati
ar jaunakajam uz empiriskiem aprékiniem balstitam teorétiskam metodém. Tas
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ir balstits uz eksperimentaliem un praktiskiem mérijumiem lauka apstaklos un
orientéts uz vietéjiem geologiski hidrogeologiskajiem apstakliem, kas lauj pilnigak
apzinat divfazu $kidruma plasmas iIpatnibas naftas produktu piesarnojuma
vietds Latvija. Autora veiktais pétijums ir pirmais $ada veida eksperiments, kur
gruntsudens horizonta pastavosas brivas fazes $kidruma plasmas teorétiskie
aspekti ir pamatoti ar plasu lauka novérojumu datu bazi.

Ir visparzinams (API-Bulleten-No.18, 2003), ka gruntsadens horizonta
pastavosa brivas fazes $kidruma slana biezums ir ciesi saistitas ar piesatinato
horizontu veidojo$o iezu filtréjosajam ipasibam, brivas fazes skidruma fizikali
kimiskajiem raditajiem un vairakiem citiem faktoriem. So faktoru mijiedarbiba
nosaka brivas fazes $kidruma slana plasmas ipatnibas un §1 slana aktuala
biezuma izmainu likumsakaribas gruntsudens horizonta (Aleksans, 2006), un
$ie raditaji batiski at$kiras no tira adens filtracijas rakstura poraino iezu vidé
(API-No.4760, 2007).

Promocijas darba, ka liecina ari ta nosaukums, ir akcentéta divfazu pazemes
plisma gruntsiidens horizonta. Sads uzsvars uz divfizu $kidruma plismu
ir izdarits ar noltku pieradit, ka, at$kiriba no parastas gruntsidens plasmas
horizonta, divfazu piesatinajuma apstaklos darbojas pilnigi citas likumsakaribas,
kuru izzinasanai ir vajadzigi speciali pétijumi. Divfazu plasmas likumsakaribas
ir intensivs zinatnisko pétijjumu priek$mets visa pasaulé (API-Bulleten-No.18,
2003), un tas nosaka pétijuma aktualitati un masdienigumu.

Darba aprobacija un rezultatu realizacija

Balstoties uz pétijuma rezultatiem, lidz 2011. gadam sagatavots vairak neka
30 zinatnisku publikaciju par atseviskam pétijuma sadalam un darbu kopuma,
no tam 9 raksti publicéti starptautiskos izdevumos un kolektivas monografijas,
7 publikacijas satur starptautisko konferen¢u un seminaru tézes, 9 - Latvija
nolasito referatu publicétas tézes, ka ari ir bijusas vairakas publikacijas dazadu
valstu geologisko institliciju un iestazu izdevumos. Starptautiskos zinatniskos
kongresos, konferencés un seminaros ir nolasiti 13 referati, ka ari 10 zinojumi
sniegti zinatniskas konferencés un seminaros Latvija. Kopuma publicétie
materiali pilniba atspogulo disertacijas rezultatus un izriet no promocijas
darbam izvirzitajiem uzdevumiem.

Lauka apstaklos iegiita un statistiski pamatota gruntsidens horizonta pasta-
vosas divfazu $kidruma plasmas aktudla biezuma noteiksanas metode paver
jaunu iespéju dazadu hidrogeologisko uzdevumu risinasanai tehniski sarezgitas
teritorijas: naftas terminalos, ostas, vietas, kur konstatéta naftas produktu noplade
no caurulvadiem, pilsétu riipnieciskajas zonas u. c. Sadas metodikas tritkums
Latvija lidz $im liedza vides specialistiem, hidrogeologiem un inzenieriem iegit
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nepiecieS$amos parametrus naftas produktu izraisita piesarnojuma izplatibas
ierobezo$anai un teritoriju sanacijai. Tapéc autora pétjjuma aprobéta un
zinatniski pamatota brivas fazes skidruma slana aktuala biezuma noteik$anas
metode var klat par noderigu instrumentu dazadu hidrogeologisko aprékinu
veik$anai vides sanacijas projektu izstradé.

Protams, iegutie rezultati ir tikai neliela dala no tas informacijas, kas veél
apgustama gruntsudens horizonta pastavosas divfazu $kidruma plasmas veido-
$anas mehanisma izzinasanas joma. Tomeér ta ir laba pieredze, kas paver plasas
iespéjas Sos rezultatus praktiski izmantot, lai nakotné noteiktu gruntsadens
horizonta notiekosas divfazu $kidruma plasmas hidrogeologiskos aprékinus.
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1. Pétijuma teritorijas raksturojums

1.1. Pétijuma vietas izvéle un pétijuma prieksmeta detalizacija

Promocijas darba realizacijai tika izvéléta pétijuma vieta, kurd ir Latvijas
teritorijai raksturigi geologiskie un hidrogeologiskie apstakli un kura veidojas
petita divfazu $kidruma plusma. Pétjjumu vietas kritériju noteik$anai tika
izmantots Piesarnoto un potenciali piesarnoto vietu registrs (LVGMC, 2006),
kas satur 3567 ierakstus, no kuriem 243 ir potenciali piesarnotas vietas. No $im
243 piesarpotajam vietam 192 gadijumos (78%) grunti vai gruntsiideni eso$aja
piesarnojuma ir konstatéta naftas produktu klatbutne. 49 ar naftas produktiem
piesarnotajas vietas (26%) virs gruntsudens ir brivas fazes skidruma slanis, bet
143 vietas (74%) $ads slanis var potenciali veidoties.

Pétijuma vietas izvelé ka papildu kritérijs tika izvirzita prasiba, lai brivas
fazes $kidruma slanis atrastos gruntsudens horizonta, kura Latvijas geologiski
hidrogeologiskajos apstaklos visbiezak ir sastopama divfazu plasma, jo tiesi
gruntsudens ir vismazak dabiski aizsargats no naftas produktu piesarnojuma.
Dzilak eso$o udens horizontu piesarnosanas ar naftas produktiem Latvijas
geologiskajos apstaklos caurméra neparsniedz 5-6% no kopéja $1 piesarnojuma
objektu skaita.

Svariga nozime ir to nogulumu litologiskajam sastavam, kas satur brivas
fazes $kidruma slani un adeni. Piesarnoto un potenciali piesarnoto vietu datu
bazé esosas informacijas analizes rezultati rada, ka virs gruntsidens peldoss
brivas fazes skidruma slanis 94% gadijumos veidojas smilSainos nogulumos.

Pétijuma vajadzibam bija svarigi izvéléties tadu objektu, kura brivas fazes
$kidruma slani veido kada no naftas produktu tipa piesarpotajvielam, kura
sastopama visbiezak. 191 ar naftas produktiem piesarnotas vietas analize
paradija, ka visbiezak (57%) sastopamais piesarnojuma célonis ir benzins un/
vai dizeldegviela.

Sistematiski izvértéjot visu datu bazé esoSo teritoriju atbilstibu ieprieks
noteiktajiem kritérijiem, ka viena no perspektivakajam vietam pétijjumam tika
izvéléts naftas produktu piesarnojuma objekts Ventspils pilsétas riipnieciskaja
zona, kas Piesarnoto un potenciali piesarnoto vietu registra atrodams ar numuru
27004/2055 (LVGMC, 2006).

1.2. Ventspils eksperimentalais laukums

Administrativi pétijuma objekts atrodas Baltijas jiras piekrastes zona
(1.1. att.), Ventspils pilsétas industrialaja zona, naftas produktu parkrausanas
ceha teritorija. Uznémums darbojas kops pagajusa gadsimta 60. gadiem, ta
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kopéja teritorija ir 81 ha, un taja ir izvietoti tris rezervuaru parki, Cetras dzelzcela
estakades naftas produktu nolieSanai, suknu stacijas un citas tehnologiskas
baves (Kovalenko, 1996; Aleksans, 1998). Lielako dalu parkraujamo produktu
apjoma veido jélnafta un dizeldegviela, tiek parkrauts arl benzins un reaktiva
degviela.

Pirmos pazemes tdenu pétijjumus $aja teritorija 1990.-1992. gada uzsaka
Latvijas Geologijas parvalde (Levins, Krutofal, 1992), vélak - 1995. un 1996. gada -
tos turpinaja SIA Balt-Ost-Geo. Saja pétijuma tika veikta augsnes, grunts aeracijas
zonas un gruntsidenu piesarnojuma inventarizacija (Kovalenko, 1996). SIA
Balt-Ost-Geo 1996. gada uzsaka un 1997. gada turpinaja grunts un gruntsiidens
piesarnojuma likvidésanu parkrausanas ceha estakades rajona. SIA “VentEko”
1997. gada veica atkartotu grunts un gruntsiidens piesarnojuma inventarizaciju
visa naftas produktu parkrausanas ceha teritorija (Aleksans, 1998).

>z

BALTIJAS
JORA

Lietuva

Apziméjumi

Pétfjumu objekta izvietojums

‘ plana

1.1. attéls. Pétijumu objekta izvietojuma shéma

Eksperimentala laukuma platiba pétijumu teritorija aiznem aptuveni 6 ha,
un ta aptver tris no ¢etram naftas produktu parkrau$anas dzelzcela estakadém,
kuru ekspluatacijas rezultata smil$aino nogulumu masiva virséja dala bija
izveidojies ievérojams grunts un gruntsidens piesarnojuma areals (1.2. att.).
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1.2. attels. Brivas fazes $kidruma slana izplatibas karte un urbumu izvietojums
pétijumu objekta (Aleksans, 1999)

APZIMEJUML 1 - urbums un ta numurs; 2 - brivas fazes $kidruma slana biezuma
izolinija metros; 3 — hidrogeologiska griezuma linija.

Veiktie naftas produktu daudzuma aprékini liecinaja, ka intensivi piesar-
notas grunts apjoms (>5000 mg x kg') dzelzcela estakades rajona 5,7 ha
platiba sasniedz aptuveni 40 000 m?, bet virs gruntsidens limena lidz pat 3 m
bieza peldosa brivas fazes slana veida atrodas vismaz 3000 m® naftas produktu
(Aleksans, 1998; Aleksans, 1999).

Geologiski brivas fazes skidruma slana areals eksperimentalaja laukuma
izvietots plakana lidzenuma bijusas Litorinas laginas ziemelu dala. Kvartara
nogulumu segas apakséja slankopa, kas tiesi parklaj devona iezus, sastav no
Latvijas un Kurzemes ledus laikmeta morénas nogulumiem. Savukart augséjas
slankopas lielako dalu veido mals ar aleirita starpkartam, ko zemes virspusé
parklaj dazadgraudaina smilts. Kvartara nogulumu kopéjais biezums pétijumu
objekta un tam piegulosaja teritorija mainas no 20 lidz 60 metriem (Juskevics
et al., 1998; Podgurskis et al., 1985; Tracevskis et al., 1969). Pétijumu teritorijas
hidrogeologiskais griezums skatams 1.3. attéla.

Devona iezi lielakaja teritorijas dala atrodas dzilak par 15-20 m z.j.1. un ir
parstavéti ar Narvas svitas ieziem. Tas ir lidz 100 m biezs, Gdeni vaji vai loti vaji
caurlaidigu iezu komplekss, kuru veido zalganpeléks un peléks mals, dolomitisks
mals un dolomitmergelis ar malaina dolomita starpkartam. Svitas apakséja dala
sastopamas ari gipsa starpkartas. Narvas svitas iezi atdala kvartara nogulumus
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no dzilak gulosajiem vidusdevona Pérnavas un apak$devona Kemeru svitas un
Gargzdu sérijas smilsakmeniem.

Pétijumu teritorijas un tas apkartnes hidrogeologiskie apstakli ir ciesi saistiti
ar geologiskas uzbuves Ipatnibam un nogulumu sastava izmainam, daléji tos
ietekmé ari notieko$a saimnieciska darbiba. Pirmais pazemes udenu horizonts
ir saistits ar zemes virspusé gulosajiem dazada vecuma, genézes un sastava
smil$ainajiem nogulumiem. Gruntsidens limena dzilums pétljumu objekta
caurmeéra konstatéts no 1,2 m lidz 3,5 m no zemes virsas (Kovalenko, 1996;
Aleksans, 1998; Ludans, 2009), un tas ir atkarigs no masdienas vérojama reljefa
rakstura un tGdeni saturo$o nogulumu biezuma, ka ari no nokri$nu daudzuma
un ta sadaljjuma gada griezuma. Piekrastes kapu josla gruntsadens limenis var
atrasties ari dzilak - nereti 3-5 metrus no zemes virsas vai pat vairak (Juskevics,
1999; Podgurskis et al., 1985; Tracevskis et al., 1969).

Gruntsadens plismai ir sarezgits raksturs, kam par pamatu ir blivais pazemes
komunikaciju tikls un teritorijas intensivais industrialais noslogojums. Kopuma
pétijumu teritorija pazemes adenu plasma ir vérsta Baltijas jaras un Ventas upes
virziena. Daudz vajaka §i plasma ir uz ziemelaustrumiem, kur starppauguru
ieplaka izvietojas Zemstilta purvs (Alisauskas, 1997). Lielu ietekmi uz pazemes
plasmu atstaj ari drenazas sistémas darbiba (Aleksans, 2002).

Gruntsidens horizonts ir labi apudenots un urbumu atsiknésanas debits
(raziba) atkariba no filtra diametra, td garuma un izvietojuma dziluma svarstas
no 0,03 lidz 0,67 ¢ x s (Aleksans, 1998; Aleksans, 2001; Spalvins et al., 2009).
Atkariba no gruntstdeni saturo$o nogulumu granulometriska sastava, iezu
filtracijas koeficients mainas no 1,5 lidz 8,5 m x dnn.” (Aleksans, 2002).
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2. Metodes un materiali

2.1. Eksperimenta realizacijas procediira

Eksperimenta realizacijas procediira izdalami tris posmi:
1) pétijuma planojums;

2) eksperimenta realizacija;

3) analitiskas darbibas.

Kvalitativu un reprezentativu datu iegti$anai, ka ari dazadu blakus faktoru
ietekmes mazinasanai uz eksperimenta gaitu pétijumu bija nepieciesams planot
ta, lai tiktu ievéroti vairaki svarigi nosacijumi: geologiskie un hidrogeologiskie
apstakli, brivas fazes skidruma slana klatbutne gruntsiiddens horizonta, tehniskas
un tehnologiskas prasibas, nepiecie$amie instrumenti un aprikojums, ka
arl citi agrak veikto eksperimentu aprakstu literatiara uzskaititie nosacijumi
(Gruszczenski, 1987; Testa, Winegardner, 1991; Hughes et al., 1998; Beckett,
Lyverse, 2002).

Atbilstosi eksperimenta prasibam pétijuma laukuma ietvaros tika parbauditi
46 novérosanas urbumi, no kuriem 31 tika atzits par atbilsto$u izvirzitajiem
kritérijiem. Urbumu dzilums caurméra sasniedza 5-6 metrus, filtra kolonnas
diametrs izvélétiem urbumiem bija atskirigs: 89, 108 vai 127 mm. Visi urbumi
bija aprikoti ar 2,5-3,0 metrus garu misina sieta filtru, kas izvietots 2-5 metru
dziluma no zemes virsmas (Kovalenko, 1996; Aleksans, 1998). Brivas fazes
$kidruma (naftas produktu) slana biezums parbauditajos urbumos variéja
robezas no 0,13 m lidz 2,70 m. Urbumi, kuros naftas produktu slanis bija
mazaks par 0,10 m, eksperimenta netika ieklauti. Skidrumu atsiiknésanai no
urbuma tika izmantots virszemes centrbédzes suknis. Brivas fazes skidruma
atsikné$anai no urbuma tika izmantots virszemes centrbédzes suknis (skat.
2.1. att.) ar saknésanas jaudu 0,3-0,5 € x s'. AtsuknéSanas sistémas principiala
shéma vienam urbumam skatama 2.1. attéla.

Pétijuma eksperiments realizéts, veicot sanacijas darbus, kuru laika tika
veikta naftas produktu brivas fazes $kidruma atsiknéSana no gruntsadens
horizonta. Urbumu stiknésanas ilgums atkariba no brivas fazes skidruma apjoma
un adens pieplades intensitates at$kirigiem urbumiem svarstijas no dazam
dienam lidz pat vienam ménesim un ilgak. Kopéjais pétijuma periods bija cetri
meénesi, kuru laika urbumos tika mériti naftas produktu brivas fazes skidruma
slana parametri (Aleksans, 2007).

Atstknésanas posma filtra intervala parasti tika sasniegts tads limena
pazeminajums, kas nodro$inaja pakapenisku brivas fazes Skidruma slana
biezuma samazinasanos un ta pilnigu izzu$anu urbuma (Gruszczenski, 1987;
Hughes et al., 1998). Tajos gadijumos, kad brivas fazes skidruma pieplide
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urbuma bija tik intensiva, ka nebija iespéjams sasniegt peldosa slana pilnigu
izzu$anu, atsukné$anu turpinaja, lidz urbuma meéramas brivas fazes $kidruma
slana biezums stabilizéjas.

