
Ðåñßëçøç
Ç ÷ùñéêÞ ìåôáâëçôüôçôá ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý
ìåëåôÞèçêå ìå ôç ÷ñÞóç êëáóéêþí óôáôéóôéêþí êáé ãåùóôáôéóôéêþí
ìåèüäùí. Ïé ìåôñÞóåéò Ýãéíáí óå Ýíáí ðåéñáìáôéêü áãñü ôïõ Ðáíåðé-
óôçìßïõ ôçò Èåóóáëßáò óôï Âåëåóôßíï ìå ôç óõóêåõÞ Guelph permea-
meter. Áðü ôç óôáôéóôéêÞ åðåîåñãáóßá ôùí ìåôñÞóåùí ðñïÝêõøå üôé ç
÷ùñéêÞ ìåôáâëçôüôçôá ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý ìðï-
ñåß íá ðåñéãñáöåß ü÷é ìüíï áðü ôç ëïãáñéèìïêáíïíéêÞ êáôáíïìÞ, ðïõ
áíáöÝñåôáé óôç âéâëéïãñáößá, áëëÜ êáé áðü ôéò êáôáíïìÝò ÃÜììá êáé
Weibull. Åðßóçò, äéáðéóôþèçêå üôé ç ôéìÞ ôïõ óõíôåëåóôÞ ìåôáâëçôü-
ôçôáò CV ðïõ ðñïÝêõøå âñßóêåôáé óå ðëÞñç óõìöùíßá ìå ôéò ðáñá-
ôçñÞóåéò Üëëùí åñåõíçôþí, óýìöùíá ìå ôéò ïðïßåò ïé äõíáìéêÝò
ðáñÜìåôñïé ôïõ åäÜöïõò ðáñïõóéÜæïõí óõíôåëåóôÞ ìåôáâëçôüôçôáò
CV>50%. Áðü ôçí åðåîåñãáóßá ôùí ìåôñÞóåùí ìå ìåèüäïõò ôçò
ÃåùóôáôéóôéêÞò ðñïÝêõøå üôé ç ðåñéï÷Þ ôïõ ðåéñáìáôéêïý áãñïý
ðáñïõóéÜæåé éóïôñïðßá ùò ðñïò ôçí õäñáõëéêÞ áãùãéìüôçôá êïñå-
óìïý, ðëçí üìùò åìöáíßæåé êáé ìéá áñêåôÜ Ýíôïíç ÷ùñéêÞ ìåôáâëç-
ôüôçôá.

1. EIÓÁÃÙÃÇ

Ïé õäñáõëéêÝò éäéüôçôåò ôïõ åäÜöïõò ìåôáâÜëëïíôáé
÷ùñéêÜ êáé ÷ñïíéêÜ åîáéôßáò öõóéêþí áéôßùí êáé áíèñùðïãå-
íþí åðåìâÜóåùí. ÌåëÝôåò ôùí Peck [11], Warrick and
Nielsen [17]), êáèþò åðßóçò êáé ðïëëþí Üëëùí, Ý÷ïõí äåßîåé
üôé ïé éäéüôçôåò ìåôáöïñÜò êáé ñïÞò ôïõ åäáöéêïý íåñïý
åßíáé áðü ôéò ðåñéóóüôåñï ìåôáâáëëüìåíåò. Áðü ôéò éäéüôçôåò
áõôÝò ç éêáíüôçôá ôïõ åäÜöïõò íá ìåôáöÝñåé íåñü èåùñåßôáé
ç óçìáíôéêüôåñç. Ç éäéüôçôá áõôÞ ðåñéãñÜöåôáé áðü ìéá
õäñïäõíáìéêÞ ðáñÜìåôñï, ç ïðïßá åßíáé ãíùóôÞ ùò õäñáõëé-
êÞ áãùãéìüôçôá. Óôçí áêüñåóôç êáôÜóôáóç ç õäñáõëéêÞ
áãùãéìüôçôá åßíáé óõíÜñôçóç ôçò ðåñéå÷ïìÝíçò õãñáóßáò Þ
ôïõ ýøïõò ðéÝóåùò ôïõ íåñïý ôùí ðüñùí, åíþ óôçí ðåñß-
ðôùóç ôçò êïñåóìÝíçò ñïÞò êáëåßôáé õäñáõëéêÞ áãùãéìüôç-
ôá êïñåóìïý, åßíáé óôáèåñÞ êáé êáèïñßæåé ôç ìÝãéóôç éêáíü-
ôçôá ôïõ åäÜöïõò íá ìåôáöÝñåé íåñü.

Óå ðïëëÜ ðñïâëÞìáôá, ðïõ áöïñïýí ð.÷. óôç ìåëÝôç êáé
ôï ó÷åäéáóìü ôùí óôñáããéóôéêþí äéêôýùí, ôùí áñäåõôéêþí
äéêôýùí, ôùí åãêáôáóôÜóåùí ôùí õãñþí êáé ôùí óôåñåþí
áðïâëÞôùí ê.ëð., åíäéáöÝñåé ç ÷ùñéêÞ ìåôáâëçôüôçôá ôçò
õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý. ÓõíÞèùò, ìÝ÷ñé óÞìå-

ñá, ïé ìç÷áíéêïß áíôéìåôùðßæïõí ôï ó÷åäéáóìü ôùí Ýñãùí
áõôþí åéóÜãïíôáò ôçí Ýííïéá åíüò éóïäýíáìïõ ïìïéüìïñöïõ
ðïñþäïõò ìÝóïõ. Ëüãù, üìùò, ôçò åôåñïãÝíåéáò ôïõ åäÜöïõò
ïé ôéìÝò ôçò áãùãéìüôçôáò, áêüìç êáé ãéá ôéò ðåñéðôþóåéò
ðïõ ïé èÝóåéò ìÝôñçóçò áðÝ÷ïõí ëßãá ìÝôñá ìåôáîý ôïõò,
ìðïñïýí íá äéáöÝñïõí äñáóôéêÜ [2], [10]. ¸ôóé ïñéóìÝíá
ðñïâëÞìáôá ñïÞò äåí ìðïñïýí íá ëõèïýí ìå ôïí ïñéóìü
åíüò «éóïäýíáìïõ ïìïéüìïñöïõ ðïñþäïõò ìÝóïõ» [4], [5].
Áêüìç, ç ÷ñçóéìïðïßçóç åíüò ôÝôïéïõ ðïñþäïõò ìÝóïõ åßíáé
ðñïöáíÝò üôé äåí ìðïñåß íá äþóåé êÜðïéá åéêüíá ôïõ ìåãÝ-
èïõò ôçò ÷ùñéêÞò ìåôáâëçôüôçôáò ôçò õäñáõëéêÞò áãùãéìü-
ôçôáò êïñåóìïý. ¸ôóé, åðéâÜëëåôáé ç ÷áñôïãñÜöçóç ôçò
õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý óôçí ðåñéï÷Þ ôçò ìåëÝ-
ôçò, ãéá íá åîåôáóôåß ï âáèìüò ôçò ÷ùñéêÞò ôçò ìåôáâëçôü-
ôçôáò.

