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Merétn ™ Yopaviiknc Ayoywmotntos Kopeopov
o010 'Yra0po pe Xroatiotikég Kot I'ewotatiotikég MeBooovg

X.A. TZIMOITIOYAOX
Kabnynmge A.ILG.

Hepidnym

H yowpixn petofilntomya e v0pavlikng aywyyudtntas Kopeoov
HeleTnbnie e ™ ypnon KAAGIKOV GTOTICTIKOV KOl YEOOTOTIOTIKOV
1edoowv. Or uetpnoeis yivay oe évoy melpouotiko aypo tov Iaverni-
otnuiov ¢ Ococalioc aro Beleotivo ue ty ovokevn Guelph permea-
meter. A6 T oTaTIOTIKY EXECEPYATIO, TWV UETPHOEDY TPOEKVYE OTI 1]
XOPIKN LETOPANTOTNTO. THS VIPOVAIKIG OYWYPUOTHTAS KOPETLLOD UTTO-
PEL VO TEPIYPOPEL OY1 HOVO T TH 0 YOPIOLLOKAVOVIKI] KATOVOUT], TOD
avagépetar oty Pifrioypagia, alid koi aro Tig kotavouss I apua ka
Weibull. Eriong, diomiotwbnie ot n Ty 1o oovieleoth LetofAnto-
mrag CV mwov mposkvye Ppioketar o TApn couPmVIo Ue Ti¢ TOp-
NPNOEIS GOV EPEVVNTAOV, TOUPWVO UE TIC OTOLES Ol OVVOUIKES
TOPOLUETPOL TOV EDGPOVS TOPOVOLALOVY GVVIEAEGTH UETAPANTOTNTOC
CV>50%. Ano v emelepyacio twv uetpnoewv ue puedoéoovg e
[ eataTioTiKiG TPOEKLYE OTL N TEPLOYN TOV TEPGUOTIKOD 0.yPOD
TOPOVOLALEL 160TPOTIO. (G TPOS TNV VOPUDAIKY OYWYIUOTHTA KOPE-
OUOD, TANY OUWS EUPOVICEL KOI L0 GPKETAE EVTOVI] XWPIKI UETALAN-
oTHTO.

1. EIZAT'QI'H

Ot vOpOLAIKES 1310TNTEG TOV €6GPOVG HETABAAAOVTOL
KOPUK Kot ypovikd eEottiog QUOIKOY aTimv Kot avlponoye-
vov eneufdcemv. Meiéteg tov Peck [11], Warrick and
Nielsen [17]), kaOdg emiong Ko moAA®V GAA®V, £xovv dei&et
OTL Ol 310TNTEG HETAPOPEG KOl POTG TOL €JAPIKOD VEPOD
glvat and Tig TEPIoGOTEPO PETAPAALOLEVEG. ATO TIC 1O1OTNTESG
QVTEG 1) IKOVOTNTO, TOV £GP0V Vo LETAPEPEL VEPO Bempeitan
n onpavtikoétepn. H wbwomta avty meprypboetor and po
VIPOSVVOLLIKT TAPALUETPO, 1 OTTOi EIVOL YVOGTH MG VOPOLAL-
K oy@ydmro. TV oKOPESTN KOTAGTOOT 1] VIPOLAIKY
AYOYWOTNTA EIVOL GUVAPTNOT TNG TEPIEYOUEVNS VYPAGTOG 1|
TOL VYOLS TEGEWS TOV VEPOL TV TOPM®V, EVAO GTNV TEPi-
TTOGT THG KOPEGUEVNC PONG KOAEITAL VIPOLAIKT Oy@YUOTN-
To KOPESHOL, elvar oTabepn Kot kabopilel T péyiom wavod-
TNt TOV €6GPOVS VOl LETAPEPEL VEPO.

Y& TOAG TPoPANUaATE, TOV APOPOVY T.Y. OTN UEAETN Ko
T0 OYESOUO TV GTPAYYICTIKOV SIKTVMOV, TOV OPIEVTIKOV
SIKTO®V, TOV £YKOTOOTACED®Y TV VYPOV Kol TOV GTEPEDV
amoPAMTOV K.AT., EVOLOQEPEL 1] YOPIKT UETAPBANTOTNTA TNG
VOPUVAIKNG AY@YLLOTNTOG KOPEGHOV. Zuvifmg, Lépt onpe-
YropinOnke: 8.7.1998 Eyive dexriy: 11.10.1999

M. ZAKEAAAPIOY
Kabnyfrpa [Hoven. @socaiiog

2.1. TTANNOIIOYAOXZ
Avaminpotg Kabnynmge A.IL.G.

PO, Ol UNYoviKol ovTeET®TILOVY TO GYESIGUO TOV EPYMV
QUTOV ELGAYOVTUG TNV EVVOLOL EVOS LGOIDVOLUOD OUOLOUOPPOD
Topwoovg uéaov. Aoy®, OUMGS, TG ETEPOYEVELNS TOL EOAPOVG
ol TWEG NG ay®YOTNTOG, OKOUN KoL Yo TI TEPITTOCELS
mov ot Béoelg pétpnong améyovv Aya pétpa petal&d tovg,
pmopovv va drapépovv dpaoctikd [2], [10]. 'Etor opopéva
mpofipata pong dev umopovdv v AvBoldv pe Tov OplGHo
EVOC «1600DVOLOD OUOLOUOPPOV TIOPwoovs uéoovy [4], [5].
AKOUN, N XPNOLUOTOINGT EVOS TETOLOV TOPHOIOVE UEGOL Eivar
TPOPAVEG OTL OgV Hmopel v SMGEL KATOL0, EIKOVOL TOV EYE-
Bovg ™G YopKNg LETAPANTOTNTAG TNG VIPAVAIKNG Oy Y LLO-
mrag kopeopov. ‘Etot, emPdAletar n yoptoypdenon g
VOPOVAIKNG AYOYLLOTNTAG KOPEGHOD GTNV TEPLOYN TNG LEAE-
™mg, Yo va g&etactel o Babpog e x@ptkng g HeTaPAntod-
NTOG.