Limenu méri$anai urbumos tika izmantots SOLINST divu $kidrumu, kas
nesajaucas, saskares virsmas detektors (interface probe), kas nodrosina gan
pasas brivas fazes $kidruma vai adens virsmas méri$anu, gan ari $o $kidrumu
saskares virsmas dziluma noteik$anu urbuma ar precizitati lidz 1 centimetram
(SOLINST, 2009). Paraléeli SOLINST detektora izmanto$anai pétjjuma tika
paredzéts parbaudit ari originalu, autora izstradatu (Aleksans, 2008) metodi
brivas fazes skidruma slana biezuma noteik$anai ar tris miniatariem DIVER
tipa sensoriem.

2.1. attels. Urbuma atsiknésanas eksperimentalas sistémas principiala shéma
APZIMEJUML 1 - vadibas panelis; 2 - virszemes centrbédzes stknis; 3 - ripnieciska
kanalizacija; 4 - atsiknéjamais urbums; 5 — urbuma filtrs; 6 — brivas fazes $kidruma
slanis urbuma; 7 - pretvarsts; 8 — tidens nepiesatinata (aeracijas) zona; 9 — brivas fazes
$kidruma slanis gruntsidens horizonta; 10 - gruntsadens.

Prom-kops_Aleksans_iekslapas(LV-EN).indd 15 22.07.2011 11:25:54



16

Brivas fazes $kidruma slana aktuala biezuma mérijumu verificé$anai uz
vietas $aja pétijuma tika izmantota inovativa lazera izraisitas fluorescences
(LIF) zondésanas metode (Aleksans, Dimitrijevs, 2009, 2011). Si metode
lauj iegut eksperimenta rezultatu verificéSanai nepiecieSsamos datus ar daudz
augstaku precizitati un ticamibas pakapi salidzinajuma ar agrak izmantotajiem
panémieniem (Aleksans, 2009). Iekartas uzbtves un tas darbibas principiala
shéma skatama 2.2. attéla.

11

UVOST

~—

2
(i
L
:

15 =

|

2.2. attels. Lazera izraisitas fluorescences (LIF) zondésanas iekartas
principiala shéma
APZIMEJUMI. UVOST - ultravioleta starojuma registrésanas iekarta; 1 — generators; 2 —
lazers; 3 - osciloskops; 4 — e-panelis; 5 — personalais dators; 6 — printeris; 7 - zondésanas
stieni; 8 — komunikators; 9 — parnésajamais displejs; 10 - statiskas zondésanas iekarta;
11 - datu parraides kabelis; 12 - sadales vacins; 13 - lokala tikla kabelis; 14 - lodzins
grunts apstaro$anai ar lazeru un emitétas gaismas sanemsanai; 15 — optiskais kabelis.

2.4. Pétijuma analitiskas metodes

Iepriek$ zinamu likumsakaribu un teorétisku pienémumu salidzinasanai
ar autora realizéto originalo lauka eksperimentu rezultatiem tika izmantotas
vairakas metodes. No tam izdalamas divas galvenas:

1) gruntstdens horizonta pastavosa divfazu $kidruma vertikala sadalijuma

galveno raksturlielumu noteiksana ar skaitliskas analizes metodi;
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2) gruntsudens horizonta eso$a brivas fazes $kidruma slapa aktuala
biezuma noteiksana, izmantojot lauka eksperimentu vérojumu datus
(empiriska metode).

Pétjjuma skaitliskais eksperiments tika balstits uz gruntstdens horizonta
pastavosas divfazu skidruma sistémas fizikalo modeli, kas atspogulots 2.3. attéla.
Siem aprékiniem ka viena no galvenajam tika izmantota Amerikas Naftas
institiita majaslapa pieejama programma, kas balstas uz Van Genuhtena-Burdina
(Van Genuchten-Burdine) gruntsudens horizonta pastavosas divfazu skidruma
sistémas fizikalo modeli un kas lauj analizét naftas produktu piesarnojuma
izplatibu poraina vidé vienam vai diviem savstarpéji izolétiem pazemes tdenu
horizontiem (Burdine, 1953; Genuchten, 1980).

Attéla redzamais fizikalais modelis raksturo divfazu skidruma vertikala
sadalijuma apstaklus homogeénai, neierobezotai platiba un griezuma poraino
nogulumu videi gruntsidens horizontda un $o skidrumu atbilstosu vertikalo
sadalijumu novérosanas urbuma.

A I Zgs

Aeriacijas zona

Brivas fazes
Skidrums

Gruntsiadens

Dzilums no zemes virsmas

K
0% 100% Znw

Brivas fazes skidruma piesatinajums
v (% no grunts poru tilpuma)

Gruntstdens horizonta pamatne

2.3. attéls. Gruntsiidens horizonta divfazu $kidruma vertikala sadalijuma fizikalais
modelis

APZIMEJUMI. Z, - atskaites punkts (zemes virsma); Z_ - gaisa un brivas fazes
$kidruma saskares virsma; Z - hipotétiskais (pjezometriskais) gruntsidens limenis;
b, - monitoringa urbuma novérojamais brivas fazes skidruma slana biezums; z_ - brivas

fazes Skidruma un tGdens saskares virsma; h - Gdens kapuma augstums gruntsidens
horizonta; h_ - brivas fazes skidruma kapuma augstums gruntsiidens horizonta.
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Divu $kidrumu, kas nesajaucas, vertikala sadalijuma raksturu gruntsiidens
horizonta porainajos nogulumos nosaka siem nogulumiem piemito$as kapilaras
ipasibas un to poras eso$da skidruma izraisitais kapilarais spiediens, kuru var
aprékinat, izmantojot Van Genuhtena kapilara spiediena modeli, un tas ir balstits
uz $adu algoritmu:

1) kapilara pacéluma zonas augstuma aprékinasana maksimalajam urbuma

noveérotajam brivas fazes Skidruma slanim (z__ );

2) brivas fazes $kidruma sakotnéja (maksimala) vertikala sadalijuma

noteik$ana gruntstdens horizonta (S_);

3) brivas fazes skidruma neatgriezama (grunti aizturéta, adsorbéta) apjoma

vertikala sadalijjuma noteiksana;

4) brivas fazes $kidruma un udens vertikala sadalijuma aprékinasana

gruntsidens horizontam péc urbuma piemérita brivas fazes skidruma
slana biezuma.

Skaitliskajiem aprékiniem izmantotais fizikalais modelis atbilst tipiskam
gruntstidens piesarnojumam ar naftas produktiem smil$aino nogulumu horizonta
(Mandeika, Vircavs, 2008) un tiem geologiskajiem un hidrogeologiskajiem
apstakliem, kadi reali eksisté veikto lauka pétijumu objekta (Podgurskis et al.,
1985; Tracevskis et al., 1969; Juskevics, 1999)

Promocijas darba pétjjuma empiriskds metodes pieméro$anas pamata
ir urbumu atstiknésanas eksperimentos novérota tdens limena atjauno$anas
paradiba (fenomens) divfazu skidruma pliismas apstaklos gruntstidens horizonta
(skat. 2.4. att.).

Saskana ar $iem novérojumiem péc atsiiknésanas eksperimenta partrauksanas
limena atjauno$anas stadija urbuma vienmeérigi paaugstinas gan brivas fazes
augséjais limenis, gan arl brivas fazes un tdens saskares virsma. Tomér péc kada
noteikta laika brivas fazes un udens saskares virsma novérojumu urbuma sak
pakapeniski pazeminaties (iegrimt), bet brivas fazes $kidruma slana augséjais
limenis vairs nemainas vai pat nedaudz turpina celties. So procesu raksturo
brivas fazes $kidruma un adens limena izmainu gaita urbuma eksperimenta
laika, un to nosaciti var iedalit ¢etros laika posmos:

1) divfazu $kidruma limenu stavoklis urbuma pirms atsiknésanas saksanas;

2) limenu izmainu dinamika urbuma atstknésanas laika;

3) limenu atjauno$anas dinamika urbuma péc saknésanas partrauksanas
lidz bridim, kad brivas fazes un udens saskares virsma vairs nepa-
augstinas;

4) limenu izmainu dinamika péc tam, kad brivas fazes un tudens saskares
virsma urbuma sak pakapeniski pazeminaties lidz pilnai abu limenu
stabilizacijai urbuma.
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. Limenu o
Pirms Urbuma atstknesana atjaunosanas pgc | MNaflas proEiukm brivas fazes
atsikn&sanas atsiknasanas uzkrasanas urbuma
I I I Y
periods periods periods periods

< Dazilums no zemes virsmas, z

Laiks =
Apziméjumi
1. —Zgn— 2. =Zagw~—-— 3. ceseeLinpyeees

2.4. attels. Urbuma novérojama brivas fazes $kidruma slana biezuma izmainu grafiks
atsiknésanas eksperimenta gaita

APZIMEJUML 1 - gaisa un brivas fazes $kidruma saskares virsma; 2 - hipotétiskais

(pjezometriskais) gruntsudens limenis; 3 — brivas fazes $kidruma un adens saskares

virsma; b, - aktualais (faktiskais) brivas fazes skidruma slana biezums nogulumu

horizontd; b, — monitoringa urbuma novérojamais brivas fazes $kidruma slana biezums.

Sis paradibas (fenomena) pamati ir divfazu $kidruma spiediena spéku
lidzsvara stavoklis, kas veidojas gaisa, brivas fazes un udens mijiedarbibas
rezultata (Lefebvre, 2006). Zinatniskaja literatira publicéto pétnieku darbi
(Lefebvre, 2006; Aral, Liao, 2000; Gruszczenski, 1987; Aleksans, Klimovics,
2006), ka arl promocijas darba novérojumu rezultati lauj konstatét, ka brivas
fazes $kidruma un udens saskares virsmas izmainu grafika liknes aug$éjais
lazuma punkts limenu atjaunosanas perioda raksturo nosacijumus, pie kuriem
brivas fazes $kidruma slana biezums urbuma ir vienads ar $1 slana aktualo
biezumu gruntsiiddens horizonta.

Saskana ar Gibena-Hercberga teoriju (Chidley, Lloyd, 1977) var konstatét,
ka hw =z, bet hn =z +z, kur z, =z, -z, unz =z -2z, tasir- divu
$kidrumu, kas nesajaucas, saskares punkta brivas fazes $kidruma un udens
spiedieni ir vienadi:

p,=p, (2.1)

Prom-kops_Aleksans_iekslapas(LV-EN).indd 19 22.07.2011 11:25:57



20

Zinot tdens blivumu (p ) un brivas fazes skidruma blivumu (p ), viena-

dojumu (2.2) var parrakstit sadi:
h xp xG=h xp xG, (2.2)

kur:
G - gravitacijas konstante (G = 6,67259 x 10" N x m?x kg?);
p, — brivas fazes $kidruma blivums;
p,, — idens blivums gruntsiidens horizonta;
visi paréjie apziméjumi - iepriekséjie.

Brivas fazes $kidruma slana pacéluma augstumu no ta saskares virsmas

ar ddeni (h) jeb urbuma vérojamo $§i slapa biezumu (b)) var izteikt ar
vienadojumu:

Az +h)xp =h xp, (2.3)

Parveidojot izteiksmi (2.3), ieglistam sakaribu, kas péc savas izteiksmes
formas pilniba atbilst Gibena-Hercberga vienadojumam (Chidley, Lloyd, 1977).

Az xp =(p,-p,)xh, =(p, -p)xAz (2.4)
Az, =Az, X P (2.5)
(P.=p.)

No sacita izriet, ka brivas fazes $kidruma slana augstums urbuma ir vienads
arh =h + Az , bet taja pasa laika tas ir vienads ari ar h = Az +Az , kas lauj
vienadojumu pierakstit $adi (Lefebvre, 2006):

hnzAzMxE—LJ (2.6)
PP,

h =Az, x—Pn (2.7)
P.=P,

Tadéjadi vienadojums (2.7) ir izmantojams divfazu skidruma sistémas
limenu augstuma aprékinasanai novéro$anas urbuma. Tomér, ka norada ieprieks
veiktie pétijumi (Lefebvre, 2006), tas nav piemérojams $o limenu noteik$anai
geologisko nogulumu horizonta, kur kapilaro spéku ietekmé veidojas pilnigi
atskirigs divu skidrumu, kas nesajaucas, vertikalais sadalijums, un tas labi
redzams 2.5. attéla.
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0.0 0.2 0.4 0.6 0.8 1.0

Izejas parametri
grafiku sastadiSanai

Pn=827 kg x m?
Pw= 1000 kg x m™
b,=1.0m

Aprékinatie parametri

AZgn =0.173 m
Azyy, =0.827 m Znw
b,=0.68m

2.5. attéls. Divfazu $kidruma vertikala sadalijuma galveno parametru salidzinajums
gruntsiidens horizonta nogulumu slanim (A, B grafiki) un novéro$anas urbumam
(C grafiks)

APZIMEJUML 1- urbuma filtra intervals; 2 - adens nepiesatinata (aeracijas) zona; 3 -
brivas fazes skidruma slanis un ta limenis urbuma; 4 - gruntstidens limenis urbuma (ar
punktéto liniju - hipotétiskais); U-1un U-2 - attiecigi pirmais un otrais urbums; 4 - Gdens
kapuma (spiediena) augstums virs ta saskares virsmas ar brivas fazes skidrumu; h - brivas
fazes $kidruma kapuma (spiediena) augstums no ta saskares virsmas ar gruntsiideni (ari -
brivas fazes skidruma slana biezums: h = b ); Az - brivas fazes $kidruma augstums virs
gruntsidens hipotétiska limena (Az, = h - h ); Az - gruntsidens hipotétiska limena
augstums virs ta saskares virsmas ar brivas fazes skidrumu (Az, = h ); Z - gaisa un
brivas fazes Skidruma saskares virsma; Z, - hipotétiskais (pjezometriskais) gruntsiidens
limenis; z, - brivas fazes $kidruma un tGdens saskares virsma; p - atmosféras spiediens;
p, - udens spiediens; p - brivas fazes $kidruma spiediens; p, - summarais spiediens;
S,, S, — udens un brivas fazes skidruma, attiecigi, vertikalais piesatinajuma sadaljjums
gruntstudens horizonta apudenotajai zonai (z) limeni; A - brivas fazes $kidruma un tdens
saskares punkts.

Prom-kops_Aleksans_iekslapas(LV-EN).indd 21 22.07.2011 11:26:00



22

Divu $kidrumu, kas nesajaucas, vertikalo sadalijumu gruntsadens horizonta
nogulumos galvenokart ietekmé tdens un brivas fazes skidruma piesatinajuma
pakapes procentuila attieciba, kuru nosaka ar skaitlisko metodi. No 2.3. attéla
redzams, ka divfazu $kidruma slana augséja dala lidz pat 80% dominé brivas
fazes Skidrums, bet lidz ar dzilumu ta saturs samazinas lidz nullei. Savukart
tdens piesatindjums vislielakais ir §1 slana apaksa, bet virziena uz augsu tdens
saturs samazinas. Atziméjams, ka tdens piesatinajums pat divfazu $kidruma
slana augséja dala nekad nav vienads ar nulli, kur ta lielaku vai mazaku klatbatni
vienmér nodrosina udens kapilaras zonas iespie$anas brivas fazes $kidruma slani
(Lefebvre, 2006).

Atkariba no tdens un brivas fazes skidruma piesatinajuma pakapes pro-
centualas attiecibas izmainam vertikala virziena mainas ari tdens (p,) un brivas
fazes skidruma (p,) spiediens gruntsiidens horizonta. No 2.5. attéla (B) grafika
redzams, ka spiediena izmainu likném ir sarezgits raksturs - slana augséja
dala dominé brivas fazes $kidruma spiediens, bet apak$a - udens spiediens.
Tomeér, neskatoties uz $o liknu sarezgito raksturu, to summarais spiediens p,
(py, =p, +p,) gruntsidens horizonta (2.5. att. (B) grafiks) ir ekvivalents p unp_
spiedienam novéro$anas urbuma (2.5. att. (C) grafiks), kas faktiski ari pierada
to, ka visa divfazu $kidruma sistéma — gan urbuma, gan ari horizonta - atrodas
lidzsvara (Lefebvre, 2006).
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3. Datu statistiska apstrade

Veikta pétijuma datu statistiskas apstrades galvenie uzdevumi bija parbaudit
atsuknéSanas eksperimenta gaitda empiriski iegata (pétama) lieluma vértibu
kopas patiesumu un salidzinat to ar skaitlisko (modeléto) aprékinu cela
teoreétiski noteikto (zinamo) datu kopu, ka ari noteikt regresijas funkcijas veidu,
t.i., atkaribas matematisko formu starp atsuknés$anas eksperimenta empiriski
iegiitajam un urbuma nomeéritajam pétama parametra lieluma vértibam, kas
turpmak lautu prognozeét viena gadijuma lieluma veértibas saistiba ar konkrétam
otra gadijuma lieluma vértibam (Aleksans, 2009).