Ïé ðáñáðÜíù äéáðéóôþóåéò Ý÷ïõí ïäçãÞóåé óôç èåþñçóç
ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý ùò óôï÷áóôéêÞò
ìåôáâëçôÞò êáé óôç ÷ñçóéìïðïßçóç óôáôéóôéêþí üñùí ãéá ôç
ìåëÝôç ôçò ÷ùñéêÞò ôçò ìåôáâëçôüôçôáò. ×ñçóéìïðïéÞèçêáí
êáô� áñ÷Þí ìÝèïäïé ôçò êëáóéêÞò ÓôáôéóôéêÞò, óýìöùíá ìå
ôéò ïðïßåò ïé ìåôñçìÝíåò ôéìÝò èåùñïýíôáé ùò áíåîÜñôçôåò
ìåôáâëçôÝò ÷ùñßò íá åîåôÜæåôáé ç ÷ùñéêÞ ôïõò èÝóç. Ìáêñï-
÷ñüíéåò, üìùò, ðáñáôçñÞóåéò ïäÞãçóáí óôï óõìðÝñáóìá üôé
õðÜñ÷åé ìéá äïìçìÝíç ÷ùñéêÞ äéåõèÝôçóç ôïõ öõóéêïý
ðïñþäïõò ìÝóïõ, ôçí ïðïßá äåí ëáìâÜíåé õðüøç ôçò ç êëá-
óéêÞ ÓôáôéóôéêÞ. Ç åéóáãùãÞ ôçò èåùñßáò ôùí ðåñéöåñåéá-
êþí ìåôáâëçôþí Þ ÃåùóôáôéóôéêÞ áðü ôï Georges Matheron
[9] Ýäùóå ôç äõíáôüôçôá ôçò ðïéïôéêÞò ðåñéãñáöÞò êáé ôçò
÷ùñéêÞò ìåôáâëçôüôçôáò ôùí öõóéêþí éäéïôÞôùí ôïõ åäÜ-
öïõò. Áðü ôï Ýôïò 1962 ìÝ÷ñé óÞìåñá, ç ÃåùóôáôéóôéêÞ Ý÷åé
åöáñìïóôåß óå äéÜöïñåò ðåñéï÷Ýò ôçò åðéóôÞìçò, üðùò åßíáé
ð.÷. ç Ìåôáëëåéïëïãßá, ç ÅðéöáíåéáêÞ Õäñïëïãßá, ç Åäáöï-
ëïãßá, ç Õðüãåéá ÕäñáõëéêÞ ê.ëð. 

ÁíåîÜñôçôá áðü ôç ìÝèïäï ðïõ èá åöáñìïóôåß êÜèå
öïñÜ ãéá ôç ìåëÝôç ôçò ÷ùñéêÞò ìåôáâëçôüôçôáò ôçò õäñáõ-
ëéêÞò áãùãéìüôçôáò êïñåóìïý, ÷ñåéÜæåôáé óåéñÜ ìåôñÞóåùí
ôùí ôéìþí áõôÞò óå äéÜöïñåò èÝóåéò óôïí áãñü. Ïé ìåôñÞóåéò
áõôÝò ìðïñïýí íá ãßíïõí óôï åñãáóôÞñéï Þ óôï ýðáéèñï.
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ÅêôåôáìÝíåò êñéôéêÝò âéâëéïãñáöéêÝò áíáóêïðÞóåéò ôùí
ìåèüäùí ìÝôñçóçò ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý
óôï ýðáéèñï, Êfs, êáé óôï åñãáóôÞñéï, Ks, Ý÷ïõí ðáñïõóéá-
óôåß áðü ôïõò Ámoozegar and Warrick [1] êáé Klute [8],
áíôéóôïß÷ùò.

Ïé ìåôñÞóåéò óôï åñãáóôÞñéï ãßíïíôáé óå áäéáôÜñáêôá
äåßãìáôá åäÜöïõò (ðõñÞíåò) êáé ðñáãìáôïðïéïýíôáé åßôå ìå
ôç óõóêåõÞ óôáèåñïý öïñôßïõ åßôå ìå ôç óõóêåõÞ ìåôáâëç-
ôïý öïñôßïõ. Ôá äåßãìáôá åäÜöïõò ëáìâÜíïíôáé óôï ýðáéèñï
êáé óôç óõíÝ÷åéá ìåôáöÝñïíôáé óôï åñãáóôÞñéï. Ç äéáäéêá-
óßá áõôÞ ìðïñåß íá äçìéïõñãÞóåé äéáôÜñáîç ôçò öõóéêÞò
óõíï÷Þò ôùí ðõñÞíùí êáé óõíåðþò íá ðñïêáëÝóåé åóöáëìÝ-
íåò, ìç áíôéðñïóùðåõôéêÝò ìåôñÞóåéò.