Ot Topomave JamICTMOGELG EYOVV 001YNoEL 0T Bemdpnon
NG VOPOLAMKNG OYOYUOTNTOS KOPEGHOD G OTOYAOTIKNG
HETAPANTHG KL GTN PN OLLOTOINGT] CTAUTICTIKOV Op®V Y10 TN
UEAETN TG YOPIKNG TG HeTaPfAntoTTag. Xpnotporotdnkay
Kot apynv pnéBodot g KAAGIKNG ZTATIGTIKNAG, COLO®VO. [LE
TIG OTOieg Ol peTpnpéveg TYéG Bewpodvial g aveEaptnTeg
petapAntég yopic va e€etaletor n ywpikn tovg BEon. Makpo-
APOVIES, OLLMG, TAPATNPNOELS 0O YNCAY GTO GUUTEPUCHA OTL
VIAPYEL [t Sounpévn yopikn O1evfénon Tov PLGIKOY
TOPOIOVG HEGOV, TNV om0l dev AUUBAVEL LITOYT TG 1) KAO-
o Zratiotikn. H sloayoyn e Oswplog tov nepiopepeto-
KoV petafintov | F'eootatiotikny and 1o Georges Matheron
[9] édwae ™ dvvaTdTNTA TNG TOLOTIKNG TEPLYPOPNG KOL TG
YOPIKNG HETAPANTOTNTOS TOV PLOIKAOV 1310TNTOV TOL €04~
@ovg. Amo 1o €10 1962 péypt onuepa, n F'ewotoatiotikn €xet
eQapLooTel 6 d1APOPES TEPLOYES TNG EMOTHUNG, OTOS glvar
.y N Metaileoroyia, 1 Empavelakn Yoporoyia, n Edagpo-
Aoyia, 1 Yoyeio YOpavlikn KA.

Avegdpmnto amd ™ pédodo mov Bo epappooctel kdOe
@OPA Yl TN HEAETT TNG YOPIKNG HETAPANTOTNTAG TNG VOPAL-
MKNG 0yOYLLOTNTOG KOPESHOV, XPELALETaL GEPA LETPNCEDV
TOV TILOV aVTNG 68 d1apopeg 0Eaelg otov aypod. Ot petpnoelg
OVTEC UmOpovV va Yivouv GTo gpyactiplo 1| oto Vmaidpo.
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Extetapéveg kpiiikés PiPAoypa@ikéc O0vooKOTAOES TOV
peBOd@V PETPNONG TNG VOPAVAIKNG Ay ®YIUOTNTAG KOPEGLOD
670 VoBpo, Kﬁ, KoL 670 gpyactplo, K, £x0uv Tapovcia-
otel amd toug Amoozegar and Warrick [1] xou Klute [8],
aVTIoTOl ™G,

Ot LETPNOELG OTO EPYUCTNPLO YivovTal € adloTAPAKTOL
delypota edaQoug (TVPMVES) Kot TPOYUATOTOOVVTOL EITE LE
1 cVoKeELT oTafepov POPTIOL EiTE LE TN GLOKEVT| LETOPAN-
0V eoptiov. Ta deiypata eddpovg Aappavovtar oto vadpo
Kot 0T GLVEXELD LeTapépovtal oto gpyactiplo. H dradwka-
olo vty pmopel va dpovpynoet dTdpasn TG PLGIKNG
GLVOYNG TV TLUPTVOV KOl GUVETMS VO, TPOKOAECEL EGQPOALLE-
VEG, UN OVTUTPOCOTEVTIKES LETPTOELS.

Ot péfodot pétpnong G VOPOLAIKNG Oy@YLLOTNTOG
KOpeSUOV 6To VIadpo €xovv ovamtvyfel 6e KOVOTOMTIKO
Bobuod o tehevtaio ypdvia, Kot TPOTIUOVTIOL OO TI EPYO-
omplokés pebddovg, yoti T amoteléopatd Tovg Bewmpov-
vtot mo a&omota Kot avtitpoo®nevtikd [3]. Tétoleg pébo-
dot gtvat Tov KLAVIPLKOY dNONTOUETPOL, TOL SUTAOD COAN-
va, autéc mov Poocilovior 610 damepatOUETpo oToHEPOD
eoptiov kAn. Kotd ta televtaia ypovia, ovamtdydnke n
pébodog tov Guelph permeameter, 1 onoia otnpiletar cto
dwamepotopetpo otabepod eoptiov [12], [13], [14], [15]. H
péBodog avth TpoTnkKe otV TAPOVLGA EPELVA AOY® TNG
AmTAOTNTAG TNG, TNG TAYVTNTOG OTIS LETPNOELS KoL TNG OKpi-
Pelog TV amoteAEGUATOV TNG.

Y10 Topdv ApBpo TEPYPAPOVTAL O1 LETPNCELS THG VOPOL-
Mg ay@ypdTnTag Kopesuov K, o€ MEPAUOTIKO aypd NG
®gooaiiog pe ™ néBodo tov Guelph permeameter, 1 ototl-
OTIKN] KOl YEMOTATIOTIKY] OVAALOT TOV UETPNOE®V, KOOMG
KOl 1 YOPTOYPAPNON TNG VOPAVLAIKNAG OY®YYOTNTOS KOPE-
opod K.

2. XYMBOAIZEMOI

X{ Xgpeeeeiy X, METPIUEVEG TUUEG

X : toyaio petafAntm

F(x) : GLVAPTNOT KATAVOUNG TG X

Z(x) : TEPLPEPELOKN HeTAPANTH TG X

E{Z(X)} M poadnpotikn tpoodokio g Z(x)

Cov : 1 GuppETAPANTOTHTO

Var ;1 petafantomo

N : 0 mA00¢ TV peTpNUéVEV onpeimv

h 1 OTOOTOOT TOV UETPNUEVOV OTUEIDV

Z(x;) : M peTpnuévn Tun ot Béom x;

a : 10 katdeM (sill) Tov Baploypdupoatog

b 110 gvpog emidpoong (influence range) tov
Baploypappatog

C, : M emidpaon «nugget» (pavopevo ofdrov)