Datu statistiskai apstradei tika izveléts sads algoritms:

1) pétijuma hipotézes izvirzisana;

2) nozimibas limena (a) pienemsana;

3) datu korelacijas analize;

4) regresijas vienadojuma izvéle;

5) linearas regresijas koeficientu noteiksana;

6) regresijas butiskuma analize izvirzitas hipotézes parbaudei.

Lai parbauditu pétijuma iegiito datu ticamibu un to izmanto$anas iespéju,
tika izvirzitas divas nulles hipotézes.

Pirma nulles hipotéze HO,. Starp urbuma noteiktajiem (noméritajiem)
brivas fazes Skidruma slana biezuma veértibu gadijuma lielumiem X, un skaitliski
noteiktajiem (modelétajiem) Y, eksisté sakariba - pieaugot neatkariga mainiga
lieluma X, vértibam, lineari pieaug atkariga mainiga lieluma Y, vidéjas vértibas,
un §s sakaribas regresijas liknei ir lineara funkcija:

Y =b0,+b1 X, (3.1)
kur:
X, - urbuma nomérita parametra vértiba;
Y, - skaitliski aprekinata (modeléta) parametra vértiba;

b0, - pirmas hipotézes regresijas liknes brivais loceklis;

bl, - pirmas hipotézes regresijas koeficients.

Pirmo nulles hipotézi HO, apraksta izteiksme:
HO,: b1, =0, (3.2)

Ja izvirzita nulles hipotéze HO, : b1, = 0 ir spéka, tad regresijas koeficients
b1, =0 un pazimju variésana ir pilnigi neatkariga. Tas nozimé, ka starp regresoru
un regresentu nav butiskas korelacijas un linearas atkaribas. Savukart, ja izvirzita
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nulles hipotéze HO, : b1, # 0 nav spéka, tad regresijas koeficients b1, # 0 un
pazimju varié$ana ir atkariga, un tas nozimé, ka starp regresoru un regresentu ir
korelacijas un linearas atkaribas.

Otra nulles hipotéze HO,. Starp brivas fazes $kidruma slana aktuala biezuma
gadijjuma lielumiem X, un atstiknésanas eksperimenta empiriski noteiktajiem
brivas fazes $kidruma slana biezuma gadijuma lielumiem Y,, kas noteikti ar
divam atskirigam metodém (skaitlisko un empirisko), eksisté sakariba — pieaugot
neatkariga mainiga lieluma X, vértibam, lineari pieaug atkariga mainiga lieluma
Y, vidéjas vértibas, un §is sakaribas regresijas liknei ir lineara funkcija:

Y,=b0, + b1 ,X, (33)
kur:
X, - skaitliski aprékinata parametra vértiba;
Y, - empiriski noteikta (eksperimenta) parametra vértiba;

b0, - otras hipotézes regresijas liknes brivais loceklis;

b1, - otras hipotézes regresijas koeficients.

Otro nulles hipotézi HO, apraksta izteiksme:

HO,: b1, =0 (3.4)

Ja izvirzita nulles hipotéze HO,: b1, = 0 ir spéka, tad regresijas koeficients
bl, = 0 un pazimju variédana ir pilnigi neatkariga, un tas nozimé, ka starp
regresoru un regresentu nav butiskas korelacijas un linearas atkaribas. Savukart,
ja izvirzita nulles hipotéze HO,: b1, # 0 nav spéka, tad regresijas koeficients
bl,# 0 un pazimju varié$ana ir atkariga, un tas nozimé, ka starp regresoru un
regresentu ir korelacijas un linearas atkaribas.

Statistiski apstradajot un analizéjot datus, pétjjuma izdaritajiem secinaju-
miem vienmeér piemit varbutibas raksturs (Geske, 2001). Eksperimenta rezultats
nav pretruna ar izvirzito hipotézi, un novérotajam novirzém ir gadijuma raksturs,
ja veikto mérijumu kludas varbatiba neparsniedz nozimibas (batiskuma) limeni
a (Carkova, 1979). Svarigi, ka nozimibas limeni a neizvélas no statistikas
apsvérumiem, bet gan vadoties no pétijumu uzdevumiem (Geske, 2001).

Parasti praksé nozimibas limeni pienem vienadu ar vienu no skaitliem - 0,05;
0,01; 0,001, kas ir visu atziti, un tapéc ir sastaditas atbilsto$as statistiskas tabulas
(Carkova, 1979), kuras norada visparéju likumsakaribu: jo nozimibas limenis
lielaks, jo pétijumu precizitate ir zemaka. Uz fiziskiem meérjjumu rezultatiem
balstitos (analitiskos) pétijumos visbiezak lieto nozimibas limeni a = 0,05, kas
atbilst varbutibai 95% (Geske, 2001). Saja gadijuma, noraidot nulles hipotézi,
pastav 5% varbutiba, ka hipotéze noraidita nepamatoti.
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Korelacijas analize tika veikta trijam savstarpéji saistitam un ar dazadam
metodém iegitam brivas fazes skidruma slana biezuma skaitliskajam vértibam:

1) skaitliski aprékinatajam (modelétajam);

2) empiriski noteiktajam (eksperimentalajam);

3) urbuma novérotajam (nomeéritajam).

Veiktas korelacijas analizes meérkis bija noteikt sakaribu cieSumu starp
faktorialajam un rezultativajam virs gruntstidens peldo$a brivas fazes skidruma
slana biezuma vértibam. Lai vizuali noteiktu sakaribas veidu un cieSumu starp
faktorialajam un rezultativajam brivas fazes skidruma slana biezuma vértibam,
tika izmantota korelacijas jeb izkliedes diagrammas. legito punktu izkliede
ap iedomato sakaribas likni raksturo korelacijas cieSumu (Sokal, Rohlf, 1981;
Pospelova, 2004), bet iedomatas liknes forma — regresijas sakaribas veidu.

Korelacijas koeficienta interpretacija ir korekta tikai tad, ja parbaudamas
paraugkopas atbilst normalajam sadalijumam. Pienemot iespéju, ka veikta
pétijuma eksperimentos kada no mérijumu grupam varétu neatbilst normalajam
sadalijumam vai ari ta satur kladaini noteiktas vértibas, papildus korelacijas
analizei tika veikta arl regresijas analize, ko $ados gadijumos uzstajigi rekomendeé
pastavosa datu statistiskas apstrades prakse (Sokal, Rohlf, 1981; Pospelova, 2004).

Lai parbauditu, vai paru regresija ir lineara, tika salidzinats determinacijas
koeficients R ar korelacijas koeficientu r, kuru kvadratiem linearas regresijas
gadijuma ir jasakrit: R* = r* (Sokal, Rohlf, 1981; Pospelova, 2004). Papildus
linearai regresijai tika parbaudita ari citu zinamo paru regresiju pastavé$anas
iespéjamiba.

Pamatojoties uz empiriskas regresijas diagrammu, ka ari uz determinacijas
un korelacijas koeficientu kvadratu analizes rezultatu, tika noteikts, ka ar
atSkirigam mérijjumu metodém noteikta brivas fazes $kidruma slana aktuala
biezuma gadijuma lielumiem eksisté lineara sakariba - pieaugot neatkarigo
mainigo lielumu X, (regresoru) vértibam, lineari pieaug ari atkariga mainiga
lieluma Y (regresenta) vidéjas vértibas, un regresijas liknei ir lineara funkcija:

Y =060 + b1X, (3.5)
kur:
X - nomeérita urbuma (1. hipotézei) vai analitiski aprékinata (2. hipotézei)
parametra vértiba;
Y - eksperimenta noteikta (empiriska) parametra veértiba;

b0 - regresijas liknes brivais loceklis, kas raksturo ordinatu ass nogriezna lielumu
no koordinatu sistémas sakuma lidz punktam, kura regresijas taisne krusto
ordinatu asi (Carkova, 1979; Krumbein, Graybill, 1965);

bl -regresijas koeficients jeb §is taisnes virziena koeficients, ti., ta lenka
tangenss, ko regresijas taisne veido ar x asi (Carkova, 1979).
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Linearas regresijas koeficientus b0 (brivais loceklis) un bl (regresijas
koeficients) aprékina péc formulam (3.6) un (3.7):

inyi_f'y'n
bl=tz 3.6
CER 20
b0 =y —blx, (3.7)

kur:
s_ — regresora (x paraugkopas) standartnovirze;

visi paréjie apziméjumi - iepriekséjie.

Datu statistiskas apstrades nosléguma tika veikta regresijas butiskuma
parbaude péc Stjudenta kritérija, kuru linearai atkaribai nosaka koeficienta b1
reprezentacijas raditdjs s, . Ja koeficients b1 = 0, tad pazimju variéSana ir pilnigi
neatkariga, starp regresoru un regresentu nav batiskas korelacijas un linearas
atkaribas. Saja gadijuma regresijas taisne ir paraléla abscisu asij un regresija nav
buatiska.

Nulles hipotézi HO : b1 = 0, kad b1 koeficients batiski neatskiras no nulles,
parbauda ar Stjudenta kritériju péc sakaribas (3.8).

| =— (3.8)
Sp1

Nulles hipotéze HO : bl = 0 ir spéka un regresija nav butiska, ja t < f_.
t,,— Stjudenta kritérija teorétiska vertiba, bet v = n - k, kur k - regresijas
vienadojuma koeficientu skaits, oo — buitiskuma limenis.
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4, Rezultati

4.1. Skaitliski noteiktais brivas fazes $kidruma slana biezums

Pétjjuma skaitliskais eksperiments tika balstits uz Amerikas Naftas institata
izstradato Van Genuhtena-Burdina (API-No. 4729, 2003; API-No. 4760, 2007)
fizikalo modeli divfazu $kidruma sistémai gruntsudens horizonta (skat. 2.3. att.).
Pétijuma, kas tika veikts, izmantojot $o modeli, veikto aprékinu rezultata 30
eksperimenta izmantotajos urbumos tika skaitliski noteikts (modeléts) brivas
fazes $kidruma aktualais biezums gan pirms atsuknésanas uzsaksanas, gan ari
péc tas pabeig$anas, kad urbuma pilniba atjaunojas brivas fazes $kidruma un
gruntsiidens limenis. Ar modelésanas (skaitlisko) metodi iegtitas un urbuma
nomeéritas brivas fazes $kidruma slana biezuma vértibas apkopotas 4.1. tabula.

4.1. tabula

Urbumos nomeéritas un skaitliski aprékinatas (modelétas) brivas fazes $kidruma
slana biezuma veértibas

Brivas fazes $kidruma slana biezums, m
Nr. Urbuma Noméritais urbuma - b, Skaitliski noteiktais — b,
pk N Pirms _ L Pirms _ .
atsiknétanas Péc atsuknésanas atsiknéanas Péc atsuknésanas
1 7A 0,98 1,23 0,678 0,896
2 12 0,48 0,58 0,257 0,338
3 14 1,18 0,58 0,852 0,338
4 14A 2,12 1,40 1,683 1,045
5 15 1,23 1,11 0,896 0,791
6 16 1,29 1,30 0,949 0,957
7 17 1,74 1,20 1,346 0,87
8 21 1,78 1,30 1,381 0,957
9 22 1,24 1,12 0,905 0,799
10 23 1,06 0,68 0,747 0,421
11 24 0,57 0,29 0,330 0,117
12 25 0,94 0,63 0,643 0,379
13 26 1,38 1,00 1,028 0,695
14 27 1,44 1,19 1,081 0,861
15 28 1,57 1,56 1,195 1,187
16 29 1,73 1,58 1,337 1,204
17 30 1,86 1,66 1,452 1,275
18 31 2,02 1,46 1,594 1,098
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Brivas fazes $kidruma slana biezums, m
Nr. Urbuma Noméritais urbuma - b, Skaitliski noteiktais - b,
pk N Pirms _ . Pirms B L
atsiknétanas Péc atsuknésanas atsiknétanas Péc atsuknésanas
19 32 2,38 1,68 1,914 1,293
20 33 2,43 1,73 1,959 1,337
21 34 2,42 1,59 1,950 1,213
22 35 2,38 1,59 1,914 1,213
23 36 1,97 1,06 1,550 0,747
24 37 1,68 0,79 1,293 0,514
25 38 1,18 0,61 0,852 0,363
26 40 1,17 0,03 0,843 0,007
27 41 0,43 0,15 0,218 0,039
28 42 0,45 0,50 0,234 0,273
29 43 0,49 0,25 0,265 0,091
30 44 0,01 0,05 0,004 0,011

4.2. Empiriski noteiktais brivas fazes skidruma
slapa biezums

Pamatojoties uz atsiknéSanas gaita ieglitajiem datiem, katram no 30 péta-
majiem urbumiem tika sastadits limena atjauno$anas grafiks (skat. grafiku pie-
meérus 4.1. att.).

Analizgjot iegiitos grafikus saskana ar jau aprakstito un zinatniskaja litera-
tara publicéto empirisko metodi (Aleksans, Klimovics, 2006; Lefebvre, 2006;
Gruszczenski, 1987), visiem 30 pétitajiem urbumiem tika novértéts brivas fazes
$kidruma slana aktualais biezums. Iegiito datu precizé$anai papildus minétajam
novértéjumam 28 urbumiem (no 30 pétitajiem) brivas fazes skidruma slana
aktualais biezums vél tika arl korigéts. Korekcija bija nepiecieSama tapéc, ka
urbuma fiksétais brivas fazes skidruma un adens saskares virsmas limena
izmainu augséjais lizuma punkts grafika var teorétiski biit novirzits pa laika asi
un atrasties starp diviem mérjjumiem. Tapéc faktiskais brivas fazes skidruma
slana biezums vairuma gadijjumu nedaudz at$kiras no ta, kas noteikts péc
grafika. Autora lietota korekcija iespéjamajai saskares virsmas limena lizuma
punkta novirzei laika grafika $o neprecizitati novers.
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4.1. attéls. Urbumos Nr. 14A un Nr. 26 novérotas brivas fazes $kidruma slana un
gruntsidens limena atjaunosanas piemeéri
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Empiriski noteiktas un korigétas brivas fazes skidruma vértibas apkopotas
4.2. tabula.

4.2. tabula

Empiriski noteiktas brivas fazes skidruma slana biezuma vértibas

Bez Ar Bez Ar

Nr. p.k. Urbuma novirzes | novirzes Nr. p.k. Urbuma novirzes | novirzes

N korekcijas | korekciju N korekcijas | korekciju
1 7A 0,44 0,429 16 29 0,38 0,749
2 12 0,36 0,400 17 30 0,85 0,989
3 14 0,36 0,361 18 31 1,12 1,237
4 14A 0,29 0,484 19 32 0,40 0,872
5 15 0,66 0,651 20 33 1,50 1,525
6 16 0,90 n.n. 21 34 0,23 0,713
7 17 1,15 0,871 22 35 1,23 1,213
8 21 0,95 n.n.’ 23 36 0,72 0,741
9 22 1,16 1,130 24 37 0,44 0,579
10 23 0,46 0,237 25 38 0,19 0,114
11 24 0,09 0,119 26 40 0,01 0,007
12 25 0,38 0,343 27 41 0,12 0,101
13 26 0,81 0,598 28 42 0,05 0,057
14 27 0,66 0,859 29 43 0,15 0,167
15 28 1,12 1,049 30 44 0,01 0,009

* n.n. - novirzi nevaréja noteikt

4.3. Pétijuma datu matematiskas analizes rezultati

Sakuma tika parbaudita izvirzita pirma nulles hipotéze HO, - starp urbuma
noteiktajiem (nomeéritajiem) brivas fazes $kidruma slana biezuma veértibu
gadijuma lielumiem X, un skaitliski noteiktajiem (modelétajiem) Y, eksisté
sakariba. Péc tam veikti statistiskie aprékini, lai parbauditu otro izvirzito nulles
hipotézi HO, - starp skaitliski aprékinatajiem (modelétajiem) brivas fazes
$kidruma slana biezuma vértibu gadijuma lielumiem un empiriski noteiktajiem
(eksperimenta noteiktajam vértibam) eksisté sakariba.

Pétijuma dati tika analizéti, izmantojot regresijas batiskuma parbaudi péc
Stjadenta kritérija. Parbaudes gaita tika noteikts linearas sakaribas vienadojuma
koeficienta bl reprezentacijas raditajs, kur§ raksturo regresijas linijas stavokli
generalkopa. Pamatojoties uz reprezentacijas koeficientu, tika veikta regresijas
koeficienta butiskuma parbaude.
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Veikto aprékinu cela tika noteikts, ka pirma nulles hipotéze HO, : b1 = 0
ir noraidita. No ta izriet, ka regresijas koeficients ir batisks, kas savukart
nozimé, ka starp urbuma noteiktajiem (nomeéritajiem) brivas fazes $kidruma
slana biezuma veértibu gadijuma lielumiem X, un skaitliski noteiktajam (mo-
delétajam) Y, vértibam eksisté likumsakariba un noteiktais vienadojums ir
reprezentabls.