Ïé ìÝèïäïé ìÝôñçóçò ôçò õäñáõëéêÞò áãùãéìüôçôáò
êïñåóìïý óôï ýðáéèñï Ý÷ïõí áíáðôõ÷èåß óå éêáíïðïéçôéêü
âáèìü ôá ôåëåõôáßá ÷ñüíéá êáé ðñïôéìþíôáé áðü ôéò åñãá-
óôçñéáêÝò ìåèüäïõò, ãéáôß ôá áðïôåëÝóìáôÜ ôïõò èåùñïý-
íôáé ðéï áîéüðéóôá êáé áíôéðñïóùðåõôéêÜ [3]. ÔÝôïéåò ìÝèï-
äïé åßíáé ôïõ êõëéíäñéêïý äéçèçôïìÝôñïõ, ôïõ äéðëïý óùëÞ-
íá, áõôÝò ðïõ âáóßæïíôáé óôï äéáðåñáôüìåôñï óôáèåñïý
öïñôßïõ ê.ëð. ÊáôÜ ôá ôåëåõôáßá ÷ñüíéá, áíáðôý÷èçêå ç
ìÝèïäïò ôïõ Guelph permeameter, ç ïðïßá óôçñßæåôáé óôï
äéáðåñáôüìåôñï óôáèåñïý öïñôßïõ [12], [13], [14], [15]. Ç
ìÝèïäïò áõôÞ ðñïôéìÞèçêå óôçí ðáñïýóá Ýñåõíá ëüãù ôçò
áðëüôçôÜò ôçò, ôçò ôá÷ýôçôáò óôéò ìåôñÞóåéò êáé ôçò áêñß-
âåéáò ôùí áðïôåëåóìÜôùí ôçò.

Óôï ðáñüí Üñèñï ðåñéãñÜöïíôáé ïé ìåôñÞóåéò ôçò õäñáõ-
ëéêÞò áãùãéìüôçôáò êïñåóìïý Êfs óå ðåéñáìáôéêü áãñü ôçò
Èåóóáëßáò ìå ôç ìÝèïäï ôïõ Guelph permeameter, ç óôáôé-
óôéêÞ êáé ãåùóôáôéóôéêÞ áíÜëõóç ôùí ìåôñÞóåùí, êáèþò
êáé ç ÷áñôïãñÜöçóç ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñå-
óìïý Kfs.

2. ÓÕÌÂÏËÉÓÌÏÉ

x1, x2,....., xn : ìåôñçìÝíåò ôéìÝò
× : ôõ÷áßá ìåôáâëçôÞ
F(x) : óõíÜñôçóç êáôáíïìÞò ôçò ×
Æ(x) : ðåñéöåñåéáêÞ ìåôáâëçôÞ ôçò ×
Å{Æ(×)} : ç ìáèçìáôéêÞ ðñïóäïêßá ôçò Æ(x)
Cov : ç óõììåôáâëçôüôçôá
Var : ç ìåôáâëçôüôçôá
Í : ôï ðëÞèïò ôùí ìåôñçìÝíùí óçìåßùí
h : ç áðüóôáóç ôùí ìåôñçìÝíùí óçìåßùí
Æ(xi) : ç ìåôñçìÝíç ôéìÞ óôç èÝóç xi
a : ôï êáôþöëé (sill) ôïõ âáñéïãñÜììáôïò
b : ôï åýñïò åðßäñáóçò (influence range) ôïõ

âáñéïãñÜììáôïò
Co : ç åðßäñáóç «nugget» (öáéíüìåíï óâþëïõ)
p : ç êëßóç ãéá 0 ≤ h ≤ b

d : ìÝãéóôç áðüóôáóç óôçí ïðïßá ïñßæåôáé ôï
âáñéüãñáììá

Æ* (xk) : ç åêôéìïýìåíç ôéìÞ óôç èÝóç xk
ëi : ôá âÜñç ðïõ äßíïõí ôçí êáëýôåñç åêôßìçóç
ì : Üãíùóôïò ðïëëáðëáóéáóôÞò Lagrange

: ç ìÝóç ôéìÞ
ó : ç ôõðéêÞ áðüêëéóç
m : ç ìåóáßá ôéìÞ
CV : ï óõíôåëåóôÞò ìåôáâëçôüôçôáò
Ksf : ç õäñáõëéêÞ áãùãéìüôçôá êïñåóìïý óôï

ýðáéèñï
ã(h) : ôï ðåéñáìáôéêü âáñéüãñáììá
ã*(h) : ôï èåùñçôéêü âáñéüãñáììá
öm : ôï ìçôñþï äõíáìéêü ñïÞò
f : áðüëõôç óõ÷íüôçôá
ö(x) : óõíÜñôçóç ðõêíüôçôáò ðéèáíüôçôáò ôçò ×
EC : çëåêôñéêÞ áãùãéìüôçôá

3. ÐÅÉÑÁÌÁÔÉÊÇ ÄÉÁÄÉÊÁÓÉÁ

Ïé ìåôñÞóåéò Ýãéíáí ìå ôç óõóêåõÞ Guelph permeameter
óå 86 ðñïåðéëåãìÝíåò èÝóåéò åíüò ðåéñáìáôéêïý áãñïý ôïõ
Ðáíåðéóôçìßïõ ôçò Èåóóáëßáò, óôï Âåëåóôßíï. Ïé èÝóåéò
ôùí ìåôñÞóåùí áðåéêïíßæïíôáé ìå êýêëï óôï ó÷Þìá 1.