P ‘MKhionyw0<h<b

d : uéylotn omdéotaon oty omoio opiletarl To
Papdypappo

Z* (x;) : M ekTipovpevn T ot B€om x;,

A; : T Bépn mov divovy TV KaAdTEPT EKTIUMON

u : Qyvootog Tolaniactactg Lagrange

X 1M péon Tun

o o M TUTKT aOKALoN

m 1M peoaio Ty

Ccv : 0 CUVTEAEOTNG HETAPANTOTNTOG

st IM VOPOVAIKY AYOYUOTNTO KOPEGUOL GTO

Yrodpo

v(h) : TO MEWPOAUOTIKO BaploypopLiLa

v (h) : T0 BepnTid Paptdypopipo

. 1 TO UNTPMOO SVVOULKO PONG

f : amO LT GLYVOTNTO

o(x) : oVVapTNoT TVKVOTNTOG ThAVOTNTOG TG X
EC : NAEKTPIKY] ay@YLLOTNTA

3. IEIPAMATIKH ATAAIKAXIA

O1 petpnoeig €ywvov pe t ocvokevr] Guelph permeameter
oe 86 mpoemileyuéveg BEGELG EVOC TEWPALOTIKOD 0ypoD TOL
IMovemotmpiov g Oeoocariog, oto Beleotivo. Ot Béoelg
TOV peTpnoev ansikovilovtal pe kKOKAo 6to oynua 1.

3.1. Ieprypagn TS cvokevnig Guelph permeameter

H ovokevun Guelph permeameter (oynua 2) otmpileton
otV apyn g Aettovpyiog eraing Mariotte. Amoteieiton and
300 OHOKEVIPOLG COANVES, OV TANPOLVTAL KOl ot dV0o 1|
Lovo o0 évag pe vepod, OTav Ot LETPNGELG YivovTal o€ EAappy I
oe PBapd €dapog avtictoya. 'Evag GALOG COAMVOS e HIKPT|
SIGUETPO GTO KEVIPO YPNOIUEVEL YIOL VO EICEPYETOL OLTLLO-
oQapKog 0épag. Mia Bdva oto mépag TV dVO OUOKEVIP®OV
KOUAMVOpV pubuilet Tnv gkpon Tov veEPOD TPOG TNV 0NN TOV
€0G.pOVG, EMTPEMOVTAG E(TE TNV TAVTOXPOVN EKPOT| TV dVO
ocOMVOV (ehappld £30p0¢) &ite TNV £KPON TOL ECMTEPLKOV
cova (Bapd £dapoc). H otdbun tov vepod H cto oynua 2
dwamnpeitar otabepn), yoti To onpeio A Ppiokeror cuveymdg
0€ EMKOWMVIO LE TOV OTHOGOOIPIKO 0€P0L Kol £TGL, aveEAp-
mro amd TN oTdOun Tov vepol ot de&apEv) TG CLGKELNG
OV KOTEPYETOL CLVEYDG, 0TO onueio A emkpatel N aTpo-
c@apik wigon P .

H vopaviikr ayoypdémmra kopeopov tov aypov (field
saturated hydraulic conductivity) Ky gtvo pkpoTeEpN 0o TNV
avtiotoyn K, TOL PETPIETOL OTO EPYACTHPIO GE ASLOTAPO-
K70 dglypa €3GPOVS, TO 0TTOI0 EXEL KOPESTEL LLE TEXVNTEG GUV-
ONkeg. Avto opeiletar 6ToO YEYOVOG OTL GTNV TPMTH TEPINTO-
on (aypdc) eykhoPiletar oépag katd ) dmOnon Tov vepov
010 £8a¢og (Bpoyn, dpdevon). [ To Adyo avtd, 1 pétpnon
™mg Kfs amevbeiog oTo YOPAPL Etvol TEPIGGHTEPO OVTITPOCH-
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2o 1: Hepopotikog aypog.
Figure 1: Map of observation points.
o ZolMvog eloaymyng
F—— aépa

Py

_Ei(xusvﬁ vePOy

P,

Tpinodag

H=¢optio vepon
A
YKo mipwong

P.1 [
30 cm Ag(g’ i

E&aywyn vepov

Zynuo 2: Hepopatikn ovokevn Guelph permeameter.
Figure 2: Guelph permeameter apparatus.

nevtikn. H apyn g pétpnong g Kfs pe ™ ovokevr] Guelph
permeameter Paciletar ot Bewpio mov avémtvEav ot
Reynolds et al. [12] kot tpomoroincay Kot feltiocav, ot
ocuvvéyela, ot Reynolds et al. [14]. Zoupova pe ™ Bewpio
aVTN, 1 VOPUVAIKY OYOYLHLOTNTO TOV KOPECUEVOV ESGPOVG
Kfs 010 YraBpo vroroyiletar amd ™ oyéon:

27 H?
C

omov O, = 1 anarrodpevn otabepn mopoyr vepod yia va Sia-
mpnoet éva otabepd Babog vepov H oty omn, a = 1 axtiva
g omng kKot C = ad1doTOTOg GUVTEAEGTNG TTOL ££0pTTOL AUTTd
T0 AMOyo H/a.

To pntpio dvvapikd g pong ¢, (duvauud Kirchhoff)
omv e&lowon (3.1) divetar amd ™ yvoor e&icwon Tov
Gardner [6]:

2 H

Kﬁ +7ra2 Kfs +

o = Om 3.1)

0
9,= [K)dy Vi
Vi

(3.2)

IN
<

IN

(e}

omov y givon 1 apyNTIKN wigon Tov VEPOD TV TOPOV KAl ¥,
glval 1 Tigom mov avticTolyel otV apyIK vVYpacia Tov £5d-

@ovg. I'a va TpocdiopioTovy M Ky xarn ¢, Advovtat Guy-
xPOvog o1 e&lomoetg (3.1) xan (3.2) [13].