Savukart otras nulles hipotézes HO,: b1 = 0 regresijas koeficienta batiskuma
parbaude pirms kritisko datu kopas vértibu atlases uzradija, ka regresijas
koeficients nav butisks un otra hipotéze ir spéka. Tas savukart nozimé, ka
noteiktais regresijas vienadojums nav reprezentabls un to $ada veida nevar
izmantot brivas fazes $kidruma aktuala biezuma noteik$anai (prognozésanai)
gruntsidens horizonta péc urbumu atsaknésanas datiem.

Otras nulles hipotézes HO, skaitliski aprékinato un empiriski noteikto brivas
fazes $kidruma slana biezuma vértibu linearas regresijas taisne, ka ari ticamibas
intervala robezas pie varbatibas 95% attélotas 4.2. attéla.

X-Y datu lineara regresija

._.
in

T

mean( %) ' T

Empinski noteiktais slana biezums, m
o
n

Skaithiski aprelanatats slana biezums, m

Apzim&jumi

1 eee 2 — 3-——--

4.2. attels. Skaitliski aprékinato un empiriski noteikto
(pirms datu kopas kritisko vértibu atlases)
brivas fazes Skidruma slana biezuma vértibu linearas regresijas taisne
APZIMEJUMI. 1 - X-Y veértibas; 2 — kreisa un laba kritisko vértibu robeza; 3 — trenda
linija.
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Lai panaktu otras nulles hipotézes HO,: bl = 0 regresijas koeficienta bu-
tiskuma nosacijuma izpildi, no pétjjuma gaita iegatas brivas fazes $kidruma
slana biezuma mérijjumu kopas tika izvértétas un izpemtas tas kritiskas
vértibas, kuras atradas arpus regresijas ticamibas intervala vai tuvu ta robezam.
Kopuma $ada veida tika atsijati 12 mérfjumi, kuri dazadu iemeslu dé] izradijas
nereprezentabli. Detalizéti visi iemesli, kapéc $ie dati tika noraiditi, ir aprakstiti
sadala “Diskusija”

Péc kritisko vértibu iznems$anas no datu kopas un péc atkartota otras
izvirzitas nulles hipotézes HO, statistisko parametru aprékina tika iegita jauna
regresijas taisne. Uz tas pamata tika veikta atkartota regresijas koeficienta
batiskuma parbaude.

No jauna iegutie rezultati paradija, ka péc datu kopas kritisko vértibu atlases
otras nulles hipotéze HO,: b1 = 0 ir noraidita. No ta izriet, ka tagad regresijas
koeficients ir butisks, bet noteiktais vienadojums ir reprezentabls un izmantojams
pétijuma aprékinos, kas ari bija japierada.

Kopsavilkums par regresijas koeficienta butiskuma parbaudi pirmajai un
otrajai nulles hipotézei apkopots 4.3. tabula.

4.3. tabula
Regresijas koeficienta buitiskuma parbaude
.. . Nulles hipotézes
Regresijas Stjadenta Stjudenta HO: bl =0
T, koeficienta bl kritérija ol
Izvirzita hipotéze - s kritérijs, statuss
reprezentacijas teorétiska .
o . |] nosacijumam
raditajs, s, vértiba, t_ Lt
Pirma nulles 0,006423 2,001717 19,68387 E> Loy
hipotéze HO, Noraidita
Otra nulles hipotéze
HO, (pirms datu t<t
2 [CAY
kopas kritisko vértibu 0.083113 205183 0.176607 Nav noraidita
atlases)
Otra nulles hipotéze
HO, (péc datu kopas >t
, 2,1314 2,2392 %Y
kritisko vértibu 0.08303 3145 39287 Noraidita
atlases)

Balstoties uz $iem datiem, abam izvirzitajam hipotézém tika noteikts ko-
relacijas koeficienta butiskums, un aprékinatais lielums tika salidzinats ar
kritisko vértibu, kas atkariba no paraugkopas apjoma n un o noteikta péc ta-
bulas (Liepa 1., 1974).
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Korelacijas koeficienta kritisko vértibu salidzinasanas rezultati skatami
4.4. tabula.

4.4. tabula
Korelacijas koeficienta biitiskuma parbaude

A Korelacijas

o Meérijumu Butiskuma Aprelgl_nitms koeficienta

Izvirzita hipotéze ; o korelacijas el
skaits, n limenis, o . kritiska vértiba,

koeficients, r .
Pirma nulles hipotéze HO, 60 0,05 0,998 0,253

Otra nulles hipotéze HO,
(pirms datu kopas kritisko 29 0,05 0,889 0,367
vértibu atlases)

Otra nulles hipotéze HO,
(péc datu kopas kritisko 17 0,05 0,839 0,482
vértibu atlases)

Aprékinato korelacijas koeficientu vértibu un tam atbilstodo sakaribu
cieSuma raksturojumam tika izmantoti tabulas dati (Arhipova, Balina, 2000).
Saskana ar Siem datiem visos jau aprakstitajos gadijumos aprékinatas korelacijas
koeficienta vértibas raksturojamas ka funkcionali pozitivas, kas vélreiz apliecina
to, ka péc datu statistiskas apstrades ir pieradits, ka starp regresijas datu kopam
eksisté cie$a lineara sakariba un iegiitos datus var izmantot turpmakajiem
aprékiniem.

Apkopojot visus iegutos datus, atbilsto$i pirmajai un otrajai izvirzitajai
hipotézei var uzrakstit divus regresijas vienadojumus:

Y, =0,0147 + 0,8231 X, (4.1)
kur:
Y, - skaitliski aprékinatais brivas fazes $kidruma slana biezums - b ;
X, - urbuma noméritais brivas fazes skidruma slana biezums - b ;

Y,= 02575 + 0,5358 X, (4.2)
kur:
Y, - empiriski noteiktais brivas fazes Skidruma slana biezums - b ;
X, - skaitliski noteiktais brivas fazes $kidruma slana biezums - b .
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Aizstajot Y, X, Y, un X, attiecigiar b, b, b un b , iegtstam:

b =0,0147 +0,8231 b, (4.3)

b, =0,2575 +0,5358 b, (4.4)

Saskanpa ar izvirzito pétijjuma hipotézi pétijjuma gaita ir noteikts, ka starp
modelétajam un urbuma noméritajam brivas fazes skidruma slana biezuma
vertibam eksisté ciesa (r = 0,998) korelacija un datu izkliede ap regresijas taisni
ir minimala. Iegatie datu statistiskas apstrades rezultati lauj pienemt, ka skaitliski
noteiktas (modelétas) brivas fazes $kidruma slana biezuma veértibas ir patiesas,
un tapéc tam var pielidzinat citas $1 parametra vértibas, kas iegtitas ar at$kirigam
metodém, taja skaita arl empiriski.

Empiriski noteiktais brivas fazes $kidruma slana biezums atskiras gan
no urbuma nomeérita, gan ari no skaitliski noteikta lieluma. Autora pétijuma
gaita pieradits, ka starp empiriski noteiktajam un skaitliski aprékinatajam
(modelétajam) brivas fazes Skidruma slana biezuma vértibam tapat eksisté
korelacija, un tas nozimé, ka empiriski noteiktas vértibas ir iespéjams pielidzinat
modelétajam. Lai to izdaritu, regresijas vienadojums (4.4) japarraksta sadi:

_b,—0.2575 (4.5)
“T0,5358

Tadéjadi iegatais (4.5) vienadojums lauj noteikt brivas fazes $kidruma
aktualo biezumu gruntstidens horizonta empiriski, balstoties tikai uz urbumu
atsiknésanas datu apstradi. Tam nav nepiecie$ams veikt sarezgitus matematiskos
aprékinus ar daudzu nezinamu parametru izmanto$anu, uz kuriem $adi aprékini
ir balstiti saskana ar pastavo$o metodiku (API-No. 4729, 2003; API-No. 4760,
2007).
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5. Diskusija

Gruntstidens horizonta pastavosa divfazu $kidruma vertikala sadalijuma
koncepcija laika gaita ir vairakkart mainijusies, un lidz ar to ir mainijusies ari
hidrogeologisko aprékinu metodika. Vel pagajusa gadsimta 50.-60. gados ta tika
balstita uz visparpienemtu (API-Publication, 2004), tomér kladainu prieksstatu
(API-Bulleten-No. 18, 2003), ka brivas fazes skidruma slanis gruntsiadens
horizonta veido no adens stingri nodalitu, virs ta peldo$u lécu, kuras ietvaros
100% poru tilpumu aizpilda brivas fazes skidrums.

Sakot ar pagajusa gadsimta 70. gadiem (Lefebvre, 2006), turpmakie pétijumi
(Brook, Corey, 1964; Genuchten, 1980) pieradija, ka gruntsiidens horizonta
pastavo$o kapilaro spéku ietekmé brivas fazes skidruma slana iegulas intervala
veidojas sarezgita daudzfazu sistéma, kura brivas fazes Skidruma piesatinajums
grunts poras mainas no ta maksimala procentuala satura slana augsa lidz
minimalam slana apaksa. Lauka pétjjumi ir pieradijusi (API-Publication, 2004),
ka §i daudzfazu koncepcija ir piemérojama gan rupji graudainam, gan ari smalkam
smiltim. Tomér smilts graudinu izméram $aja koncepcija ir butiska nozime,
jo atkariba no ta, vai smilts ir rupjaka vai smalkaka, mainas ari starpiba starp
urbuma novéroto ($kietamo) un gruntsudens horizonta piesatinataja dala reali
eso$o (faktisko) brivas fazes $kidruma slana biezumu (Abdul et al., 1989). Iezu
heterogenitates ietekmi uz divu $kidrumu, kas nesajaucas, vertikalo sadalijumu
gruntsiidens horizonta labi ilustré 5.1. attéls.

Galvenais faktors, ka rezultata veidojas starpiba starp urbuma novéroto
(8kietamo) un gruntsidens horizonta piesatinataja dala reali eso$o (faktisko)
brivas fazes $kidruma slana biezumu, ir kapilarie spéki horizonta, brivas fazes
$kidruma blivums un ta saistibas pakape ar mineralo grunti (Blake, Hall, 1984). Jo
smalkaka ir grunts un jo lielaki kapilarie spéki taja darbojas, jo lielaka ir starpiba
starp urbuma novéroto un gruntsiidens horizonta piesatinataja dala reali eso$o
brivas fazes $kidruma slana biezumu (Mercer, Cohen, 1990). Nemot véra to, ka
urbuma kapilaro spéku praktiski nav, tdens limenis taja vienmeér bus zemaks
par gruntsiidens kapilara pacéluma zonu. Rezultata brivas fazes skidrums no
gruntsidens kapilara pacéluma ietekmes zonas, kur uz to caur poram iedarbojas
udens spiediens no apaksas, parvietosies uz urbumu, kur sada kapilara adens
spiediena nav, un tapéc tas aizpildis $o urbuma telpu, sakot no zemaka limena,
kas atbilst gruntstdens kapilaras zonas apaksai horizonta.

Tomér aprakstita koncepcija ir spéka ierobezotam brivas fazes $kidruma
slana biezuma vértibu intervalam. Ir konstatéts, ja brivas fazes skidruma slanis
gruntsidens horizonta palielinas un sasniedz kadu noteiktu biezumu (Lefebvre,
2006), $1 slana masas spiediens sak nomakt zem ta eso$a tdens kapilaro cel$anos,
un tapéc starpiba starp urbuma novéroto un horizontad eso$o brivas fazes
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$kidruma slana biezumu mazinasies (Aleksans, Gavena, 2008; Testa, Paczkowsk,
1989). Un otradi - ja brivas fazes Skidruma slanis gruntsidens horizonta

samazinas, aizvien lielaka ta dala tiek

mehaniski saistita ar grunti, un tapéc

$is $kidrums zaudé savu mobilitati un urbuma vairs neuzkrajas. Saja gadijuma
urbuma novérotais brivas fazes $kidruma slana biezums ir mazaks par to, kadam
tam $eit vajadzétu but saskana ar pétijuma koncepciju.

Depth (m) Signal (%RE) 350 400 450 500 |Pepth (m
0.0 00~ |-
F 05 o5
F104 +1.0
157 +15
Eood Brivas fazes skidruma E
E kapilara pacéluma zona
L5 } T25
£3.0 3.0
k359 L35
Gruntsudens
Fao0d kapilara pacéluma +4.0
zona
L4451 Zondésanas punkta informacija E4s
Vieta: Zondésanas dzijums:
VNT PC teritorija 5.05m
£50] Klients: Maksimalais signals: |5 ¢
Ventspils nafta terminals || 409.0%RE 2.73 m
FProjekta indekss: Datums un laiks:
L55 VNT-IZP-01/2010 2010-01-28 13:56 o
"o 100 200 300 %RE|
APZIMEJUMI
—a

i — I el

5 (N {m

5.1. attéls. Divfazu $kidruma vertikala sadalijuma profils heterogénai gruntsidens
horizonta smil$aino nogulumu videi

APZIMEJUML. 1 - lazera izraisitas fluorescences profils; 2 - modelétais (sarkana linija)
un ar LIF metodi noteiktais (zalais tonéjums) brivas fazes $kidruma piesatinajums grunti;
3 — urbums: a) apvalkcaurule, b) filtrs; 4 — brivas fazes $kidrums urbuma; 5 - tdens

urbuma.
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Ka svarigs papildu faktors mobila $kidruma apjoma zudumiem ta adsorb-
&Sanas cela ir jamin ari tas apstaklis, ka visu So procesu rezultata butiski mainas
ari pasu iezu filtracijas ipasibas, kas veél vairak samazina brivas fazes $kidruma
mobilitati gruntl un lidz ar to - ari varbatibu, ka $ads slanis vispar veidosies
(Burdine, 1953; API_No. 4711, 2001).

Ar Van Genuhtena-Burdina modeli skaitliski noteikto neatgriezama (ad-
sorbéta) un mobila brivas fazes skidruma proporcionalo attiecibu gruntsadens
horizonta netie$i apstiprina ari lazera izraisitas fluorescences zondé$anas
rezultati, ko labi ilustré 5.2. attéls (Kalpiss, 2010).

Depth (m) Signal (%RE) 350 400 450 500 | Depth (m)
ro.0 004
r0.54 Jo5 1
F1.0] 110 ]
I15 ]

100 150 200

Zondésanas punkta informacija

Vieta: Zondeésanas dzilums:

VNT PC teritorija 4.57T m

Klients: Maksimalals signals:

Ventspils nafta terminals || 191.4 %RE1.69 m

Projekta indekss: Datums un laiks:

VNT-I1ZP-01/2010 2010-07-07 14:53
APZIMEJTUMI

5.2. attéls. NeatgrieZzamais un mobilais brivas fazes Skidruma piesatinajuma
sadalijums 44. urbuma laukumam, noteikts lauka apstaklos ar LIF metodi
APZIMEJUML. 1 - lazera izraisitas fluorescences profils; 2 — neatgriezeniskais brivas fazes
$kidruma piesatinajums: a) aeracijas zona, b) piesatinataja zona; 3 — urbums: a) apvalk-

caurule, b) filtrs; 4 - brivas fazes skidrums urbuma; 5 — adens urbuma.
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Visi minétie faktori ir loti batiski pétijuma iegato datu apstradei un
rezultatu interpretacijai. It seviski tas attiecas uz gadijumu, kad brivas fazes
$kidruma slana biezums ir tik liels, ka ta saskares vieta ar gruntsudeni rodas
spiediens, kas nelauj idenim pa kapilariem parvietoties uz aug$u un iespiesties
brivas fazes $kidruma piesatinajuma zona. Tas nozimeé, ka brivas fazes $kidruma
slana biezumam parsniedzot kaut kadu noteiktu lielumu, ta faktiska vértiba
gruntstidens horizonta pakapeniski tuvinas §1 slana novérotajai biezuma vértibai
urbuma (Testa, Paczkowsk, 1989). So faktu ari apstiprina veikta pétijuma datu
statistiskas apstrades rezultati.

Sakotnéji datu statistiskas apstrades rezultata noraidito empirisko brivas
fazes $kidruma slana biezuma kritisko vértibu raksturs rada, ka $o vértibu
grafika ir izdalami divi apgabali — pa kreisi (A) un pa labi vérstais (B) apgabals
(skat. 5.3. att.). Katram no Siem apgabaliem ir sava izcelsme un skaidrojums.