3.1. ÐåñéãñáöÞ ôçò óõóêåõÞò Guelph permeameter

Ç óõóêåõÞ Guelph permeameter (ó÷Þìá 2) óôçñßæåôáé
óôçí áñ÷Þ ôçò ëåéôïõñãßáò öéÜëçò Mariotte. Áðïôåëåßôáé áðü
äýï ïìüêåíôñïõò óùëÞíåò, ðïõ ðëçñïýíôáé êáé ïé äýï Þ
ìüíï ï Ýíáò ìå íåñü, üôáí ïé ìåôñÞóåéò ãßíïíôáé óå åëáöñý Þ
óå âáñý Ýäáöïò áíôßóôïé÷á. ¸íáò Üëëïò óùëÞíáò ìå ìéêñÞ
äéÜìåôñï óôï êÝíôñï ÷ñçóéìåýåé ãéá íá åéóÝñ÷åôáé áôìï-
óöáéñéêüò áÝñáò. Ìéá âÜíá óôï ðÝñáò ôùí äýï ïìïêÝíôñùí
êõëßíäñùí ñõèìßæåé ôçí åêñïÞ ôïõ íåñïý ðñïò ôçí ïðÞ ôïõ
åäÜöïõò, åðéôñÝðïíôáò åßôå ôçí ôáõôü÷ñïíç åêñïÞ ôùí äýï
óùëÞíùí (åëáöñý Ýäáöïò) åßôå ôçí åêñïÞ ôïõ åóùôåñéêïý
óùëÞíá (âáñý Ýäáöïò). Ç óôÜèìç ôïõ íåñïý Ç óôï ó÷Þìá 2
äéáôçñåßôáé óôáèåñÞ, ãéáôß ôï óçìåßï Á âñßóêåôáé óõíå÷þò
óå åðéêïéíùíßá ìå ôïí áôìïóöáéñéêü áÝñá êáé Ýôóé, áíåîÜñ-
ôçôá áðü ôç óôÜèìç ôïõ íåñïý óôç äåîáìåíÞ ôçò óõóêåõÞò
ðïõ êáôÝñ÷åôáé óõíå÷þò, óôï óçìåßï Á åðéêñáôåß ç áôìï-
óöáéñéêÞ ðßåóç Po.

H õäñáõëéêÞ áãùãéìüôçôá êïñåóìïý ôïõ áãñïý (field
saturated hydraulic conductivity) Kfs åßíáé ìéêñüôåñç áðü ôçí
áíôßóôïé÷ç Ks, ðïõ ìåôñéÝôáé óôï åñãáóôÞñéï óå áäéáôÜñá-
êôï äåßãìá åäÜöïõò, ôï ïðïßï Ý÷åé êïñåóôåß ìå ôå÷íçôÝò óõí-
èÞêåò. Áõôü ïöåßëåôáé óôï ãåãïíüò üôé óôçí ðñþôç ðåñßðôù-
óç (áãñüò) åãêëùâßæåôáé áÝñáò êáôÜ ôç äéÞèçóç ôïõ íåñïý
óôï Ýäáöïò (âñï÷Þ, Üñäåõóç). Ãéá ôï ëüãï áõôü, ç ìÝôñçóç
ôçò Êfs áðåõèåßáò óôï ÷ùñÜöé åßíáé ðåñéóóüôåñï áíôéðñïóù-

x
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ðåõôéêÞ. Ç áñ÷Þ ôçò ìÝôñçóçò ôçò Êfs ìå ôç óõóêåõÞ Guelph
permeameter âáóßæåôáé óôç èåùñßá ðïõ áíÝðôõîáí ïé
Reynolds et al. [12] êáé ôñïðïðïßçóáí êáé âåëôßùóáí, óôç
óõíÝ÷åéá, ïé Reynolds et al. [14]. Óýìöùíá ìå ôç èåùñßá
áõôÞ, ç õäñáõëéêÞ áãùãéìüôçôá ôïõ êïñåóìÝíïõ åäÜöïõò
Kfs óôï ýðáéèñï õðïëïãßæåôáé áðü ôç ó÷Ýóç:

(3.1)

üðïõ Qs = ç áðáéôïýìåíç óôáèåñÞ ðáñï÷Þ íåñïý ãéá íá äéá-
ôçñçèåß Ýíá óôáèåñü âÜèïò íåñïý Ç óôçí ïðÞ, a = ç áêôßíá
ôçò ïðÞò êáé C = áäéÜóôáôïò óõíôåëåóôÞò ðïõ åîáñôÜôáé áðü
ôï ëüãï Ç/a.

Ôï ìçôñþï äõíáìéêü ôçò ñïÞò öm (äõíáìéêü Kirchhoff)
óôçí åîßóùóç (3.1) äßíåôáé áðü ôç ãíùóôÞ åîßóùóç ôïõ
Gardner [6]:

(3.2)

üðïõ ø åßíáé ç áñíçôéêÞ ðßåóç ôïõ íåñïý ôùí ðüñùí êáé øi
åßíáé ç ðßåóç ðïõ áíôéóôïé÷åß óôçí áñ÷éêÞ õãñáóßá ôïõ åäÜ-

ø øi ≤ ≤   0ö Ê ø dø
m

ø

= 

i

0

( )∫
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Ó÷Þìá 1: Ðåéñáìáôéêüò áãñüò.
Figure 1: Map of observation points.

Ó÷Þìá 2: ÐåéñáìáôéêÞ óõóêåõÞ Guelph permeameter.
Figure 2: Guelph permeameter apparatus. 

öïõò. Ãéá íá ðñïóäéïñéóôïýí ç Êfs êáé ç öm ëýíïíôáé óõã-
÷ñüíùò ïé åîéóþóåéò (3.1) êáé (3.2) [13]. 

Áðü ôçí êáôáóêåõÜóôñéá åôáéñåßá ôïõ Guelph perme-
ameter (Soil Moisture) äßíïíôáé:

á) Ãéá åëáöñý Ýäáöïò
Kfs=0.0041.× .R2 - 0.0054 .X .R1
öm= 0.0572 .X. R1 - 0.0237 .X. R2

â) Ãéá âáñý Ýäáöïò
Kfs=0.0041 .Õ. R2 - 0.0054 .Õ. R1
öm= 0.0572. Õ. R1 - 0.0237Õ. R2

üðïõ R1 êáé R2 åßíáé ïé óôáèåñÝò ìåôáâïëÝò ôùí ðôþóåùí
ôçò óôÜèìçò ôïõ íåñïý ôçò äåîáìåíÞò ôçò óõóêåõÞò óå cm/s
ãéá Ç1=5 cm êáé Ç2=10 cm áíôéóôïß÷ùò, × êáé Õ åßíáé óôá-
èåñÝò ôçò äåîáìåíÞò óå cm2, ïé ïðïßåò åßíáé ßóåò ìå 35,39 êáé
2,14 áíôéóôïß÷ùò, öm åßíáé ôï ìçôñþï äõíáìéêü óå cm2/s êáé
Êfs åßíáé ç õäñáõëéêÞ áãùãéìüôçôá ôïõ êïñåóìÝíïõ åäÜöïõò
óå cm/s.