Amd Vv katackevdotplo gtaupeion tov Guelph perme-
ameter (Soil Moisture) divovtot:

o) T ehappd Ed0pog
K;=0.0041.X .R, - 0.0054 .X .R,
¢,=0.0572 X. R, - 0.0237 X R,
B) I'a Bapvd €dapog
K;=0.0041 Y. R, - 0.0054 .Y. R,
¢,~=0.0572. Y. R, - 0.0237Y. R,

omov R Kot R, eivar ot otadepég petaforés Tov TTOCEMY
g oTdOUNG TOL VEPOD TNG SEEAUEVIG TG GLOKELNG O CM/S
yio. H;=5 ¢cm ko1 H,=10 cm avtictoiyog, X kot ¥ eivon ota-
Bepéc e delopeviig oe cm?, ot omoieg eivar ioeg pe 35,39 ko
2,14 avtiotoiymg, ¢, eival To pNTPMO SLVAIKS GE cm?/s Kat
Kfs €1voiL N VIPUVAIKY OYDOYLLOTNTO TOV KOPEGHEVOD ESGPOVG
og cm/s.

3.2. Eda@oroyKa apuKTNPLOTIKG

I'a tov Tpocdlopiod TV e60POLOYIKOV YOPUKTNPLOTL
KOV TOL TEPOUATIKOD 0ypoV eAnebnoay delypoto eddpoug
otig Béoeg T1 kon T2 (oynua 1) and Bédn 0-15 kot 15-30 cm.
Yta delypata ovtd €ywe, oto Ivetitovto Xaptoypdenong
kot Ta&wounong Edapdv Adpioag, punyavikny avéivorn kot
npocdiopiotnkav o CaCO5, pH xau EC. To amoterécpoto
TOV HETPNoE®V divovtal 6Tov Tivaka 1.

4. MEAETH THX XQPIKHX
METABAHTOTHTAX THX K,

4.1. Khoowég otaTioTikég nébodon

H pehémm g yopng petofAntdtrag [og QUoiKng
TOPAUETPOV TOV €OGPOVG LE TIG KAUCIKEG GTUTIOTIKES Hebo-
dovg cuvicToTal GTOV TPOGSHOPICUO TNG CLVAPTNONG KOTO-
vouns. ' to oKomd avTd YPNGLLOTOOVVTOL Ol GTOTIGTIKOL
€leyyol, pe tovg omoiovg emoAnbevetol av €va delypo n
HETPNUEVOV TIUDV X1, Xy, X35 ...y X, MTOPEL VO TPOEPYETAL
oo P toyaio peTafAnti X [LE YVOOTH GTATIOTIKY| KOTOVO-
pf F(x). Ot otatiotikol €Aeyyot mov ypnGLLOTO00VTOL ElVaL:
a) O éheyyog x2 xat P) o éleyyoc Kolmogorov-Smyrnov.
AEMTOUEPELES EPUPLLOYNG TOV TPOGIOPIGHOD TV GLVAPTN-
GEMV KOTAVOUNG TOV GLYVOTNTOV HE BACN TOVG OVAOTEP®
eléyyovg divetar and tovg TQudémoviog k.6. [19].

4.2. T'emoToTIoTIKI| 0vdAlvon

Etvar mpopavég 6Tt 0 mpocsdlopiopds g cuvaptnong
KOTOVOUNG HOG WO10TNTOS TOV €0GPOVS deV Hmopel var dDGEL
Koppio mAnpogopio yio T HETAPOAEG TV TIUAOV OWTHG O
oxéon Le N yopkn Tovg Béon. Amd peréteg €xet dSomioto-
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Iivaxog 1: ES0poloyiKe yopaKtnpiotika T00 TEPOLUATIKOD 0ypoD.
Table 1: Soil characteristics of the experimental field.

®éon | BaBog | CaCO; | MHXANIKH ANAAYZH Katdtaén EC*10’ pH
Appog g Apythog €00.(POVG H,O

(cm) (%) (%) (%) (%) ) (mmbhos/cm) 1:1

T1 0-15 7.04 21 46 33 CL <3 7.8
15-30 | 10.05 29 36 35 CL <3 7.9

T2 0-15 9.24 19 42 39 SiCL <3 7.8
15-30 | 10.34 24 35 41 C <3 7.9

O<i 611 01 petaPoréc avTtéc dev elvat eVieEA®G TVYOLES KO TPE-
meL va. Aapfavetatl vIoyT 1 YOPIKN SOU TOL €6GQOVE 0TV
enekepyocio TOV PETPNOEDVY, TNV omoid, OU®G, dev Aapfd-
VOLV VITOYN TOVG Ol KAAGIKEG OTATIOTIKEG HEBOJOL.

4.2.1. To Bapréypappa

O Matheron [9] eonyaye tn Bewpio TOV TEPLPEPEIAKDY
petapintav, pe m Ponbdeia g onoiag pmopei vo peretndet
N XOPIKN LETAPANTOTNTA TOV PLOIKAV TOPAUETPDV TOL €04~
©OoVG AoUPAVOVTOG VITOYN Kol TN YOPIKNY Tovg Béom. Avtd
emTuyydvetal pe T Ponbea Hog ECOTEPIKNIG GUVAPTNONG
dwomopdc, mov Koieitan fapidypouuo (variogram) ko dive-
Tat omd v e&locwon:

2y(h)=Var[Z(x + h)-Z(x)]

To Baptoypappa givatl éva and o Pacikd epyaieio Tov
XPNOLUOTOIOVVTAL TNV OVAALGOT KOl T LOVTEAOTOINGN NG
YOPIKNG HETABPANTOTNTOG TOV TEPIPEPEIOKDY UETAPANTOV.
Ot Baoikég vrobBéoelg (oTaoudTTO Kol E0MTEPIKT VIdOe-
o1), TTOL YPNCLLOTOLOVVTOL GTNV AVAAVGT] TOV BoploypdpLo-
T0G, €lvat:

o. H pabnpotkn npocsdokio E{Z(X)} vadpyet kot dev e&ap-
Tatot omd 10 medio opiopod ¢ mapapETpov X, dnAadT
E{Z(X)} = m, OX.