Pa labi vérstais apgabals (B), ka jau tas tika skaidrots ieprieks, ir saistits
ar empiriski noteiktajam brivas fazes $kidruma slana biezuma vértibam, kuras
parsniedz 1 metra atzimi. Savukart kreisais apgabals (A) ir saistits ar brivas fazes
$kidruma slana biezuma vértibam, kuras ir mazakas par 0,4 metriem.

Kreisa apgabala empirisko vértibu noraidisanas iemesls (atskiriba no labas
puses apgabala vértibam), visticamak, saistits ar brivas fazes skidruma adsorb-
éSanos gruntsiidens horizonta iezu mineralaja frakcija, un ta rezultata veidojas
neatgriezamais brivas fazes $kidruma piesatinajums S un S__. Sis parametrs
norada to minimalo $kidruma apjomu grunti, kas nepiecie$ams, lai veidotos
plasma (Luckner et al., 1989). Principa tas ir nogulumu poras kapilaro spéku
ietekmé aizturétais Skidruma apjoms (Genuthen et al., 1985), kas nepiedalas
gruntsidens horizontad divfazu $kidruma plasma, un tapéc tas var arl ne-
paradities urbuma gan ta atsiknésanas, gan ari limenu atjauno$anas laika péc
atstknésanas.

Pétijuma eksperimenta veiktie mérijumi atseviskiem urbumiem ar nelielu
brivas fazes Skidruma slana biezumu uzradija visai pretrunigus rezultatus, un tas
liek secinat, ka $ajos urbumos eksperimenta gaitd novérojamas naftas produktu
brivas fazes $kidruma slana biezuma izmainas ir atkarigas ne tik daudz no i
slana faktiska biezuma gruntsadens horizonta, cik no to iezu filtracijas ipasibam,
kuru poras $is slanis atrodas. Jo smalkakas ir smiltis, jo vajakas filtracijas ipasibas
un augstika brivas fazes $kidruma adsorbésanas spéja tim piemit. So faktu
savos darbos atzimé ari citi lidzigu pétjjumu autori (Krumbein, Graybill, 1965;
Marinelli et al., 1996). Sos pienémumus apstiprina ari pétijuma datu statistiskas
analizes rezultati.

Apkopojot visu jau sacito, var secinat, ka kreisa apgabala (A) kritisko vértibu
kopas izkliede ir parak liela, lai iegiito regresijas vienadojumu varétu izmantot
brivas fazes $kidruma aktuala biezuma noteik$anai (prognozésanai) gruntsudens
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horizonta péc urbumu atsaknésanas datiem, kad urbuma noveérotais brivas fazes
$kidruma slana biezums ir mazaks par 0,4 metriem.

Lidzigi ka kreisajam (A) apgabalam tika parbauditas ari skaitliski un
empiriski aprékinatas brivas fazes $kidruma slana biezuma kritiskas vértibas
labajam (B) apgabalam. Ieguta regresijas taisne skatama 5.3. attéla.

—
- wn

o
[

Empiriski noteiktais slana biezums, m

Empiriski noteiktais slana biezums, m

X-Y datu lineara regresija

x'nea;x(X) i i -

: B
:

03 06 09 1,2 15
Skaitliski aprékinatais slana biezums, m

i rmean( )

Skaitliski apréknatais slana biezums, m

Apzimé&jumi
1000 2 — ] ==

5.3. attéls. Pa labi versta (B) apgabala skaitliski un empiriski aprékinato brivas fazes

$kidruma slana biezuma kritisko vértibu linearas regresijas taisne

APZIMEJUMI. 1 - X-Y vértibas; 2 — kreisa un laba kritisko vértibu robeza; 3 - trenda
linija; A un B - empiriski noteikta brivas fazes skidruma slana biezuma kritisko vértibu

apgabali.
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Izmantojot (B) apgabala linearas sakaribas vienadojuma koeficienta b1
reprezentacijas raditaju, veikta o vértibu kopas regresijas koeficienta butiskuma
parbaude péc Stjudenta kritérija. Parbaudé noteikts, ka kopéja aprékinu shéma
neieklaujas 28. urbums, tapéc ta dati no turpmakajiem aprékiniem tika izslégti.

Atkartoti aprékini bez 28. urbuma uzrada, ka otra hipotéze HO,: bl = 0
ir noraidita, jo ¢t = 1,809788 > t = 1,798118, bet tas nozime, ka $is hipotézes
regresijas koeficients ir batisks un noteiktais regresijas vienadojums ir
reprezentabls (skat. 5.1. tabulu).

NepiecieS$ams atzimét, ka hipotézes regresijas koeficienta butiskuma
nosacijums izpildas tikai 83% (o = 0,17) ticamibas intervalam un mazakam. No
ta var secinat — lai gan grafika labas puses kritisko vértibu apgabala (B) izkliede
ir augstaka par centrala apgabala vértibu izkliedi, iegtto regresijas vienadojumu
var izmantot brivas fazes skidruma aktuala biezuma noteik$anai (prognozésanai)
gruntstidens horizonta péc urbumu atstknésanas datiem ar ticamibas pakapi
lidz 83% péc $ada vienadojuma:

Y,= 1,46 - 0,46 X, (5.1)
Vienadojums (5.1) ir alternativa vienadojumam (4.2), vienigi tas ir paredzéts

tikai tam urbuma nomeéritajam brivas fazes $kidruma slana vértibam, kas ir
lielakas par 1 metru.

5.1. tabula
Laba (B) apgabalakritisko vértibu kopasregresijaskoeficienta batiskuma parbaude
Regresijas Stjadenta . Nulles hipotézes
T koeficienta b1 kritérija S4 gqe?ta HO : b1 = 0 statuss
Izvirzita hipotéze - s kritérijs, -
reprezentacijas teorétiska I nosacijumam
raditdjs, s, vértiba, | tt,,
Otra nulles hipotéze
HO, laba (B) t>t
2 [(AY
apgabala kritisko 0,253656 1,798118 1.809788 Noraidita
vértibu kopai

Talak, lai noteiktu brivas fazes $kidruma aktualo biezumu gruntsidens
horizonta vértibam, kas lielaks par 1 metru, balstoties uz urbumu atsiknésanas
datu apstradi, tapat ka vértibu intervalam 0,4-1,0 m izmanto vienadojumu (4.5).

Apkopojot visu sacito, var secinat, ka ir pieradita saistiba starp divu pétamo
parametru kopu vértibam, kas noteiktas ar divam dazadam metodém (empirisko
un analitisko). Tas nozimé, ka atsikné$anas eksperimenta mérjjumu rezultati un
analitisko aprékinu dati adekvati raksturo nosakama parametra skaitlisko vértibu
un §i parametra varié$anu, un tas turpmak $ada veida datus Jauj ar statistiski
noteiktu ticamibas pakapi izmantot dazadiem hidrogeologiskiem aprékiniem.
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Secinajumi

Pirmo reizi Baltijas valstim raksturigos hidrogeologiskos apstaklos realizéta
gruntstdens horizonta pastavosas divfazu Skidruma plasmas teorétisko datu
sistematiska analize un to verificé$ana ar lauka eksperimentu rezultatiem.

Pétijuma parbaudits zinatniskaja literatara izvirzitais un vairakkart
pieraditais fakts, ka novéro$anas urbuma noméritais brivas fazes skidruma slana
biezums parasti parsniedz faktisko $i slana biezumu gruntsiadens horizonta.

Pieradita hipotéze, ka urbuma geologiskajos nogulumos eksisté ciesa
saistiba starp ,,patieso” (aktualo) brivas fazes slana biezumu un ,vérojamo” §1
slana biezumu, un $o saistibu var izmantot aktuala slana biezuma aprékinasanai
péc §i slana mérijjumu datiem urbumos.

Veikta pétijuma datu statistiska apstrade, kuras gaita parbaudits atstiknésanas
eksperimenta empiriski iegtita (pétama) lieluma vértibu kopas patiesums, un tas
salidzinats ar skaitlisko (modeléto) aprékinu cela teorétiski noteikto (zinamo)
datu kopu.

Pieradits, ka ar divam dazadam metodém (empiriski un analitiski) noteikto
divu parametru kopu vértibas ir patiesas, atstiknésanas eksperimenta mérijumu
rezultati un analitisko aprékinu dati adekvati raksturo nosakdma parametra
skaitlisko vértibu un §1 parametra variésanu.

Pétjjuma iegtto datu verificéSanai pirmo reizi Latvija izmantota inovativa
lazera izraisitas fluorescences metode, kas ir atrs un jutigs process, ideali
piemérots naftas produktu brivas fazes $kidruma noteik$anai gruntsadens
horizonta tiessaistes cela ar lazera skenésanas iekartu.

Pétjjumu eksperimentu gaita tika iegita augsta veikto meérijumu atkar-
tojamiba, un tas lauj secinat, ka piedavata brivas fazes $kidruma slana biezuma
izmainu noteik$anas metode ir loti efektiva, un paSreiz tai nav analoga
hidrogeologisko pétijumu praksé Latvija.

Pétijuma iegutie rezultati ir tikai neliela dala no tas informacijas, kas vél
apgustama loti aktualaja gruntsadens horizonta pastavosas divfazu $kidruma
plasmas veido$anas mehanisma izzinasanas joma. Tas neparprotami norada uz
to, ka $aja virziena pétijjumi ir jaturpina ari nakotné.
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Pateicibas

Lielu ieguldijumu darba tap$ana, ka ari metodiskas konsultacijas un reko-
mendacijas sniedza §i pétjjuma zinatniskais vaditajs, geologijas doktors un
Latvijas Universitates profesors Valdis Seglins. Vin$ palidzéja ari strukturét un
optimizét pétijuma saturu un veicinaja pétijuma iegato rezultatu sistematisku
izklastu.

Promocijas darbs izstradats ar ESF projekta finansialu atbalstu. ESF projekta numurs:
2009/0212/1DP/1.1.1.2.0/09/APIA/VIAA/060.

Metodiskas konsultacijas un atbalstu lauku darbu planosana, ka ari atsuk-
nésanas eksperimentu veik$ana sniedza SIA “VentEko” projektu vaditajs geologs
Guntis Ginters. Vins tapat sniedza konsultacijas par pétijuma rajona geologiskas
uzbuves ipatnibam, piedalijas atsevisku geologisko robezu precizé$ana daba.
Peétfjuma ieklautos grafiskos attélus palidzéja gatavot SIA “VentEko” datorgrafikis
Aivars Martinovs. Minétajiem kolégiem esmu pateicigs par ieguldjjumu,
kuru vini sniedza pétjjuma atseviSku posmu realizacija un iegato rezultatu
noformeésana.

Liels paldies toposajam geologam manam délam Janim Aleksanam par $i
darba tulkojumu no latvie$u uz anglu valodu, ka ari Uldim Kaknénam par anglu
teksta korigésanu.

Autors tapat pateicas visiem citiem SIA “VentEko” specialistiem par sniegto
tehnisko atbalstu lauka pétijumu veiksanai, ka ari visu to uzpémumu adminis-
tracijam un dienestiem, ar kuru laipnu atlauju $aja darba ir izmantoti to uzné-
mumu teritorijas veikto pétijjumu rezultati.

Ipasa pateiciba visiem SIA “Ventspils nafta terminals” (bijusi AS “Ventspils
nafta”) tehniskajiem dienestiem, vides specialistiem un administrativajiem
darbiniekiem, bez kuru atbalsta un praktiskajiem padomiem nebitu iespéjama
eksperimentu realizacija pétijuma objekta.

Izsaku lielu pateicibu Inesei Martenai par palidzibu promocijas darba teksta
noformésana un tematiski vienotas zinatnisko publikaciju kopas sagatavosana.
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Abstract

The doctoral thesis is dedicated to analyze two-phase liquids hydrogeo-
logical parameters’ determining methods and importance of these methods in
contemporary applied geology. Also the doctoral thesis describes the applicability
of studied methods for the different kind of hydrogeological solutions, as well
as to investigate the development trends of those methods and their potential
usage in the future.

The study proves that after suspension of pumping process from the well,
during the period of level recovery based on the regular free-phase liquid layer
thickness and its interface with water measurements in the pumping well, it is
possible to obtain the data necessary for determining the actual thickness of free
phase liquid layer in the aquifer.

Systematic analysis of theoretical data of two-phase liquid flow in the shallow
aquifer has been carried out and verified with the results of field experiments.
The parameters obtained experimentally in the field have tight correlation with
the empirically-estimated indicators that point to the interchangeability of these
methods for applied and scientific research.

Key words: two-phase liquids, non-aqueous phase liquids, free phase, layer
thickness, groundwater aquifer, oil products, pollution.

Topicality of the study

After the re-establishment of Latvian independence in the nineties of XX
century variety of patterns of environmental studies began develop rapidly,
including highly detailed hydrogeological studies that were often related to major
changes in environmental legislation. With the development of an appropriate
legislative base, it was gradually aligned with the rules implement in the European
Union, and in this context as one of the priority environmental requirements
integrated industrial pollution control and prevention were established, including
identification, investigation and remediation of contaminated sites.

The petroleum and petroleum product processing, storage and transportation
companies were mostly affected by the changes in legislation (Ministry of
Economy, 11/15/2004), in the result of their historical performance in many
parts of Latvia was created widespread soil and groundwater contamination
plumes (Baltic Environmental Forum, 2006; Gosk et al., 1993, Levin et al,
1994; Aleksans et al., 1997), but the traditional research methods proved to
be inadequate for proper study of the pollution (Levin, Prols, 1997; Loginov,
1997). Soil and groundwater petroleum product pollutant quantity calculations
were incorrect (API-Publication, 2004) and the resulting rates often several
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times exceeded the actual quantities of the existing polluting oil products in the
environment. As a result, companies were applied unreasonably high rates of
natural resources for actually non-existent environmental damage (Aleksans,
2000, Kovalenko, 1996).

Numbers of petroleum product spills are occurring in Latvia annually, that
results in contamination of thousands square meters of surface area and water
bodies and hundreds of cubic meters of petroleum products leak into the soil
and groundwater (SIA “VentEko” data about leaks over the last 8-12 years). Oil
pollution of groundwater horizon is characterized by a two-phase liquid state,
that is one of the most pressing environmental problems study of which requires
special techniques and special measuring equipment.

Two-phase fluid flow in groundwater aquifer as a problem has been widely
studied in the world. Particularly remarkable is American Petroleum Institute
(API) development (API-No.4711, 2001, API-Publication, 2004), as well as a
few Latvian studies (Aleksans, 2006; Buikis, 1989; Spalvins, Lace, 1997; Spalvins
et al., 1997). In these studies, an emphasis on the theoretical aspects about two-
phase fluid flow in groundwater aquifer is made, but discussion about matter of
the theoretical question for the observed in nature and the theoretical models
of approbation and the examination of the field measurements still remain not
sufficient in the scientific literature.

Traditionally, groundwater flow and their descriptive dynamics equations
are not applicable for the two-phase fluid conditions in the groundwater
aquifer. There are multiple operating environments, which need new methods
to be found out, but they can only be gained through targeted research and
experimentation. Notwithstanding the above, in Latvia such studies are very
limited (Aleksans, 2000) and their absence prevents environmental specialists,
engineers and hydro geologists from obtaining the required parameters for
petroleum product contamination control and remediation projects in the area
(Aleksans, 2002).

Aim and goals of the study

The aim of study was to develop a new practical method for two-phase
liquid layer thickness determination in the groundwater aquifer, to explore the
two unmixed fluid flow patterns in porous sediment environments, to examine
pre-existing theoretical methods by evaluating the possibilities of applying for
current hydrogeological issues in Latvian geological conditions.

The main tasks for the above mentioned purpose was to collect, compile
and analyze the large evidence base and find the correct calculation algorithm,
which would be most simple and at the same time allowing to obtain realistic
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results, based solely on the pumping data. It was very important to identify the
key criteria that affect the free-phase liquid layer in groundwater aquifer, as well
as the main factors which affect the formation of the difference between the
measured in boring apparent free-phase liquid layer thickness and the actual
thickness of the liquid in groundwater aquifer.

Study conditions also intended to acquire data analysis and statistical
analysis for results of experimental measurement of pumping to examine
whether the analytical data calculation adequately describes the numerical value
of this parameter and its differentiation. It was important to distinguish and
describe patterns, which may adversely affect the reliability of results, provide
incorrect result (the rejected value) analysis, characterize their causes and
possible solutions to fix the problem.

To meet this objective, an appreciation of all the available latest theoretical
developments of methods, analysis of published scientific literature (Nyeri
et al,, 1996, Aral, Liao, 2000; Lefebvre, 2006, Bondy et al., 2006), technical
studies reports (Aleksans, 2002; Aleksans, 1998) and information available on
the Internet, as well as investigation and analysis of various course materials,
information of conferences and seminars held by professional organizations
(Howard, 2005; Merry, 2005) was carried out.