3.2. ÅäáöïëïãéêÜ ÷áñáêôçñéóôéêÜ

Ãéá ôïí ðñïóäéïñéóìü ôùí åäáöïëïãéêþí ÷áñáêôçñéóôé-
êþí ôïõ ðåéñáìáôéêïý áãñïý åëÞöèçóáí äåßãìáôá åäÜöïõò
óôéò èÝóåéò Ô1 êáé Ô2 (ó÷Þìá 1) áðü âÜèç 0-15 êáé 15-30 cm.
Óôá äåßãìáôá áõôÜ Ýãéíå, óôï Éíóôéôïýôï ×áñôïãñÜöçóçò
êáé Ôáîéíüìçóçò Åäáöþí ËÜñéóáò, ìç÷áíéêÞ áíÜëõóç êáé
ðñïóäéïñßóôçêáí ôá CaCO3, pH êáé EC. Ôá áðïôåëÝóìáôá
ôùí ìåôñÞóåùí äßíïíôáé óôïí ðßíáêá 1.

4. ÌÅËÅÔÇ ÔÇÓ ×ÙÑÉÊÇÓ 
ÌÅÔÁÂËÇÔÏÔÇÔÁÓ ÔÇÓ Êfs

4.1. ÊëáóéêÝò óôáôéóôéêÝò ìÝèïäïé

Ç ìåëÝôç ôçò ÷ùñéêÞò ìåôáâëçôüôçôáò ìéáò öõóéêÞò
ðáñáìÝôñïõ ôïõ åäÜöïõò ìå ôéò êëáóéêÝò óôáôéóôéêÝò ìåèü-
äïõò óõíßóôáôáé óôïí ðñïóäéïñéóìü ôçò óõíÜñôçóçò êáôá-
íïìÞò. Ãéá ôï óêïðü áõôü ÷ñçóéìïðïéïýíôáé ïé óôáôéóôéêïß
Ýëåã÷ïé, ìå ôïõò ïðïßïõò åðáëçèåýåôáé áí Ýíá äåßãìá n
ìåôñçìÝíùí ôéìþí x1, x2, x3, ....., xn ìðïñåß íá ðñïÝñ÷åôáé
áðü ìéá ôõ÷áßá ìåôáâëçôÞ × ìå ãíùóôÞ óôáôéóôéêÞ êáôáíï-
ìÞ F(x). Oé óôáôéóôéêïß Ýëåã÷ïé ðïõ ÷ñçóéìïðïéïýíôáé åßíáé:
á) Ï Ýëåã÷ïò ÷2 êáé â) ï Ýëåã÷ïò Kïlmogorov-Smyrnov.
ËåðôïìÝñåéåò åöáñìïãÞò ôïõ ðñïóäéïñéóìïý ôùí óõíáñôÞ-
óåùí êáôáíïìÞò ôùí óõ÷íïôÞôùí ìå âÜóç ôïõò áíùôÝñù
åëÝã÷ïõò äßíåôáé áðü ôïõò Ôæéìüðïõëïò ê.Ü. [19].

4.2. ÃåùóôáôéóôéêÞ áíÜëõóç

Åßíáé ðñïöáíÝò üôé ï ðñïóäéïñéóìüò ôçò óõíÜñôçóçò
êáôáíïìÞò ìéáò éäéüôçôáò ôïõ åäÜöïõò äåí ìðïñåß íá äþóåé
êáììßá ðëçñïöïñßá ãéá ôéò ìåôáâïëÝò ôùí ôéìþí áõôÞò óå
ó÷Ýóç ìå ôç ÷ùñéêÞ ôïõò èÝóç. Áðü ìåëÝôåò Ý÷åé äéáðéóôù-



èåß üôé ïé ìåôáâïëÝò áõôÝò äåí åßíáé åíôåëþò ôõ÷áßåò êáé ðñÝ-
ðåé íá ëáìâÜíåôáé õðüøç ç ÷ùñéêÞ äïìÞ ôïõ åäÜöïõò óôçí
åðåîåñãáóßá ôùí ìåôñÞóåùí, ôçí ïðïßá, üìùò, äåí ëáìâÜ-
íïõí õðüøç ôïõò ïé êëáóéêÝò óôáôéóôéêÝò ìÝèïäïé.

4.2.1. Ôï âáñéüãñáììá

Ï Ìatheron [9] åéóÞãáãå ôç èåùñßá ôùí ðåñéöåñåéáêþí
ìåôáâëçôþí, ìå ôç âïÞèåéá ôçò ïðïßáò ìðïñåß íá ìåëåôçèåß
ç ÷ùñéêÞ ìåôáâëçôüôçôá ôùí öõóéêþí ðáñáìÝôñùí ôïõ åäÜ-
öïõò ëáìâÜíïíôáò õðüøç êáé ôç ÷ùñéêÞ ôïõò èÝóç. Áõôü
åðéôõã÷Üíåôáé ìå ôç âïÞèåéá ìéáò åóùôåñéêÞò óõíÜñôçóçò
äéáóðïñÜò, ðïõ êáëåßôáé âáñéüãñáììá (variogram) êáé äßíå-
ôáé áðü ôçí åîßóùóç:

Ôï âáñéüãñáììá åßíáé Ýíá áðü ôá âáóéêÜ åñãáëåßá ðïõ
÷ñçóéìïðïéïýíôáé óôçí áíÜëõóç êáé ôç ìïíôåëïðïßçóç ôçò
÷ùñéêÞò ìåôáâëçôüôçôáò ôùí ðåñéöåñåéáêþí ìåôáâëçôþí.
Ïé âáóéêÝò õðïèÝóåéò (óôáóéìüôçôá êáé åóùôåñéêÞ õðüèå-
óç), ðïõ ÷ñçóéìïðïéïýíôáé óôçí áíÜëõóç ôïõ âáñéïãñÜììá-
ôïò, åßíáé:

á. Ç ìáèçìáôéêÞ ðñïóäïêßá Å{Æ(×)} õðÜñ÷åé êáé äåí åîáñ-
ôÜôáé áðü ôï ðåäßï ïñéóìïý ôçò ðáñáìÝôñïõ ×, äçëáäÞ
Å{Æ(×)} = m, ∀×.