B. H petafintéomto g avénong [Z(x+h)-Z(x)] eivor meme-
poaopévn Kot EapTaTol Lovo amd TV ardcTaon A, dSNAadn
Var {Z(x+h) - Z(x)} = E { [Z(x+h) - Z(x)] 2} =2 vy (h).
Mo GAAN vtoBeon, Tov yPNOLLOTOlEiTAL GTNV OVAALOT

Tov Baploypdppatoc, eivat 1 vwoHeon TG EPYOS0TIKOTNTOG,

N omoio VohETEL 1I6OTNTA TOV POTAV TPATNG KoL HEVLTEPTG

téEewc. Ov pomég avtég vmoloyilovtor a@’ &vOg [E TOVG

HEGOVG OpOVG TV GUVOA®V (apBUOS TPOUYULATOTOWCEMV

N - 00) kot 0@’ €TEPOL [LE YOPUKOVG LEGOVS OpovG (D — 00),

ot onoiot vroAoyifovtat amd pio pHovo TpaypoToroino.

4.2.1.1. To mepopatiké faproypoppa

INo éva mAn0og N petpnuévov Tipdv, onueiov Tov amé-
YOVV HETOED TOVG amOGTACT A, TO TEPUUATIKO PAplOypPOpLLL
y(h) vroroyiletan amd ™ oyéon:

y(h) = ﬁ lgl [Z(xl- + h) —Z(xl-)]2

omov Z(x;) ko1 Z(x; + h) elvar ot petpnuéveg Tipég 611 O€celg
x; Kot x; + & oviiotolywg kar N givar o apiBudg v Cevydv
TOV TEPOUATIKOV OTUEIDV.

H ovykpion Papoypappdtov, mov xovv yivel og dtapo-
PETIKEG d1evBVVEELG, delyvel av 10 600G Eival 1GOTPOTO MG
TPOG TNV TOPALETPO TOL e&eTaleTal.

4.2.1.2. Movtéha Baproypappatog

I v Tpocopoi®oT TOV TEWPAUATIKOD BOPLOYPALLLOTOG
y(h) égovv mpotadei diGpopa povréra y*(h), o KupLOTEPQ
and to omoio etvon [13]:

a. To ypappkd poviého
v(h)=Cy+ph, h<b
Y (h) = Cy +a, h=b

B. To povovopiko poviélo

% (4.1)
B

y'(h)=Cy+p@?, 0<B <2 (4.2)
v. To AoyapBuikd povtéro

y'(h) = Cy + allh(1+b [h) (4.3)
6. To povtého Gauss

Y'(h)=C, +a[@1— exp(— h2/b%) (4.4)
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€. To exBetikd poviélo

v (h) = Cy + alfl-exp(= h/b)] (4.5)
o1. To cpapikd povtéro
. hol gﬂ O
h)=Cy + - % 0<hs<b
TGt 5o BHR e

. O
v (h)=Cy *a, h = b

Y116 e&iomwoelg (4.1)-(4.6) eivat: a =10 kotdeA (sill) Tov
Baploypdppatog, mov gival 1 HEYIOTN T GTNY 0Toio oTa-
Oepomoteitar 1 y*(h), kabbs 1 amdotacn h avéavel, b= 10
gupog emidpaong (influence range), mov eivor n amdcTOON
mépav g omoiag n y (h) mapapéver otabepn, p =1 Khion yia
0 < h < b xo C =1 enidpaon «nugget» | pavopevo sfdrov,
onAodn pia acvvéyela, | omoio Topatnpeital, TOAAEG POPEG,
oTNV 0Py TOL POapPlOYPAUUATOS KOl TOV OQEIAETOL OTNV
Omopén petofAntoémrog petald TOV TOPATNPHCEDV TOV
amEYOVV amOGTACT WKPOTEPT OO TO YWOPIKO Prpo LEAETNG
h. H acvvéyeio avt) propel vo opeidetat o€ AN tov petpn-
GEMV OAMG KOl O TOMIKEG SL0TOPUYEG TOL PULVOLEVOD OTN)
UIKPOKAMpLOKE TNG LEAETNG.

4.2.2. To Kriging

‘Eva Bacwd mpopinpa ot ['ewotoatiotiky sivat 1 exti-
Unon tov Tipudv evog peyébovg oe Bécelg, Omov dev Eyouv
yivelr petpnioels. To mpofinua avtd Advetar pe ) pébodo
Kriging, n omoiot amotelel por TEXVIKN TG EKTIUNONG ™G
BEATIOTNG YPOUUIKAG OUEPOINTTNG EKTIUNTPLOS, YVMDOTHG MG
B.L.U.E. (Best Linear Unbiased Estimator), piog mepipepeto-
KNG LETAPANTAG o€ e GuYKEKPLUEVT dtevBuvon kot o€ Evav
mEPLOPIGUEVO YDpo. H exTiunTpla ovt GOHQ®VA HE TOVG
Jenkins and Watts [7] opeihet va wavomotet Tig €€ng cuvon-
KEG:

a. No eivor apepoinm.
B. No éyel eAdyrom petapfintora.

To mpoPfinua, covnbog, tibetan ¢ e&ng: «Exovpe o
oelpb peTpnuévey Tpov Z(x;) otig 0€oeig x; kot ntape v
ektipmon g Tipng Z* otn 0éon xp».

Yoppovo pe ™ pébodo Kriging, o extipnon mg Z*
vrotifeTol OTL gival YPOUUIKY GUVAPTNGN TOV YVOGCTOV
oY Z(x;), Snhadn

i N
Z(xg) =y 4 Z(x;)
i=1

6mov A= ta Bépn mov Sivovy v kaAbTepn ektiunon kot N =
0 aplBuds TV petpnuévev onpeiov.

H gpoappoyf tov mopandve dvo cuvinkdv odnyei oto
ovotua (onuetokd Kriging):

N 0
> Av(xpx )+ = y(xx)0
j=1 [l
O
0 “4.7)
N O
_ O
24 =1
= H

1} 68 pNTPOA HOPPN:

Oy Y Ly 1 O0OyO xp,x,) 0
o 2 v s S‘/(l k)D
o2t Y2 - - - Yav 1 goeg UY(Xz,xk)D
0. .oo.o 0 g
O oo o o O
- 'D[B' 0_od O
il Jigifigln 0
O og oo O
vt YN2 - - - YN 00x0O Oy x)0
0, p o 00,00 | O
O oot o O O
g BE B B =

H petapintomra g PEATIOTG ekTipnong 1 petafanto-
tta Kriging (estimation variance) éyet tn pLopen:

N
2
of = ut Yy A v(xixg)
i=1
omov u glvan o dyvwotog moilamiaciootig Lagrange, mov
VIEIGEPYETOL Y10 TNV EMIAVGOT TOV GVGTHROTOG (4.7).