Novelty of the study

The completed study covers author’s field observations’ summary obtained
during last ten years, their analysis and comparison with the parameters obtained
with the latest, based on empirical calculations, theoretical methods. It is based
on experimental and practical measures in field conditions and is targeted at
local geologically hydrogeological conditions, allowing better identification
of two-phase fluid flow characteristics of petroleum product pollution at sites
in Latvia. The author’s study is the first such experiment in which theoretical
aspects of free-phase liquid flow in groundwater aquifer are based on extensive
field observation data base.

It is well known (API-Bulleten-No.18, 2003) that free-phase liquid layer
thickness, which forms in groundwater aquifer, is closely linked to saturated
horizons of rock making up the liquid permeability properties, free-phase
liquid physico-chemical indicators and several other factors. Interaction of
these factors provides a free-phase liquid layer flow conditions and the actual
changes in thickness regularities in groundwater aquifer (Aleksans, 2006), which
differs significantly from the pure water filtration characteristics in the porous
environment (API-No.4760, 2007).
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Dissertation and its title focuses on a two-phase underground flow in
groundwater aquifer. This emphasis on the two-phase fluid flow is performed in
order to demonstrate that in contrast to normal flow in groundwater horizon,
completely different patterns act in two-phase saturation conditionsthat requires
specific studies to be found out. Two-phase flow patterns are intensively
scientifically researched all around the world (API-Bulleten-No.18, 2003) and
this determines importance and topicality of the study.

Approbation and implementation of the study results

Until 2011 based on the study results more than 30 scientific publications
on individual study compounds and the work as a whole were elaborated,
nine of said articles were published in international journals and in collective
monographs, seven publications contain international conference and seminar
theses, nine - theses from papers presented and published in Latvia, as well
as several publications from different countries’ geological institutions’ and
authorities’ publications. International scientific congresses, thirteen papers
have been read at conferences and seminars and ten reports were presented
in scientific conferences and seminars in Latvia. As a whole the published
materials fully reflect the results of the dissertation and result of objectives set
in promotion paper.

In the field obtained and statistically based current thickness detection
method for two-phase fluid flow in groundwater aquifer, which opens the
possibility of different hydrogeological challenges in technically complex areas:
oil terminals, ports, sites of petroleum product leak from pipelines, urban
industrial zones, etc. Lack of such method in Latvia has so far prevented the
environmentalists, engineers and hydrogeologists from obtaining the necessary
parameters for petroleum pollution contamination control and remediation
of sites. Therefore, scientifically-based free-phase liquid actual layer thickness
determination method and approved by the author in the study may become
a useful tool for calculations of various hydrogeological environmental re-
mediation projects.

Of course, the results obtained are only a small part of the information,
yet to be learnt about two-phase fluid flow in groundwater aquifer formation
mechanism study area. However, it is a good experience, which offers huge
potential in the future for practical application of these results in the groundwater
aquifer ongoing two-phase fluid flow hydrogeological calculations.
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1 The study area charecterization

1.1 The study site selection and study object specification

For realization of the promotion paper study site was selected with Latvian
site-specific geological and hydrogeological conditions where two-phase fluid
flow forms were studied. For determination of criteria for study site contaminated
and potentially contaminated site registry was used (Latvian Environment,
Geology and Meteorology Centre, 2006), which contains 3567 entries, of which
243 are potentially contaminated. Of these 243 contaminated sites 192 (78%)
cases have detected the presence of petroleum product contamination in the soil
or groundwater. 49 sites contaminated by petroleum products (26%) have above
the groundwater free-phase liquid layer, and at 143 sites (74%) this layer can
potentially be formed.

For study site selection an additional criterion was set as a requirement
that free-phase liquid layer was located in groundwater aquifer, where in the
Latvian geologically hydrogeological conditions most common was two-phase
flow, because in groundwater it is the least naturally protected from petroleum
product contamination. The deeper water horizon oil pollution in Latvian
geological conditions, on average, does not exceed 5-6% of the total pollution in
the number of objects.

There is importance of free-phase liquid layer and water containing sediment
lithological composition. Contaminated and potentially contaminated site in the
database existing information analysis results show that groundwater floating
over a free-phase liquid layer in 94% of the cases forms sandy sediments.

For study needs it was important to select a site in which the free-phase
liquid layer consisted of petroleum product pollutants which are most common.
191 petroleum product contaminated site analysis showed that most (57%)
frequent cause of pollution in some form is gasoline and/or diesel fuel.

After systematical evaluation all database sites with predefined criteria, as one
of the most promising sites petroleum product pollution object in Ventspils city
industrial area was selected for the study. It can be found in the Contaminated
and Potentially Contaminated Site Register under number 27004/2055 (Latvian
Environment, Geology and Meteorology Centre, 2006).
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1.2 Ventspils expérimental site

Administratively study site is located in the Baltic Sea coastal area (Fig. 1.1.)
in Ventspils city’s industrial zone oil product handling area. The company
operates since late 60-ies, the total area is 81 ha and contains three tank parks,
four rail racks for petroleum product unloading, pumping stations and other
technological facilities (Kovalenko, 1996; Aleksans, 1998). Majority volume of
transshipped products consists of crude oil and diesel fuel, also gasoline and jet
fuel is transferred.

The first groundwater research in this area (1990-1992) was launched by
the Latvian Geological Survey (Levin, Krutofal, 1992), later — in year 1995 and
1996 it was continued by SIA Balt-Ost-Geo. This study carried out soil, soil
unsaturated zone and groundwater contamination inventory (Kovalenko, 1996).
SIA Balt-Ost-Geo in 1996 launched, and in 1997 continued soil and groundwater
decontamination in rail racks area. SIA “VentEko” carried out a repeated soil
and groundwater contamination inventory of all the oil products in shoretank
farm area in 1997 (Aleksans, 1998).

>z

BALTIJAS
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Apzimeéjumi

Pétfjumu objekta izvietojums

. plana

Figure 1.1 Study site location scheme
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The experimental field area within the research area covers approximately
6 hectares and covers three out of four petroleum products’ transshipment
in the train trestles, which operating resulted in sandy sediments top array
forming a substantial soil and groundwater contamination plume (Fig. 1.2.). The
fuel quantity calculations showed that the amount of intensely contaminated
soil (> 5000 mg x kg') in the train trestle area of 5.7 ha amounts to around
40 000 m?, but above the groundwater level by up to 3 m thick floating free-
phase layer containing at least 3.000 m? of petroleum products (Aleksans, 1998;
Aleksans, 1999).

; — m——
ol Om 40m 80m 120 m
LEGEND

N = R e

Figure 1.2 Free-phase liquid layer distribution map and drilling wells locations
within the study site (Aleksans, 1999)

LEGEND. 1 - drilling well and its umber; 2 - geometric trace of free-phase liquid layer
thickness, in meters; 3 — hydro geological cross section line.

Geologically free-phase liquid layer within the range of the experimental
field is located at the flat plain of the former Littorina lagoon northern part.
A quaternary deposit, which covers the lower strata that directly covers the
Devonian rocks, consists of Latvian and Kurzeme glacial till deposits. While
the majority of the upper strata is made up of clay with silt strata in between
which on the surface is covered by poorly sorted sand. Quaternary deposits’
total thickness at the research site and the surrounding areas varies from 20 to
60 meters (Juskevics et al., 1998; Podgurskis et al., 1985; Tracevskis et al., 1969).
The study area hydrogeology section can be seen in Fig. 1.3.
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Devonian rocks in the most part of territory are located in the depth of 15-
20 m below sea level and are represented by Narva rock suites. It is up to 100 m
thick water poorly or very poorly permeable rock complex, which consists
of greenish-gray and gray clay, dolomitic clay and dolomite-marl with clayey
dolomite strata in between. In the bottom of the beds gypsum mid-strata is also
found. Narva rocks beds separate the Quaternary sediments from deeper laying
mid-Devonian Pirnu and lower-Devonian Kemeri suites and Gargzdu series of
sandstone.

Study area and its surrounding hydrogeological conditions are closely
related to geological structural characteristics and sediment composition
changes, in part, they are also affected by the ongoing economic activity here.
The first groundwater aquifer is related by laying on the surface of different age,
composition and genesis sandy sediments. Groundwater depth in research site
on average varies from 1.2 m to 3.5 m below the ground surface (Kovalenko,
1996; Aleksans, 1998; Ludans, 2009) and it is determined by now observed relief
and nature of water-containing sediment thickness, as well as rainfall and its
distribution in annual terms. The coastal dune belt groundwater level may also
be located deeper - often 3-5 meters below the ground surface, or even more
(Juskevics, 1999; Podgurskis et al., 1985; Tracevskis et al., 1969).

Groundwater flow has complex character, which has the basis of a dense
network of underground facilities and industrial areas intensive workload.
As a whole at the research area the groundwater flow is directed in the Baltic
Sea and the Venta river direction. Much weaker, this flow is to the northeast,
where between the hills the Zemstilta swamp is situated in a hollow (AliSauskas,
1997). Also a major role in the groundwater flow is left to the drainage system
(Aleksans, 2002).

Groundwater aquifer is waterwealthy and pumping yield, depending on
wells screen diameter, its length and the depth of location here ranges from 0.03
to 0.67 € x s (Aleksans, 1998; Aleksans, 2001; Spalvins et al., 2009). Depending
on ground water contained sediment size composition, rock permeability varies
from 1.5 to 8.5 m x dnn."! (Aleksans, 2002).
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2 Methods and materials

2.1 Implementation procedure for experiment

The implementation procedure for experiment has three highlighted pha-
ses: 1) study design, 2) the realization of the experiment and 3) analytical per-
formance.

For quality and representative data collection, as well as various con-
founding factors in mitigation of impact on the progress of the experiment,
study forming had to be planned in such a way to comply with a number of
important conditions: geological and hydrogeological conditions, free-phase
liquid layer in the presence in groundwater aquifer, technical and technological
requirements, the tools and equipment, as well as other earlier conducted
experiments’ condition descriptions listed in the literature (Gruszczenski, 1987;
Test, Winegardner, 1991; Hughes et al., 1998; Beckett, Lyverse, 2002).

According to the experiment requirements 46 observation wells were
examined within study field, from which 31 were found in conformity with
criteria required. Drilling depth on average reached 5-6 meters, the filter column
diameter for selected holes varied: 89, 108 or 127 mm. All wells were equipped by
2.5 to 3.0 m long brass mesh screen located in the range of 2-5 meters below the
ground surface (Kovalenko, 1996; Aleksans, 1998). Free-phase liquid (petroleum
product) layer thickness in the wells examined varied from 0.13 m to 2.70 m.
Wells, in which petroleum product layer was less than 0.10 m, were not included
in the experiment. For pumping fluid from the well surface centrifugal pump
was used. For free-phase liquid pumping from the well surface centrifugal pump
was used (see Fig. 2.1.) with a pumping capacity 0.3 to 0.5 € x s*. Principal
scheme of pumping system for one hole seen in Fig. 2.1.
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Figure 2.1 Principal scheme of pumping system
LEGEND. 1 - control panel; 2 - surface centrifugal pump; 3 - industrial sewage; 4 -
pumping well; 5 — well screen; 6 — free-phase liquid layer in the well; 7 — check valve;
8 — vadose zone; 9 - free-phase layer in the groundwater aquifer; 10 — groundwater.

The research experiment was carried out within the framework of
remediation work which included the petroleum products’ free phase liquid
pumping from groundwater aquifer. Drilling and pumping duration, depending
on the free-phase liquid volume and intensity of water supply, in different wells
ranged from a few days up to one month or longer. The total study period was
four months, during which the petroleum products free phase liquid layer
parameter has been measured in wells (Aleksans, 2007).

During pumping stage level of reduction was usually reached in the range,
which provided gradual free-phase liquid layer thickness reduction and the
complete disappearance in the well (Gruszczenski, 1987, Hughes et al., 1998).
In those cases, where free-phase liquid flow to the borehole was so intense that
there was no possibility of achieving a complete disappearance of the floating
layer, pumping was continued until it was achieved that in borehole measured
free-phase liquid layer thickness was stabilized.

For level measuring in the wells SOLINST immiscible fluid probe
interface detector was used that provides both free-phase liquid or/and water
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surface measurements, as well as the fluid contact surface depth in borehole
measurements to an accuracy of 1 centimeter (SOLINST, 2009). In parallel to the
SOLINST detector study was designed also to examine the original, developed
by the author (Aleksans, 2008) a free-phase liquid layer thickness detection
method, using three miniature DIVER type sensors.

For free-phase liquid layer actual thickness verification on-site, this study
used an innovative laser induced fluorescence (LIF) probing method (Aleksans,
Dimitrijevs, 2009, 2011). This method allows to obtain verification of the
experimental results with necessary data having much higher precision and
confidence level, compared to previously used techniques (Aleksans, 2009). The
construction and its principal scheme can be seen in Figure 2.2.

11
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Figure 2.2 The principal scheme of laser-induced fluorescence (LIF)
probing device
LEGEND. UVOST - Ultra Violet Optical Screening Tool; 1 — generator; 2 — laser; 3 -
scope; 4 — e-deck; 5 - PC; 6 — printer; 7 - roads; 8 — breakout box; 9 - remote display;
10 - direct push equipment; 11 — umbilical; 12 - split cup; 13 — LAN; 14 — window in the
road for laser excitation and receiving emitted light; 15 - fiber optic cable.
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2.2 Analytical methods of the study

To compare preliminary known regularities and theoretical assumptions
with the author’s realized original field experiment results, several methods were
used, among which two major are highlighted:

1) two-phase fluid in the groundwater aquifer vertical distribution main

characteristics identification using the numerical analysis method;

2) free phase liquid layer in the groundwater aquifer actual thickness deter-

mination using field experiment observation data (empirical method).

Numerical experiment used in the study was based on physical model of a
two-phase fluid system in the groundwater aquifer, as reflected in Fig. 2.3.
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Figure 2.3 Physical model of two-phase liquid vertical distribution in the
groundwater aquifer

LEGEND. z - reference level (top of surface); Z,, - air and free-phase liquid interface;
z,, - hypothetical (piezometric) groundwater level; b, - observed free-phase liquid layer
thickness in the monitoring well; Z_ - free-phase liquid and water interface; h - water
rising altitude (pressure) in the groundwater aquifer; h_- free-phase liquid rising altitude
(pressure) above its and groundwater interface.
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These estimates as a key used physical model-based application on the
Burdine Van Genuchten-liquid two-phase systems in the groundwater aquifer
that allows you to analyze the petroleum products contamination spread for
one or two mutually isolated groundwater aquifers in porous environment. It
is accessible at the American Petroleum Institute home page (Burdine, 1953;
Genuchten, 1980).

In the picture shown physical model-based describes two-phase liquid
conditions in the vertical distribution of homogeneous, unlimited in area and
proper fluid vertical distribution in the observation well for cross-section of the
porous sediment environment in the groundwater aquifer.

Two immiscible fluid nature in the vertical distribution of groundwater
aquifer for porous sediments is determined by intrinsic capillary properties
for these sediments and by the capillary pressure caused by the fluid inside
the pores, which can be calculated using the Van Genuhten capillary pressure
model, and it is based on the following algorithm:

1) the capillary zone height elevation calculation for the maximum

observed free-phase liquid layer in borehole (z_ );

2) free-phase liquid initial (maximum) vertical distribution identification

in the groundwater aquifer (S _);

max

3) identification of irreversible volume of free-phase liquid in the vertical
distribution (in the soil adsorbed or residual volume);

4) calculation of free-phase liquid and water vertical distribution in
the groundwater aquifer basing on measured free-phase liquid layer
thickness in borehole.

Physical model assumed for the numerical calculations is a typical case
of groundwater contamination with petroleum products in sandy sediment
horizon (Mandeika, Vircavs, 2008) and meets the geological and hydrogeological
conditions which actually exist in the field study site (Podgurskis et al., 1985;
Tracevskis et al, 1969; Juskevics, 1999).

Application of empirical methods used in the promotion work study are
based on the observed water level recovery phenomenon for two-phase fluid

flow conditions in groundwater aquifer during pumping experiments (see
Fig. 2.4.).
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Figure 2.4 The graph of observed free-phase liquid layer thickness changes in the well
during the pumping test

LEGEND. 1 - air and free-phase liquid interface; 2 - hypothetical (piezometric) ground-

water level; 3 - free-phase liquid and water interface; b, — actual (real) free-phase liquid

layer thickness in the aquifer; b, - observed free-phase liquid layer thickness in the

monitoring well.