â. Ç ìåôáâëçôüôçôá ôçò áýîçóçò [Z(x+h)-Z(x)] åßíáé ðåðå-
ñáóìÝíç êáé åîáñôÜôáé ìüíï áðü ôçí áðüóôáóç h, äçëáäÞ

Var {Z(x+h) - Z(x)} = Å { [Z(x+h) - Z(x)] ²} = 2 ã (h).

Ìéá Üëëç õðüèåóç, ðïõ ÷ñçóéìïðïéåßôáé óôçí áíÜëõóç
ôïõ âáñéïãñÜììáôïò, åßíáé ç õðüèåóç ôçò åñãïäïôéêüôçôáò,
ç ïðïßá õðïèÝôåé éóüôçôá ôùí ñïðþí ðñþôçò êáé äåýôåñçò
ôÜîåùò. Ïé ñïðÝò áõôÝò õðïëïãßæïíôáé áö� åíüò ìå ôïõò
ìÝóïõò üñïõò ôùí óõíüëùí (áñéèìüò ðñáãìáôïðïéÞóåùí
Í→ ∞) êáé áö� åôÝñïõ ìå ÷ùñéêïýò ìÝóïõò üñïõò (D → ∞),
ïé ïðïßïé õðïëïãßæïíôáé áðü ìßá ìüíï ðñáãìáôïðïßçóç.

4.2.1.1. Ôï ðåéñáìáôéêü âáñéüãñáììá

Ãéá Ýíá ðëÞèïò Í ìåôñçìÝíùí ôéìþí, óçìåßùí ðïõ áðÝ-
÷ïõí ìåôáîý ôïõò áðüóôáóç h, ôï ðåéñáìáôéêü âáñéüãñáììá
ã(h) õðïëïãßæåôáé áðü ôç ó÷Ýóç:

üðïõ Æ(xi) êáé Z(xi + h) åßíáé ïé ìåôñçìÝíåò ôéìÝò óôéò èÝóåéò
xi êáé xi + h áíôéóôïß÷ùò êáé Í åßíáé ï áñéèìüò ôùí æåõãþí
ôùí ðåéñáìáôéêþí óçìåßùí.

Ç óýãêñéóç âáñéïãñáììÜôùí, ðïõ Ý÷ïõí ãßíåé óå äéáöï-
ñåôéêÝò äéåõèýíóåéò, äåß÷íåé áí ôï Ýäáöïò åßíáé éóüôñïðï ùò
ðñïò ôçí ðáñÜìåôñï ðïõ åîåôÜæåôáé.

4.2.1.2. ÌïíôÝëá âáñéïãñÜììáôïò

Ãéá ôçí ðñïóïìïßùóç ôïõ ðåéñáìáôéêïý âáñéïãñÜììáôïò
ã(h) Ý÷ïõí ðñïôáèåß äéÜöïñá ìïíôÝëá ã*(h), ôá êõñéüôåñá
áðü ôá ïðïßá åßíáé [13]:

á. Ôï ãñáììéêü ìïíôÝëï

(4.1)

â. Ôï ìïíùíõìéêü ìïíôÝëï

(4.2)

ã. Ôï ëïãáñéèìéêü ìïíôÝëï 

(4.3)

ä. Ôï ìïíôÝëï Gauss

(4.4)[ ]ã ( ) = a / )  *
0

2h C h b+ ⋅ − −1 2exp(

ã ( )  =  a ln(1+ ) 0
* h C b h+ ⋅ ⋅

ã ( )  ,                0<* h C p h BB= + ⋅ <0 2

ã ( )   + ,               0    

ã ( )   + a                            
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Ðßíáêáò 1: ÅäáöïëïãéêÜ ÷áñáêôçñéóôéêÜ ôïõ ðåéñáìáôéêïý áãñïý.
Table 1: Soil characteristics of the experimental field.



å. Ôï åêèåôéêü ìïíôÝëï

(4.5)

óô. Ôï óöáéñéêü ìïíôÝëï

(4.6)

Óôéò åîéóþóåéò (4.1)-(4.6) åßíáé: a =ôï êáôþöëé (sill) ôïõ
âáñéïãñÜììáôïò, ðïõ åßíáé ç ìÝãéóôç ôéìÞ óôçí ïðïßá óôá-
èåñïðïéåßôáé ç ã*(h), êáèþs ç áðüóôáóç h áõîÜíåé, b= ôï
åýñïò åðßäñáóçò (influence range), ðïõ åßíáé ç áðüóôáóç
ðÝñáí ôçò ïðïßáò ç ã*(h) ðáñáìÝíåé óôáèåñÞ, p = ç êëßóç ãéá
0 ≤ h ≤ b êáé Co= ç åðßäñáóç «nugget» Þ öáéíüìåíï óâþëïõ,
äçëáäÞ ìßá áóõíÝ÷åéá, ç ïðïßá ðáñáôçñåßôáé, ðïëëÝò öïñÝò,
óôçí áñ÷Þ ôïõ âáñéïãñÜììáôïò êáé ðïõ ïöåßëåôáé óôçí
ýðáñîç ìåôáâëçôüôçôáò ìåôáîý ôùí ðáñáôçñÞóåùí ðïõ
áðÝ÷ïõí áðüóôáóç ìéêñüôåñç áðü ôï ÷ùñéêü âÞìá ìåëÝôçò
h. Ç áóõíÝ÷åéá áõôÞ ìðïñåß íá ïöåßëåôáé óå ëÜèç ôùí ìåôñÞ-
óåùí áëëÜ êáé óå ôïðéêÝò äéáôáñá÷Ýò ôïõ öáéíïìÝíïõ óôç
ìéêñïêëßìáêá ôçò ìåëÝôçò.