5. EPAPMOI'H

5.1. Khoowég otatiotikéc pébodor

I'a ™ otatiotikny avaivcn, ot 86 cLUVOAIKGA UETPOELS,
ov £ytvav Kototaymkav og 20 khdoelg peyébouvg kot vmo-
Aoyiotnkav 1 péon Tiun X =1,8847E-3, n tomikn andkiion
0 =2,38219E-3, n pecaio tipmq m =1,31E-3 kot 0 cuvtereoTi|g
petapintomrag CV=1,26.

H petafoin tov amdlutov GuyvoTHTOV ©G GLVAPTNON
™G VOPAVAIKNG AY@YILOTNTOG KOPEGHOD, Kfs, paivetor oTo
oynua 3. AT 10 oYU 0VTO SOTIGTAOVETAL [0 ACVULILETPTOL
TOV GLYVOTHTMV MG TPOG TNV VIPAVAIKT OYOYLLOTITO KOPE-
opov. Avtd deiyvel 0TL 1 KAVOVIKNY KOoTOvoun dev toupldlet
MG HOVTEALD EMAOYNG KOl GUVETMG, 1| KOTOVOUY aVTh Ogv
umopet va meprypdyet T xopkn petafintotra me K.

21N ouvéxelr, SOKILAGTNKAY Ol KOTOVOUEG GUYVOTNTMV
Tappa, Weibull, AoyapiBuokavoviky kot ekBetikny. Ztov
mivaka 2 divovtat ot e5I0MCELS Kot Ol THEG TV TOPAUETPOV
TOV KOTOVOUMY TOL €EETAGTNKAY.

Y10 oynua 4 omewkovifovtor ot afpoloTIKEG KOTOVOUEG
F(x) tov kotavopmv tov mivake 2 pali pe v abpolotikn
TMEPALOTIKT] KOTAVOUN.

Ytov mivaka 3 6ivovtal ol GTOTIGTIKOL EAEYYOL, Ol OTOioL
€YoV Yol TIG GUVOPTAGELS KATAVOU®DV OV YPTGLLOTOmOn-
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Iivaxog 2: Zvvaptiioeis mokvotnroag movotnrog.
Table 2: Probability density functions.

Koatavoun E&iocwon Twég twv
TOPAUETPOV
1 [ 1 rx-Xx 2] X =1,8847E-3
) o(x) = \/—'CXP ——( )
Kavovikr oN® 2" 0 0 =2,38219E-3
1 1 - a=0,735901
(P(.x): - X a—1 e x/ﬁ
Iappor B T(a) S =390,64
x a = 0,805045
o X o—1 - T a
Weibull o)=L 2 eV y = 1,66043E-3
vy
2
AoyapiBpo- (Inx) 1 1 ( Inx— p, 1, =2,34251E-3
KOVOVIKT] olinx)= eXp) - =
n O-n\/; 2 o, 0,=6,15E-5
ExBetucn o(x) = /- X A =1530,5884
= f; BT TarE
— Meip. onpeia 1.E-05 : ggﬁgglszsg
15
/ 8.E-06
10 / \ 6.E-06
5 \ 4E-06
Kss (Emi/s)| i
0 — 2.E-06
8§ 53 ° 53 8 8 3 8 8 5 8 8 5 ¢ h(m)
3 3 3 333333 3 3 ° 8 0.E+00
o 0 20 40 60 80 100
Zynua 3: KaumoAn ovyvotitwv twv uetpioemv. Zynpa 5: Hepopatixa faproypapypora y(h) kava diapopes dicvdivoeig.
Figure 3: Frequency curve of measurements. Figure 5: Experimental variograms y(h) in different directions.
! F(x) /x/*/*/*’*iﬁ*@ a b 1,00E-05
vin) |
9,00E-06
i
8,00E-06
7,00E-06 |-} / \
06 —o-[eip. Znpeia + Kavoviki 6,00E-06 ,\ /\ / \ /
i - K i = A AN /AR AN S
X Hua Weibull 5,00E-06 _ \/ T f T
0.4 A Noy-Kavovikip ¢ EkBetiki 4,00E-06 IMW \ / \ / / U
3,00E-06 T v U
0.2 I
2,00E-06
Kss (cm/s) 1,00E-06
0 h (m)
- o - o~ o < [te) © ~ © o - — 0,00E+00
8 § 8 8 8 8 8 8 8 8 2 & 0 20 40 60 80 100
OI o o o o o o o o o o

2ynuo 4. AOpoiotikés kaumvAeg ooyvVoTHTOY.
Figure 4: Cumulative frequency curves.

Zynua 6: Hepopotikd kor Oewpntikd. TPOGOPUOTUEVO  YPOUUIKD

Papioypouua.
Figure 6: Experimental and fitted theoretical linear variogram.
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Zyniua 7: A1aypoguior 1600y yoTHTmY.
Figure 7. Isarithmic map of hydraulic conductivity.

Kav. Ao TOVg EAEYYOVS OVTOVG SlOMIGTAOVETAL OTL Pe Bdom
Tovg ehéyyoug x2 kon Kolmogorov-Smyrnov, ot KaTovopég
AoyapiBuokavovikn, Tappo kot Weibull yivovton anodektég
pe eninedo onuavtikdtrag 10% kot 15% avriotoiymg kot
OTL UTOPOVV VOl TTEPLYPAYOVV TN YOPIKN UETAPANTOTNTA TNG
Kﬁ, Oyt O®G M KAVOVIKY Kat 1 eKBeTIKT Katavoun. Ztov idto
mivaka Kol oty televtaia ogpd diveton N petafintotnta
uetaéd mepopatikie kot fewpntikic cvyvomtos. Onwg
Qoaivetal amd Tig aplOunTikég Tipég, 1 Kotovoun Weibull
TAPOVOLALEL TN LKPOTEPT HETAPANTOTNTOL.