According to these observations, after termination of the pumping
experiment, at the recovery stage in the borehole both free-phase top level, as
well as free-phase — water contact surface’s level keep steadily rising. However, at
a given time, free-phase — water contact area at the observation borehole begins
to gradually fall (sink), but free-phase liquid layer upper level is constant, or
even slightly continues to rise. This process is characterized by free-phase liquid
and water level change process in borehole during the experiment, which can be
conditionally divided into four periods:

1) two-phase fluid level position in the borehole before pumping started;

2) the dynamics of the level change in the borehole during pumping;

3) dynamics of the levels recovery in the borehole after termination of
the pumping until the free phase — water contact surface will not rise
anymore;

4) dynamics of changes in levels after the free-phase — water contact
surface in the borehole begins to gradually decline to a full stabilization
of two levels in the borehole.
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This phenomenon is based on the two-phase fluid pressure forces in equi-
librium position, resulting in air, water and free-phase interactions (Lefebvre,
2006). Scientific literature’s several researchers’ publications (Lefebvre, 2006,
Aral, Liao, 2000; Gruszczenski, 1987; Aleksans, Klimovic¢s, 2006) as well as
observations in the promotional paper results shows that free-phase liquid and
water contact surface plot’s upper turning point in the level recovery period
curve describes the conditions under which free-phase liquid layer thickness in
the borehole is equal to the actual layer thickness in the groundwater aquifer.

According to Giben-Hercberg theory (Chidley, Lloyd, 1977) it can be stated
that hW =z, but hn =z +z, where z, =z -z, and z, =2, -2, - that is,
two immiscible fluids contact point free-phase liquid and water pressures are
equal:

p, =P, (2.1)

Knowing the density of water (p ) and free-phase liquid density (p ),
equation (2.2) can be rewritten as follows:

h xp xG=h xp xG, (2.2)

where:

G - gravity constant (G = 6,67259 x 10" N x m?*x kg?);
p, — free-phase liquid density;

p, — water density in groundwater aquifer;

— all other terms as before.

Free-phase liquid layer height elevation from the contact surface with water
(h), or in the borehole observed layer thickness (b,) can be expressed by the
equation:

(Az +h)xp =h xp, (2.3)

Transforming the expression (2.3), we obtain the relationship, which by its

forms of expression is fully consistent with Giben-Hercberg equation (Chidley,
Lloyd, 1977).

Az, xp, = (pw— pn) X hw =(p, - pn) xAz (2.4)

Az, =Az, x _ P (2.5)
P.=p,)
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From that follows that free-phase liquid layer height in the borehole is equal
toh =h + Az ,but at the same time it is also equal to h, = Az, + Az_, which
allows to write down the following equation (Lefebvre, 2006):

h,=Az, x (1 - p"J (2.6)
Pv=Pau
h,= Az, x—
PP, 2.7)

Thus, equation (2.7) is used for calculating two-phase liquid system height
in the observation well. However, as indicated by previous studies (Lefebvre,
2006), it is not applicable to identify these levels in the geological horizon of
sediment where capillary forces form two entirely different immiscible fluid
vertical distributions, which can be seen in Fig. 2.5.

Two immiscible fluid vertical distribution in the groundwater aquifer
sediments is mainly affected by water and free-phase liquid saturation level ratio,
determined with numerical method. Figure 2.3 shows that two-phase liquid
layer’s upper part up to 80% is dominated by free-phase liquid, but with depth
its content is reduced to zero. While the water saturation was highest in the layer
at the bottom, toward the top water content decreases. Notably, water saturation
even at two-phase fluid’s upper part layer is never zero, where its presence more
or less always ensures the water capillary zone penetration into the free-phase
liquid layer (Lefebvre, 2006).

Depending on the water and free-phase fluid’s saturation degree percentage
change in the vertical direction, water (p, ) and free-phase fluid’s (p,) pressure in
the groundwater aquifer also change. Fig. 2.5. (B) graph shows that the curves
of pressure change have complex nature - the upper part layer is dominated by
free-phase fluids, at the bottom — water pressure. However, despite the complex
nature of the curves, the cumulative pressure p, (p, = p + p ) in groundwater
aquifer (2.5. Fig., (B) graph) is equal to p_and p _ pressure in observation wells,
(Fig. 2.5., (C) graph) which, in fact, also proves that the whole two-phase fluid
system, both in the borehole and horizon, is in the balance (Lefebvre, 2006).
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Figure 2.5 Two-phase liquid vertical distribution key parameters comparison for
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LEGEND. 1 - well screen interval; 2 — vadose zone; 3 — free-phase liquid layer and its
level in the well; 4 - ground water level in the well (with a dotted line - hypothetical);
U-1 and U-2 - the first and second wells correspondently; h - water rising altitude
(pressure) above the free-phase liquid and water interface; h - free-phase liquid rising
altitude (pressure) above its interface with the groundwater (also - free-phase liquid layer
thickness: h, = b ); Az, - free-phase liquid height above the hypothetical groundwater
level (Az, = h -h ); Az, - hypothetical ground water level height above its interface with
free-phase liquids (Az, = h, ); z, - air and free-phase liquid interface; z, - hypothetical
(piezometric) water level; z, - free-phase liquid and water interface; p, — atmospheric
pressure; p - water pressure; p - free-phase liquid pressure; p, — cumulative pressure;
S,» S, — water and free-phase liquid, correspondently, vertical distribution for saturated
zone at the level (z); A - free phase liquid and water interface point.
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3 Data statistical analysis

Conducted study’s statistical data processing’s main tasks were to check
accuracy of the pumping experiment’s empirically gained (investigated) set
of size values, and to compare it with the numerically calculated (simulated)
theoretically gained (known) data set and to determine the regression function,
i.e. mathematical form of dependency between the pumping experiment
empirically gained researched parameter size values measured in drilling, which
would allow in the future to predict a random variable values with the another
random variable values given (Aleksans, 2009).

For statistical data processing following algorithm has been chosen the:

1) the study hypotheses;

2) significance level (a) determination;

3) data correlation analysis;

4) regression function selection;

5) determination of linear regression coefficient;

6) regression significance analysis for the hypotheses chosen.

To test possibility of reliability and the applicability of data obtained in the
study two null hypotheses were set.

The first null hypothesis HO,: there is a relationship between in the borehole
defined (measured), free-phase fluid layer thickness value of the random
variable X, and numerically defined (designed) Y, - increasing the independent
variable X, values increases linearly dependent variable’s Y, average values and
its correlation’s regression line has a linear function:

Y, =b0,+b1 X, (3.1)
where:
X, -in the borehole measured parameter value;
Y, - numerically defined (designed) parameter value;

b0, - the first hypothesis’ regression’s free member;

b1, - first hypothesis’ regression’ coefficient.

First hypothesis HO, is described by the equation:
HO,: b1, =0 (3.2)

If the null hypothesis HO, : b1, = 0 is valid, then the regression coefficient
bl = 0 and characteristics variation is completely independent, which means
that between the regressors and regressants there is no significant correlation
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and linear dependence. On the other hand, if the null hypothesis raised HO,:
bl, # 0 is not valid, then the regression coefficient bl # 0 and characteristics
variation is dependent, which means that the regressors and regressants have
correlation and linear dependence.

The second null hypothesis HO, states that the two different methods
(numerical and empirical) in a given free-phase liquid layer actual thickness of
the random variable X, and empirically set in pumping experiment free-phase
liquid layer thickness for the random variable Y exist in the relationship - an
increase in the independent variable X, values linearly increases the dependent
variable Y average value and its correlation regression line has a linear function:

Y, = b0, + b1 X, (3.3)
where:

X, - numerically calculated parameter value;

Y, - empirically set (in the experiment) parameter value;
b0, - the second hypothesis’ regression’s free member;
bl, - second hypothesis’ regression’ coefficient.

Second hypothesis HO, is described by the equation:
HO,: b1, =0, (3.4)

If the raised null hypothesis HO,: b1, = 0 is valid, then the regression
coefficient bl, = 0 and characteristics variation is completely independent,
which means that between the regressors and regressant there is no significant
correlation and linear dependence. On the other hand, if the null hypothesis
raised HO,: b1, # 0 is not valid, then the regression coefficient b1, # 0 and
characteristics variation is dependent, which means that between the regressors
and regressant there is correlation and linear dependence.

During statistical processing and data analysis, the study findings will always
have a probabilistic nature or characteristics (Geske, 2001). The experimental
result are not contrary to the hypothesis and the observed anomalies have a casual
basis if the measurement error probability does not exceed the significance level
a (Carkova, 1979). Importantly, the significance level a in not chosen basing on
statistical considerations, but according to of the research tasks (Geske, 2001).

In common practice, the significance level is adopted in the uniform of
one of the numbers - 0.05, 0.01, 0.001, which is recognized by all and which,
therefore, have prepared statistical tables (Carkova, 1979), they indicate a general
relationship: the higher level of importance, the lower study accuracy is. For
studies based on physical measurements (analytical studies), most commonly
used significance level is a = 0.05, corresponding to a probability of 95% (Geske,
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2001). In this case, rejecting the null hypothesis, there is a 5% probability that
the hypothesis is wrongly rejected.

Correlation analysis was carried out for three interrelated and by various
methods obtained free-phase liquid layer thickness numerical values:

1) numerically calculated (modeled);

2) empirically determined (experimental);

3) in borehole observed (measured).

The executed correlation analysis aim was to determine the closeness
between the factorial and resulting over groundwater floating a free-phase
liquid layer’s thickness values. To visually determine the relationship nature
and the closeness between the factorial and the resulting free-phase liquid layer
thickness’s values correlation or scatter diagrams were used. Scattering of points
around an imaginary curve characterizes the closeness of the correlation (Sokal,
Rohlf, 1981; Pospelova, 2004), but the imaginary shape of the curve - the type
of regression relationships.

Correlation coefficient interpretation is correct only if the test samples
correspond to normal distribution. Assuming the possibility that in a study
carried out experiments one of the group measurements may not meet the
normal distribution, or it contains a false defined values, in addition to
correlation analysis also regression analysis was conducted, which in these cases
is strongly recommended by the existing statistical data processing practice
(Sokal, Rohlf, 1981; Pospelova, 2004).

To check whether paired regression is linear, determination coefficient
R with the correlation coefficient r were compared, which squares in case of
linear regression, have to match: R* = 1 (Sokal, Rohlf, 1981; Pospelova, 2004).
In addition to the linear regression other known paired regression probability
existence was also examined.

Basing on empirical regression chart, as well as on the determination and
correlation coeflicient square analysis results, it was determined that with different
measurement methods determined free-phase liquid layer actual thickness
point values have a linear relationship - an increase of the independent variable
X, (regressors) values linearly increases the dependent variable Y (regressant)
average values and regression line has a linear function:

Y =560+ b1X, (3.5)
where:

X - in measured borehole (first hypothesis) or analytically calculated (second
hypothesis) parameter value;

Y - experimentally set (empirical) parameter value;
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b0 - regression line free member, describing the y-axis straight value from the
coordinate system beginning to the point where the regression line crosses
the y-axis (Carkova, 1979; Krumbein, Graybill, 1965);

bl -regression coefficient, or the slope coeflicient, i.e. the tangent of the angle
the regression line forms with x-axis (Carkova, 1979).

The linear regression coefficients b0 (free member) and bl (regression
coefficient) are calculated after the formulas (3.6) and (3.7):

IR S
Pl=it — (3.6)
(n=1)-s;
b0=y-blx , (3.7)

where:
s, — regressors (x sample set) standard deviation,

— all other terms as before.

At the end of statistical data processing the regression significance testing was
carried out using the Student’s criterion, where linear dependence is determined
by factor bl representational indicator s . If the coefficient b1 = 0, then
characteristics variation is fully independent, there is no significant correlation
and linear dependence between the regressors and regressants. In this case the
regression line is parallel to the x-axis and regression is not significant.

Null hypothesis HO : b1 = 0, that bl coeflicient is not significantly different
from the zero, is tested with Student’s criterion by equation (3.8).

lf| = L) (3.8)
Sp1

Null hypothesis HO : b1 = 0 is valid and regression is not significant when
t<t .t - Students criterions theoretical value, but v = n - k, where k -

regression equation’s number of the coeflicients, o — significance level.
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4 Results

4.1 Numerically calculated free-phase liquid layer thickness

Numerical experiment of the study was based on American Petroleum
Institute’s developed Van Genuchten-Burdine (API-No.4729, 2003, API-No.4760,
2007) physical model of two-phase fluid system in groundwater aquifer (see 2.3.
fig.). In the result of using Van Genuchten-Burdine calculation model in the
study for 30 wells used in experiment free-phase liquid actual thickness before
pumping start, and after its completion, when in the borehole fully recovered,
free-phase liquid and water table were calculated (modeled). With the modeling
(numerical) method obtained and in borehole measured free-phase liquid layer
thickness values are summarized in Table 4.1.

Table 4.1

The values of free-phase liquid layer thickness measured in the wells and

calculated (modeled) numerically

Free phase liquid thickness, m

No. Well No. Measured in the well - b, Numerically calculated - b,
Before After Before After

pumping pumping pumping pumping
1 7A 0.98 1.23 0.678 0.896
2 12 0.48 0.58 0.257 0.338
3 14 1.18 0.58 0.852 0.338
4 14A 2.12 1.40 1.683 1.045
5 15 1.23 1.11 0.896 0.791
6 16 1.29 1.30 0.949 0.957
7 17 1.74 1.20 1.346 0.87
8 21 1.78 1.30 1.381 0.957
9 22 1.24 1.12 0.905 0.799
10 23 1.06 0.68 0.747 0.421
11 24 0.57 0.29 0.330 0.117
12 25 0.94 0.63 0.643 0.379
13 26 1.38 1.00 1.028 0.695
14 27 1.44 1.19 1.081 0.861
15 28 1.57 1.56 1.195 1.187
16 29 1.73 1.58 1.337 1.204
17 30 1.86 1.66 1.452 1.275
18 31 2.02 1.46 1.594 1.098
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Free phase liquid thickness, m

No. Well No. Measured in the well - b, Numerically calculated - b,
Before After Before After

pumping pumping pumping pumping
19 32 2.38 1.68 1.914 1.293
20 33 2.43 1.73 1.959 1.337
21 34 2.42 1.59 1.950 1.213
22 35 2.38 1.59 1.914 1.213
23 36 1.97 1.06 1.550 0.747
24 37 1.68 0.79 1.293 0.514
25 38 1.18 0.61 0.852 0.363
26 40 1.17 0.03 0.843 0.007
27 41 0.43 0.15 0.218 0.039
28 42 0.45 0.50 0.234 0.273
29 43 0.49 0.25 0.265 0.091
30 44 0.01 0.05 0.004 0.011

4.2 Empirically determined free-phase liquid
layer thickness

Based on data collected during pumping, for each of the 30 studied wells
level recovery graph was drawn (see graphic examples in Fig. 4.1.).

Analyzing the acquired graphs in accordance with the above-described and
in the scientific literature used empirical method (Aleksans, Klimovics, 2006,
Lefebvre, 2006; Gruszczenski, 1987), all 30 boreholes studied had free-phase
liquid layer actual thickness evaluated. To specify the data obtained, in addition
to abovementioned evaluation, in 28 wells (out of 30 studied) free-phase liquid
layer actual thickness still had to be corrected. The adjustment was necessary
because in the borehole fixed free-phase liquid and water-contact surface level
changes in the upper turning point in the graph theoretically may be offset
along the time axis on either side and located in between two measurements.
Therefore, the actual free-phase liquid layer thickness in most cases slightly
differs from the one set using graph. Author’s correction applied to the possible
contact surface level break-even point deviation in time graph eliminates that
uncertainty.
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Figure 4.1 In the wells No.14A and No.26 observed free-phase liquid layer
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Empirically identified and corrected free-phase liquid values are summarized

in Table 4.2.
Table 4.2
Empirically discovered free-phase liquid layer thickness values
No. VIiI]ZH 3’;3;232; de‘\/f\ilalltt}ilon No. VIiI]ZH 3/:\1332; de‘\//\ilalxtt}ilon
’ correction | correction ’ correction | correction

1 7A 0.44 0.429 16 29 0.38 0.749

2 12 0.36 0.400 17 30 0.85 0.989

3 14 0.36 0.361 18 31 1.12 1.237

4 14A 0.29 0.484 19 32 0.40 0.872

5 15 0.66 0.651 20 33 1.50 1.525

6 16 0.90 n.d. 21 34 0.23 0.713

7 17 1.15 0.871 22 35 1.23 1.213

8 21 0.95 n.d.’ 23 36 0.72 0.741

9 22 1.16 1.130 24 37 0.44 0.579
10 23 0.46 0.237 25 38 0.19 0.114
11 24 0.09 0.119 26 40 0.01 0.007
12 25 0.38 0.343 27 41 0.12 0.101
13 26 0.81 0.598 28 42 0.05 0.057
14 27 0.66 0.859 29 43 0.15 0.167
15 28 1.12 1.049 30 44 0.01 0.009

* n.d. - deviation could not be determined

4.3 The data mathematical analysis results

First of all, test for the first null hypothesis HO, that there exists relationship
between in the borehole set (measured) free-phase liquid layer thickness point
values X and numerically determined (designed) Y, values was made. Then
statistical calculations for the second null hypothesis HO, set testing that there
is relationship between the numerically calculated (designed) free-phase liquid
layer thickness point values and empirically determined (experimental set)
values was performed.