4.2.2. To Kriging

¸íá âáóéêü ðñüâëçìá óôç ÃåùóôáôéóôéêÞ åßíáé ç åêôß-
ìçóç ôùí ôéìþí åíüò ìåãÝèïõò óå èÝóåéò, üðïõ äåí Ý÷ïõí
ãßíåé ìåôñÞóåéò. Ôï ðñüâëçìá áõôü ëýíåôáé ìå ôç ìÝèïäï
Kriging, ç ïðïßá áðïôåëåß ìéá ôå÷íéêÞ ôçò åêôßìçóçò ôçò
âÝëôéóôçò ãñáììéêÞò áìåñüëçðôçò åêôéìÞôñéáò, ãíùóôÞò ùò
B.L.U.E. (Best Linear Unbiased Estimator), ìéáò ðåñéöåñåéá-
êÞò ìåôáâëçôÞò óå ìéá óõãêåêñéìÝíç äéåýèõíóç êáé óå Ýíáí
ðåñéïñéóìÝíï ÷þñï. Ç åêôéìÞôñéá áõôÞ óýìöùíá ìå ôïõò
Jenkins and Watts [7] ïöåßëåé íá éêáíïðïéåß ôéò åîÞò óõíèÞ-
êåò:

á. Íá åßíáé áìåñüëçðôç.
â. Íá Ý÷åé åëÜ÷éóôç ìåôáâëçôüôçôá.

Ôï ðñüâëçìá, óõíÞèùò, ôßèåôáé ùò åîÞò: «¸÷ïõìå ìéá
óåéñÜ ìåôñçìÝíùí ôéìþí Æ(xi) óôéò èÝóåéò xi êáé æçôÜìå ôçí
åêôßìçóç ôçò ôéìÞò Æ* óôç èÝóç xk».

Óýìöùíá ìå ôç ìÝèïäï Kriging, ìéá åêôßìçóç ôçò Æ*
õðïôßèåôáé üôé åßíáé ãñáììéêÞ óõíÜñôçóç ôùí ãíùóôþí
ôéìþí Æ(xi), äçëáäÞ

üðïõ ëi= ôá âÜñç ðïõ äßíïõí ôçí êáëýôåñç åêôßìçóç êáé Í =
ï áñéèìüò ôùí ìåôñçìÝíùí óçìåßùí.

Ç åöáñìïãÞ ôùí ðáñáðÜíù äýï óõíèçêþí ïäçãåß óôï
óýóôçìá (óçìåéáêü Kriging):

(4.7)

Þ óå ìçôñþá ìïñöÞ:

Ç ìåôáâëçôüôçôá ôçò âÝëôéóôçò åêôßìçóçò Þ ìåôáâëçôü-
ôçôá Kriging (estimation variance) Ý÷åé ôç ìïñöÞ:

üðïõ ì åßíáé ï Üãíùóôïò ðïëëáðëáóéáóôÞò Lagrange, ðïõ
õðåéóÝñ÷åôáé ãéá ôçí åðßëõóç ôïõ óõóôÞìáôïò (4.7).

5. ÅÖÁÑÌÏÃÇ
5.1. KëáóéêÝò óôáôéóôéêÝò ìÝèïäïé

Ãéá ôç óôáôéóôéêÞ áíÜëõóç, ïé 86 óõíïëéêÜ ìåôñÞóåéò,
ðïõ Ýãéíáí êáôáôÜ÷ôçêáí óå 20 êëÜóåéò ìåãÝèïõò êáé õðï-
ëïãßóôçêáí ç ìÝóç ôéìÞ =1,8847Å-3, ç ôõðéêÞ áðüêëéóç 
ó =2,38219Å-3, ç ìåóáßá ôéìÞ m =1,31Å-3 êáé ï óõíôåëåóôÞò
ìåôáâëçôüôçôáò CV=1,26.

Ç ìåôáâïëÞ ôùí áðüëõôùí óõ÷íïôÞôùí ùò óõíÜñôçóç
ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý, Kfs, öáßíåôáé óôï
ó÷Þìá 3. Aðü ôï ó÷Þìá áõôü äéáðéóôþíåôáé ìéá áóõììåôñßá
ôùí óõ÷íïôÞôùí ùò ðñïò ôçí õäñáõëéêÞ áãùãéìüôçôá êïñå-
óìïý. Áõôü äåß÷íåé üôé ç êáíïíéêÞ êáôáíïìÞ äåí ôáéñéÜæåé
ùò ìïíôÝëï åðéëïãÞò êáé óõíåðþò, ç êáôáíïìÞ áõôÞ äåí
ìðïñåß íá ðåñéãñÜøåé ôç ÷ùñéêÞ ìåôáâëçôüôçôá ôçò Kfs.

Óôç óõíÝ÷åéá, äïêéìÜóôçêáí ïé êáôáíïìÝò óõ÷íïôÞôùí
ÃÜììá, Weibull, ëïãáñéèìïêáíïíéêÞ êáé åêèåôéêÞ. Óôïí
ðßíáêá 2 äßíïíôáé ïé åîéóþóåéò êáé ïé ôéìÝò ôùí ðáñáìÝôñùí
ôùí êáôáíïìþí ðïõ åîåôÜóôçêáí. 

Óôï ó÷Þìá 4 áðåéêïíßæïíôáé ïé áèñïéóôéêÝò êáôáíïìÝò
F(x) ôùí êáôáíïìþí ôïõ ðßíáêá 2 ìáæß ìå ôçí áèñïéóôéêÞ
ðåéñáìáôéêÞ êáôáíïìÞ.

Óôïí ðßíáêá 3 äßíïíôáé ïé óôáôéóôéêïß Ýëåã÷ïé, ïé ïðïßïé
Ýãéíáí ãéá ôéò óõíáñôÞóåéò êáôáíïìþí ðïõ ÷ñçóéìïðïéÞèç-

x

ó ì ë x xk i i k
i

N
2

=1
 =   +   ã( , )∑

( )
( )

( )

ã ã ã

ã ã ã

ã ã ã

ã

ã

ã1

11 12 1

21 22 2

2

1

2

1

2

1

1

1

1 1 1 0 1

. . .

. . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . .

. . .

.

.

.

,

,

.

.

.