5.2. T'ewotoTki] avdivon - Xaptoypdenon

INo g 86 perpnuéveg Béoeig g st VIOAOYIGTNKE TO
mepapotkd Papdypappe y(4) HE TO VTOAOYIOTIKO TOKETO
GEOSTAT [18].

To tov €leyyo NG 1G0TPOTING TOV TEPAUATIKOD 0ypOD
g mpog v K mpocdiopiotnkav ta Bapoypdupoto Kot
T1g dtevbuvoelg 22.5°, 45°, 67.5° kau 90°. Ta Paploypdppata
avTd Qaivovtol oto oxfua 5. Makpookomikd yiverol SeKtod
OTL T0 £30.POg VoL 1GOTPOTO MG TPOG TNV Kfs, oV KOl TTOP0L-
mpeitat 011 o1 dtevBuveoelg 22,5° kot 45° kabms Kot ot diev-
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Zynua 8: looaywyuotnres oe tpididotatn Lopei.
Figure 8: 3-D map of hydraulic conductivity.

Bovoeig 67,5° ko 90° mapovstalovy avé d0o peyoAvTepn
cuYKAMON onpei@v.

Q¢ avTImpocOREVTIKO PaplOypappe ETAEYXTNKE 1) OlED-
Bvuvon 67,5°, evd og LovtéAo Boploypapplotog ETAEYTNKE TO
ypapuko Papoypappa (eEicmon 4.1, oynua 6), yori divel
T0 peyaldtepo cvviereot cvoyétiong R = 0,77 og oyéon e
Ta GAAa povtéda Baproypdupatog (eSlodoelg 4.2-4.6).

Me Bdon to ypoppukd Boaploypappo kot ™ pébodo Kri-
ging £ywve 1 yaptoypdencn tov aypod, 1 omoio PaiveTol GTo
oynua 7, evéd oto oynua 8 diveron n idwa yaptoypdaenon oe
TpdtdoTaTn Hopen. ATo T oynpato 7 Kot 8 JomoTM@VETOL
OTL VTLAPYEL [0 OPKETE OTUOVTIKT YOPIKN HeTAPANTOTITO
TOV €3GPOVG MG TTPOG TNV VOPOUVAIKT] Ay DYOTNTA KOPEGLOD.

6. XYMIIEPAXMATA

And v emelepyocio TOV PETPHOEDV UE TIG KAUGIKEG
oTaTIoTIKEG PeBOdOVg TPodkLYE OTL 1) YPIKT peTafAntdTnTa

Iivoxag 3: Zraniotikol éieyyol.
Table 3: Statistical tests.

Koartavopég Kavoviky  [AoyapiBpo- Tappa Weibull ExBetum
GLYVOTNTOV KOVOVIKT
"EAeyyoc v* 58,808 19,1382 17,1237 21,7884 29,14
a=10% 24,77 24,77 24,77 24,77 25,99
[Moapatpno || AmoppinteTon Iveton Ivetan INvetar | AmoppimteTon
n omodeKT | OomOdEKT | OOdEKTN
"Eleyyoc 0,2559 0,1389 0,1110 0,0973 0,1730
K-S
oa=15% 0,254 0,254 0,254 0,254 0,254
Mopatypno || Amoppinteton Iveton Iveton IMvetan Iveton
n 0modeKT | OmOdEKT | OOOEKTN OTOOEKTN
MetoafAnto- 0,00859 0,0017 0,00139 0,00113 0,00276
™o
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NG VOPAVAIKNG OY@YLOTNTOG KOPESUOD LITOPEL VO, TEPLYPOL-
el Oyt povo amd ™ AoYapldHOKAVOVIKY] KOTOVOUY, OV 0VOl-
oépeton ot Proypaeia [10], [16], aAld kot amd Tig KOTO-
vouég Iappo kor Weibull.

H tym tov cvvteleot petafintomtog CV (= 1,26) mov
Tpoékuye Pploketal o€ TANPT CVUPOVIL LE TIG TOPUTNPN-
oe1g tov Vauclin [16], oOp@va [e TIG 0m0ieg 01 SUVOIKES
TOPALETPOL TOL €3GQOVE, dNAadN ToyvTNTO OMONCEWS,
VOPALMKY AYOYUOTNTO, OCLVTIEAECTNG OLAOTOPAS K.AT.,
noapovctdlovv cuvieheoti] CV> 50%.

Amd v enefepyacio Tov otoygiov pe pebddovg NG
I'ewotaTioTIKNG TPOEKLYE OTL O TEPAUATIKOG AYPOG ELPOVI-
(el 160Tpomio G TPOG TNV VOPAVAIKY OYOYUOTNTO KOPEGUOD
OAAG KO [0 GNUOVTIKT XOPIKY HETAPANTOTNTA OG TPOG TNV
TAPAPETPO QVTY.
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Extended summary

Study of Saturated Hydraulic Conductivity in-situ
with Statistical and Geostatistical Methods

CH.D. TZIMOPOULOS
Professor A.U.TH.

Abstract

The spatial variability of saturated hydraulic conductivity was
studied using geostatistical and conventional statistical methods.
The measurements were conducted in an experimental area of the
University of Thessaly with the help of a Guelph permeameter appa-
ratus. From the statistical process, it is concluded that the spatial
variability of saturated hydraulic conductivity can be described not
only by Log-Normal distribution, as referred to in the literature, but
also by Gamma and Weibull distributions. It was also found that the
value of the coefficient of variation (CV) is in agreement with other
investigators’ observations, according to which soil dynamic
parameters have CV>50%. The geostatistical treatment of the data
showed that the saturated hydraulic conductivity of the above experi-
mental area is isotropic, but a strong spatial variability was also
apparent.

1. INTRODUCTION

Soil hydraulic properties are subject to changes in space
and time as a result of natural causes and human interference.
Peck [11], Warrick and Nielsen [17] and the other investi-
gators have shown that transport and flow properties of soil
water are highly variable.

Of the above properties, the soil’ s capacity to transfer
water is considered to be the most important and is described
by a hydrodynamic parameter known as hydraulic conducti-
vity. In unsaturated flow, hydraulic conductivity is a function
of moisture content or of soil water pressure head. In the case
of saturated flow, this property is constant and defines the
maximum soil capacity to conduct water.