The study data were analyzed using a regression significance test by the
Student’s criterion. During the test a linear correlation equation coefficient b1

Prom-kops_Aleksans_iekslapas(LV-EN).indd 79 22.07.2011 11:26:25



80

representational parameter was determined; it describes regression line state in
general set. Based on the representational coeflicient the regression coeflicient
significance test was performed.

By means of calculation carried out it was determined that the first null
hypothesis HO, : b1 = 0 is rejected, from which it follows that regression coefficient
is significant, which means that between in the borehole determined (measured)
free-phase liquid layer thickness value for point values X, and numerically set
(modeled) Y, values exists regularity and the equation set is presentable.

Whereas in the second null hypothesis HO, : b1 = 0 regression coefficient
significance before the critical value data set selection test showed that it
is irrelevant, and the second hypothesis is valid. This in turn means that
determined regression equation is not presentable and it thus can not be used
for determination of the free-phase liquid actual thickness (prediction) in
groundwater aquifer using pumping data.

Second null hypothesis HO, calculated and empirically set free-phase liquid
layer thickness value’s linear regression line and confidence interval limits at a
probability of 95% are shown in Figure 4.2.

Linear regression of X-Y data
15 . l

mean( %)

N
1

liquid layer thickness, m
o
[

Empirically acquired free-phase

H 1
0 03 0é 0o 12 15

Numerically calculated free-phase liquid layer thickness, m

Legend
1 e0e 2 — 3- - -

Figure 4.2 The linear regression line of free-phase liquid layer thickness values
calculated (simulated) numerically and acquired empirically (before critical data
values dismissing from data set)

LEGEND. 1 - X-Y values; 2 - left and right limits of critical values; 3 - the trend line
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To achieve the second null hypothesis’s HO,: b1 = 0 regression coefficient
significance conditions being satisfied from free- phase liquid layer thickness
measurement sets obtained in the course of the study were examined and
removed those critical values, which were located outside the regression
confidence interval or near its borders. Overall, in this way were removed 12
measurements, which for various reasons turned out to be not presentable.
More detail on all the reasons why this data was rejected is described under
section Discussion.

After critical value removal from data set and repeated second null
hypothesis’s HO, statistical parameters’ calculation a new regression line was
derived, and on its basis repeated regression coefficient significance test was
made.

The newly obtained results showed that after data sets’ critical value selection
the second null hypothesis HO, : b1 = 0 is rejected, from which it follows that now
regression coeficient is significant, but the determined equation is presentable
and calculations can be used in the study, which was the objective to be proved.

Summary of regression coeflicient significance test for the first and the
second null hypothesis summarized in Table 4.3.

Table 4.3
Regression coefficient significance verification
R.epr.esentatlon St.ude.nt’s Student’s Null hypothesis
Hypothesis indicator, sb1 criterion’s criterion HO:b1=0
P for regression theoretical I ’ status at .t
coefficient b1 value, t conditions
t>t
Fi 11 h hesis, H .00642 2.00171 19. Loy
irst null hypothesis, HO, 0.006423 001717 9.68387 Rejected
Second null hypothesis, <t
HO, (before data sets’ 0.083113 2.05183 0.176607 N
2 . Not rejected
critical value selection)
Second null hypothesis, (>t
HO, (after data sets’ critical 0.08303 2.13145 2.239287 Lo
2 . Rejected
value selection)

Based on the above findings of the two hypotheses the correlation coefficient
significance determination was performed, comparing its calculated value with
the critical value, which, depending on from the samples volume # and o, was
determined after the table (Liepa I., 1974).
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The correlation coeflicient critical value comparison results seen in

Table 4.4.
Table 4.4
The correlation coefficient significance verification
Sample volume Sienificance Correlation Correlation
Hypothesis P ’ & coefficient coeff. critical
n level, o
calculated, r value, r, |
First null hypothesis, HO, 60 0.05 0.998 0.253
Second null hypothesis,
HO, (before data sets’ 29 0.05 0.889 0.367
critical value selection)
Second null hypothesis,
HO, (after data sets’ 17 0.05 0.839 0.482
critical value selection)

For the calculated correlation coefficient value and their corresponding
relationship closeness characterization table data was also used (Arhipova,
Balina, 2000). According to these figures, in all the cases described above
calculated correlation coefficient values are described as functionally positive,
which confirms once more that after statistical processing of data it has shown
that between the regression data sets exists tight relationship and the resulting
data may be used for further calculations.

Taking into account data collected according to the first and the second
hypothesis two regression equations can be written:

Y, =0.0147 + 0.8231 X, (4.1)
where:

Y - numerically calculated free-phase liquid layer thickness — b

1 a’

X, - inborehole measured free-phase liquid layer thickness - b ;
Y,=0.2575 + 0.5358 X,, (42)

where:

Y, - empirically determined free-phase liquid layer thickness - b

X, - numerically determined free-phase liquid layer thickness - b,.

o
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Replacing Y, X, Y, un X, with b, b , b, un b , respectively, we get:
b =0.0147 + 0.8231 b_ (4.3)

b = 02575 +0.5358 b, (4.4)

According with the research hypothesis in the course of the study it has
been established that between the modeled and measured in borehole free-
phase liquid layer thickness values exists a close correlation (r = 0998) and data
dispersion around the regression line is minimal. Statistically processed data
results suggest that numerically determined (modeled) free-phase liquid layer
thickness values are real and therefore any other such parameter values obtained
with different methods, including empirically, may equated with them.

Empirically determined free-phase liquid layer thickness differs from in the
borehole measured and also from the numerically calculated. Author during
the research demonstrated that between the empirically set and numerically
calculated (modeled) free-phase liquid layer thickness values also exists
correlation, which means that empirically set values can be equated with the
modeled. To do this, regression equation (4.4) is rewritable as follows:

b, —0.2575
‘7 0.5358

(4.5)

Thus obtained (4.5) equation allows to determine free-phase liquid actual
thickness in groundwater aquifer empirically based only on pumping data
processing. It is not necessary to perform complex mathematical calculations
with many unknown parameter usage on which such estimates are based under
the existing methodology (API-No0.4729, 2003; API-No.4760, 2007).
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5 Discussion

Two-phase fluid vertical distribution in groundwater aquifer concept has
been repeatedly changed and so has changed the hydrogeological calculation
methodology. Yet in last century’s 50-60’s years, it was based on a standard (API-
Publication, 2004), but the erroneous impression (API-Bulleten-No.18, 2003),
that free-phase liquid layer in groundwater aquifer forms as strictly separated
from the water floating above it lens in which 100% pore volume is filled with
free-phase liquid.

As of last century 70s years (Lefebvre, 2006) subsequent studies (Brook,
Corey, 1964; Genuchten, 1980) showed that capillary force influence on free-phase
liquid layer deposits range in groundwater aquifer creates a complex multiphase
system, in which free-phase liquid saturation of soil pores changes from its
maximum percentage content in the top layer to the minimum at the bottom
layer. Field studies have shown (API-Publication, 2004) that the multiphase
concept is applicable to coarse granular as well as fine sand. However, the sand
grain size in this concept has fundamental importance because depending
on whether the sand is coarse or fine there can be seen difference between in
the borehole observed (apparent) and in groundwater aquifer’s saturated part
actually existing (real) free-phase liquid layer thickness (Abdul et al., 1989).
Rock heterogeneity effects on the two unmixable fluid vertical distribution in
groundwater aquifer is well illustrated in Fig. 5.1.

The main factors resulting in the difference between in the borehole observed
(apparent) and the groundwater aquifer saturated part of the actual (real) free-
phase liquid layer thickness are the capillary forces in the horizon, free-phase
liquid density and the degree of commitment with the mineral soil (Blake, Hall,
1984 ). The finer the soil is and the higher capillary forces act, the greater is the
difference between the observed in the borehole and the real free-phase liquid
layer thickness in groundwater aquifer saturated part (Mercer, Cohen, 1990).
Given the fact that the borehole capillary forces practically do not exist, the water
level will always be located below the groundwater capillary elevation zone. As a
result, free-phase liquid from the groundwater capillary elevation impact zone,
where water pressure from below acts on it through the pores, will move to the
borehole, where capillary water pressure of this type does not exist, and fill in
this space in the borehole, starting from the lowest level corresponding to the
groundwater capillary zone elevation beginning in the horizon.

However, the described approach is valid for a limited free-phase liquid layer
thickness values. It was found that free-phase liquid layer in the groundwater
aquifer increases and reaches some kind of a certain thickness (Lefebvre, 2006),
this layer mass pressure begins to overwhelm the underlying water capillary
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elevation and as a result of it the difference between the in the borehole observed
horizon and the free-phase liquid layer thickness declines (Aleksans, Gavena,
2008; Testa, Paczkowsk, 1989). And vice versa — a decrease of free-phase liquid
layer in the groundwater aquifer increases its part that is mechanically linked to
the soil, resulting in this liquid losing its mobility and stoppage of prevention
of its accumulation in the borehole. In this case, in the borehole observed free-
phase liquid layer thickness is less than what it should be in accordance with the

study design.
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Figure 5.1 Two-phase liquid fluorescence-depth vertical profile for heterogeneous
deposits aquifer

LEGEND. 1 - the total fluorescence—depth profile; 2 — match between measured (green
area) and predicted by model (red line) free phase liquid saturation in the soil; 3 - well:
a) casing, b) screen; 4 — free-phase liquid in the well; 5 — water in the well.
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As an important additional factor in the mobile fluid volume loss by
adsorption should also be mentioned the fact that all these processes result
in significant changes in the rock filtration properties themselves, which even
further reduces the free-phase liquid mobility in soil and with it the likelihood
that such layer will form at all (Burdine, 1953; API_No.4711, 2001).

By Van Genuhten-Burdine model numerically set irretrievable (adsorbed)
and mobile free-phase liquid’s proportional ratio in the groundwater aquifer it
is indirectly confirmed also by laser induced fluorescence probing results, which
are well illustrated in Fig. 5.2. (Kalpiss, 2010).
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Figure 5.2 Residual and mobile free-phase liquid saturation distribution in the area

of well No.44, determined in the field by LIF method

LEGEND. 1 - The total fluorescence-depth profile; 2 — residual free-phase liquid
saturation: a) in vadose zone, b) in saturated zone; 3 — well: a) casing, b) screen; 4 — free-
phase liquid in the well; 5 — water in the well.
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All these factors are very important for trial data processing and interpre-
tation of results. Especially when it comes to the case where free-phase liquid
layer thickness is so large that its contact point with the groundwater arise such
pressure that it prevents water from moving up the capillary and squeezing
into a free-phase liquid saturation zone. This means that free-phase liquid layer
thickness, exceeding a certain size, its actual value in the groundwater aquifer
progressively will move closer to the in the borehole observed layer thickness
value (Testa, Paczkowsk, 1989). This fact is also confirmed by the study statistical
data processing results.

Initially, in the data statistical treating process rejected empirical free-
phase liquid layer thickness critical value nature shows that in this value graph
two areas are to be highlighted - the left (A) and right-pointing (B) area (see
Fig. 5.3). Each of these areas has its own origin and its explanation.

Right-pointing area (B), as was explained above, is related with the set
empirically free-phase liquid layer thickness values exceeding 1 meter mark. On
the other hand, left area (A) is related with the free-phase liquid layer thickness
values of less than 0.4 meters.

The left area empirical value rejection reason (in contrast to the right side
area values) likely is related to the free-phase liquid adsorbing in the ground-
water aquifer rock mineral fraction, resulting in irreversible free-phase liquid
saturation S and S . This parameter indicates the minimum amount of liquid
in soil, which is required to form a stream in soil (Luckner et al., 1989). In
principle, it is a fluid volume held up by capillary forces affecting sediment pores
(Genuthen et al., 1985), which does not participate in a two-phase flow in the
groundwater aquifer and therefore may not be shown in the borehole pumping
as well as the level recovery after pumping.

During the research experiment conducted measurements in individual
wells with a small free-phase liquid layer thickness showed a rather contradictory
results, suggesting that during the experiment in these wells observed petroleum
product free-phase liquid layer thickness changes depend not so much on the
actual thickness of the layer in the groundwater aquifer, as on rock filtration
properties, in whose pores this layer is located in. The finer is the sand, the
weaker the filtration properties are and higher free-phase liquid adsorbing
ability they possess. This fact is noted also by other similar study authors in their
works (Krumbein, Graybill, 1965; Marinella et al., 1996). Above assumptions are
confirmed by the study data statistical analysis.

Summarizing the above, it appears that the left area (A) critical value set
dispersion is too high for the obtained regression equation being possible to be
used for free-phase liquid current thickness determination (prediction) in the
groundwater aquifer pumping data, when in the borehole observed free-phase
liquid thickness is less than 0.4 meters.
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Similar to the left (A) area, numerically and empirically calculated free-phase
liquid layer thickness critical values for the right (B) area were also examined.
The resulting regression line seen in Figure 5.3.

Empirically acquired free-phase
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Figure 5.3 Right side (B) linear regression line of free-phase liquid layer thickness
values calculated (simulated) numerically and acquired empirically

LEGEND. 1 - X-Y values; 2 — left limits of critical values; 3 - right limits of critical
values; 4 - the trend line; A and B - areas of critical free-phase liquid layer thickness
values acquired empirically.
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Using (B) area linear correlation equation coefficient b1 representational
parameter, significance testing by the Student’s criterion for this set of values
regression coefficient was made. The test determined that the 28" hole falls
outside the overall calculation scheme, so its data were excluded from further
calculations.

Repeated calculation excluding the 28" borehole show that the second
hypothesis HO,: b1 = 0 is rejected as t = 1.809788> t = 1.798118, but it means
that this hypothesis regression coefficient is important and established regression
equation is presentable (see Table 5.1.).

Table 5.1

Right (B) area critical value set regression coefficient significance test

Representation Student’s § Null hypothesis
L L Student’s
Hypothesis indicator, sb1 criterion’s criterion HO0:b1=0
P for regression theoretical I ’ status at ¢

coefficient b1 value, conditions

Second null hypothesis, (>t

HO, for the right area (B) 0.253656 1.798118 1.809788 ¢

2 Rejected
critical values data set

It is necessary to note that the hypothesis regression coefficient significance
conditions apply only to 83% (o = 0.17) and lower confidence interval. It can be
concluded that, although the graph’s right side critical value area (B) dispersion
is higher than the central area value dispersion, the obtained regression equation
can be used for free-phase liquid actual thickness determination (prediction) in
the groundwater aquifer using pumping data with a confidence level up to 83%
according to the following equation:

Y,=1.46 - 0.46 X, (5.1)

Equation (5.1) is alternative to (4.2) but it is intended only for those in the
borehole measured free-phase liquid layer values, which are larger than 1 meter.

Next, to determine the free-phase liquid actual thickness in the groundwater
aquifer for values greater than 1 meter, based on pumping data as well as for a
value range from 0.4 to 1.0 m equation using (4.5) is used.

Summarizing the above, it can be concluded that there is a proven link
between the two studied set value parameters that were set by two different
methods (empirical and analytical). This means that the pumping experiment
measurement results and analytical calculation data adequately describe
determined parameter numerical value and its differentiation, which in the
future will allow this type of data to be used for a variety of hydrogeological
calculations with statistically determined level of confidence.
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Conclusions

For the first time in the Baltic country-specific hydrogeological conditions
a two-phase fluid flow in the groundwater aquifer theoretical data systematic
analysis as well as its verification with field experiments was realized.

The study examined in the scientific literature put forward and repeatedly
proven fact that the in the observation borehole measured free-phase liquid
layer thickness generally exceeds the actual layer thickness in the groundwater
aquifer.

The hypothesis that there is a close correlation, which can be used for
calculating the actual thickness after this layer’s measured data in boreholes,
between the “real” (actual) free-phase layer thickness in geological sediments
and “observed” in the borehole thickness of this layer was proved.

Statistical processing of the study data was made, during which in the
pumping experiment empirically gained (studied) size set of values sincerity was
tested and it was compared with numerically (modeled) calculated theoretical
(known) data set.

It was proven that with two different methods determined (empirical and
analytical) the two sets of parameters values are real, pumping experiment
measurement results and analytical calculation data adequately describe the
determinable parameter numerical value and its differentiation.

For research data verification for the first time in Latvia an innovative laser
induced fluorescence method was used, which is a fast and sensitive process,
ideal for petroleum product free-phase liquid determination in the groundwater
aquifer in direct connection with laser scanning equipment.

During the study experiments a high repeatability of measurements carried
out was obtained, that allows to draw conclusion that the proposed free-phase
liquid layer’s thickness change detection method is very effective and at the
moment there is no analogous hydrogeological research in practice in Latvia.

The research results are only a small part from the information, yet to be
learnt about very topical exploration area of formation mechanisms of two-phase
fluid flow in the groundwater aquifer. This clearly indicates that said direction
should be further investigated in the future.
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