In many problems concerning, for example, the study and
the design of drainage and irrigation nets or liquid and solid
waste disposal installations etc., the spatial variability of
hydraulic conductivity is very important. Engineers usually
design their works on the basis of the concept of an approxi-
mately uniform porous medium. However, conductivity
values differ drastically between neighbouring locations, due
to soil heterogeneity. Consequently, some flow problems can-
not be solved using the concept of an “equivalent uniform
porous medium”. The use of this medium, also, cannot give
an idea of the size of the spatial variability of saturated
Submitted: July 18, 1998 Accepted: Oct. 11, 1999
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S.J. YANNOPOULOS
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hydraulic conductivity. Therefore, the mapping of this
parameter in the area under consideration is introduced in the
designated area, giving the magnitude of its spatial variability.

The above concepts have led to the consideration of satu-
rated hydraulic conductivity as a stochastic parameter and to
the use of statistical terms for the study of spatial variability.
An implicit assumption in this analysis is that the measure-
ments are independent of one another, regardless of their
location in the field. However, extended observations led to
the conclusion that a spatial structured arrangement of the
physical porous media exists, which conventional statistics
cannot take into account. The introduction of the theory of
“regionalized variables” or “Geostatistics” by George Mathe-
ron [9] provided the means to describe and to study the spa-
tial variability of the physical soil parameters. From 1962,
Geostatistics have been applied to many scientific areas, such
as Mining, Surface Hydrology, Soil Physics, Groundwater
flow etc.

Independently of the method used for the study of the
spatial variability of saturated hydraulic conductivity, a num-
ber of measurements are needed at different locations of the
field. These measurements can be taken in the laboratory or
in-situ. Extended critical references concerning the methods
of measurement of saturated hydraulic conductivity in the
field (Kfs) and in the laboratory (K,) are presented by
Amoozegar and Warrick [1] and Klute [8], respectively.

Many in-situ measurement methods of saturated
hydraulic conductivity are presented in the literature. These
methods are considered more valid and representative of satu-
rated hydraulic conductivity values than the laboratory ones.
Such methods are the cylindrical permeameter method, the
double tube method, the constant head well permeameter etc.
The method of Guelph permeameter recently has been devel-
oped, based on the constant head well permeameter method
[12], [13], [14], [15]. This method was preferred in the pre-
sent study because of its simplicity, speed of measurements
and the accuracy of its results.

In this research the experimental procedure for measuring
hydraulic conductivity at saturation in the field (Kﬁ) is
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described, as well as the statistical and geostatistical analysis
of the experiments and the mapping using the kriging
method.

2. EXPERIMENTAL PROCEDURE

The measurements were conducted at 86 sample locations
at an experimental field of the University of Thessaly with a
Guelph permeameter apparatus (fig. 1). The sample locations
are presented with circles in figure 1.

3. STUDY OF SPATIAL VARIABILITY K,

The study of the spatial variability of a physical soil
parameter using classical statistics refers to the determination
of the probability density function. For this purpose statisti-
cal tests are used, which check whether a sample of n
measured values x|, x,, X3, .., X, derive from a random varia-
ble X with known statistical distribution F(x). The common
statistical tests used are the ¥ and the Kolmogorov-Smyrnov
tests. Details on the determination of the distribution laws of
the frequencies of Kfs’ based on the above tests are given by
Tzimopoulos et al. [19].

It is obvious that the determination of the distribution
function of a soil property cannot give any information about
the changes of its values in connection with their spatial
location. It was found that these changes are not completely
random and the spatial structure of the soil must be taken into
account. So, the problem is approached using geostatistical
methods (variogram and Kriging).

4. APPLICATION

4.1. Classical statistical methods

The 86 measurements of Kﬁ were arranged in 20 classes
and the mean value x =1,8847E-3, the standard deviation
0=2,38219E-3, the median value m=1,31E-3 and the coeffi-
cient of variation CV = 1,26 were calculated [16]. The abso-
lute frequencies versus saturated hydraulic conductivity st
are shown in fig. 3, where a lack of symmetry is observed. It
is concluded that the Normal distribution cannot describe the
spatial variability of Kfs. Consequently, Gamma, Weibull,
Log-Normal and Exponential distributions were tested. In

table 2 their equations and parameters are given.

Table 3 shows the statistical tests which were used for the
distribution functions. It is obvious that, based on y? and Kol-
mogorov-Smyrnov tests, the Log-Normal, Gamma and
Weibull distributions are acceptable, with significance level
10% and 15% respectively, and describe spatial variability.
The variability between experimental and theoretical fre-
quencies are also shown in table 3, with Weibull distribution
showing the smallest variability.

4.2. Geostatistical analysis - Mapping

The experimental variogram was calculated for the Kfs
measurements using the GEOSTAT program [18]. Vario-
grams at 22.5°, 45°, 67.5° and 90° directions were found for
testing the isotropy of the experimental field (fig. 5). We
accept macroscopically that the soil is isotropic for Kﬁ even
though it is observed that 22.5°and 45° and, also, 67.5° and
90° directions present a better convergence in pairs.

The direction of 67.5° was selected as the representative
variogram, while the linear variogram was selected as the
model variogram (eq. 4.1, fig. 6), because it gave a better cor-
relation coefficient (R=0,77) in relation to other models (egs.
4.2-4.6).

The mapping of the field in two and three dimensions was
designed using the linear variogram and Kriging method (figs
7 and 8). It is concluded from figures 7 and 8, that there is a
significant spatial variability of Kfs of the soil.

5. CONCLUSIONS

It was found that the spatial variability of the saturated
hydraulic conductivity Kfs of the soil can also be described
using the conventional Gamma and Weibull distributions and
not only by the Log-Normal distribution, as is mentioned in
the literature [10], [16].

The value of the derived coefficient of variation CV=1.26
is in agreement with Vauclin’s observations [16], according
to which the soil dynamic parameters (infiltration, hydraulic
conductivity, distribution coefficient) present CV>50%.
Using geostatistics it is concluded that the experimental field
is isotropic in relation to Kﬁ but with a significant spatial
variability in this parameter.
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