,

N

N

N N NN N

k

k

N k

ë

ë

ë

ì

x x

x x

x x

































⋅

































=

































ë x x ì x x

ë

j i j i k
j

N

j
j

N

ã )    ã( )( , ,+ =

=















=

=

∑

∑

1

1

1

Z (     ( )* x ë Z xk i i
i

N
) =

=
∑

1

ã ( ) =  + a   - 
1

2
   0    

ã ( ) =  + a,                                       

*
0

*
0

h C
h

b

h

b
h b

h C h b

3

2

3















 ≤ ≤

≥










,

[ ]ã ( )  =  a )     0
* exp( /h C h b+ ⋅ − −1

35Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 1  2000  Tech. Chron. Sci. J. TCG, I, No 1



36 Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 1  2000  Tech. Chron. Sci. J. TCG, I, No 1

Ó÷Þìá 4: ÁèñïéóôéêÝò êáìðýëåò óõ÷íïôÞôùí.
Figure 4: Cumulative frequency curves.

Ðßíáêáò 2: ÓõíáñôÞóåéò ðõêíüôçôáò ðéèáíüôçôáò.
Table 2: Probability density functions.

Ó÷Þìá 5: ÐåéñáìáôéêÜ âáñéïãñÜììáôá ã(h) êáôÜ äéÜöïñåò äéåõèýíóåéò.
Figure 5: Experimental variograms ã(h) in different directions.

Ó÷Þìá 6: Ðåéñáìáôéêü êáé èåùñçôéêÜ ðñïóáñìïóìÝíï ãñáììéêü
âáñéüãñáììá.

Figure 6: Åxperimental and fitted theoretical linear variogram.

Ó÷Þìá 3: Êáìðýëç óõ÷íïôÞôùí ôùí ìåôñÞóåùí.
Figure 3: Frequency curve of measurements.



êáí. Áðü ôïõò åëÝã÷ïõò áõôïýò äéáðéóôþíåôáé üôé ìå âÜóç
ôïõò åëÝã÷ïõò ÷2 êáé Kolmogorov-Smyrnov, ïé êáôáíïìÝò
ëïãáñéèìïêáíïíéêÞ, ÃÜììá êáé Weibull ãßíïíôáé áðïäåêôÝò
ìå åðßðåäï óçìáíôéêüôçôáò 10% êáé 15% áíôéóôïß÷ùò êáé
üôé ìðïñïýí íá ðåñéãñÜøïõí ôç ÷ùñéêÞ ìåôáâëçôüôçôá ôçò
Êfs, ü÷é üìùò ç êáíïíéêÞ êáé ç åêèåôéêÞ êáôáíïìÞ. Óôïí ßäéï
ðßíáêá êáé óôçí ôåëåõôáßá óåéñÜ äßíåôáé ç ìåôáâëçôüôçôá
ìåôáîý ðåéñáìáôéêÞò êáé èåùñçôéêÞò óõ÷íüôçôáò. ¼ðùò
öáßíåôáé áðü ôéò áñéèìçôéêÝò ôéìÝò, ç êáôáíïìÞ Weibull
ðáñïõóéÜæåé ôç ìéêñüôåñç ìåôáâëçôüôçôá.

5.2. ÃåùóôáôéêÞ áíÜëõóç - ×áñôïãñÜöçóç

Ãéá ôéò 86 ìåôñçìÝíåò èÝóåéò ôçò Êfs õðïëïãßóôçêå ôï
ðåéñáìáôéêü âáñéüãñáììá ã(h) ìå ôï õðïëïãéóôéêü ðáêÝôï
GEOSTAT [18].

Ãéá ôïí Ýëåã÷ï ôçò éóïôñïðßáò ôïõ ðåéñáìáôéêïý áãñïý
ùò ðñïò ôçí Êfs ðñïóäéïñßóôçêáí ôá âáñéïãñÜììáôá êáôÜ
ôéò äéåõèýíóåéò 22.5°, 45°, 67.5° êáé 90°. Ôá âáñéïãñÜììáôá
áõôÜ öáßíïíôáé óôï ó÷Þìá 5. ÌáêñïóêïðéêÜ ãßíåôáé äåêôü
üôé ôï Ýäáöïò åßíáé éóüôñïðï ùò ðñïò ôçí Êfs, áí êáé ðáñá-
ôçñåßôáé üôé ïé äéåõèýíóåéò 22,5° êáé 45° êáèþs êáé ïé äéåõ-
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Ó÷Þìá 7: ÄéÜãñáììá éóïáãùãéìïôÞôùí.
Figure 7: Isarithmic map of hydraulic conductivity.

Ó÷Þìá 8: Éóïáãùãéìüôçôåò óå ôñéäéÜóôáôç ìïñöÞ.
Figure 8: 3-D map of hydraulic conductivity.

èýíóåéò 67,5° êáé 90° ðáñïõóéÜæïõí áíÜ äýï ìåãáëýôåñç
óýãêëéóç óçìåßùí.

Ùò áíôéðñïóùðåõôéêü âáñéüãñáììá åðéëÝ÷ôçêå ç äéåý-
èõíóç 67,5°, åíþ ùò ìïíôÝëï âáñéïãñÜììáôïò åðéëÝ÷ôçêå ôï
ãñáììéêü âáñéüãñáììá (åîßóùóç 4.1, ó÷Þìá 6), ãéáôß äßíåé
ôï ìåãáëýôåñï óõíôåëåóôÞ óõó÷Ýôéóçò R = 0,77 óå ó÷Ýóç ìå
ôá Üëëá ìïíôÝëá âáñéïãñÜììáôïò (åîéóþóåéò 4.2-4.6).

Ìå âÜóç ôï ãñáììéêü âáñéüãñáììá êáé ôç ìÝèïäï Kri-
ging Ýãéíå ç ÷áñôïãñÜöçóç ôïõ áãñïý, ç ïðïßá öáßíåôáé óôï
ó÷Þìá 7, åíþ óôï ó÷Þìá 8 äßíåôáé ç ßäéá ÷áñôïãñÜöçóç óå
ôñéäéÜóôáôç ìïñöÞ. Áðü ôá ó÷Þìáôá 7 êáé 8 äéáðéóôþíåôáé
üôé õðÜñ÷åé ìéá áñêåôÜ óçìáíôéêÞ ÷ùñéêÞ ìåôáâëçôüôçôá
ôïõ åäÜöïõò ùò ðñïò ôçí õäñáõëéêÞ áãùãéìüôçôá êïñåóìïý.

6. ÓÕÌÐÅÑÁÓÌÁÔÁ

Áðü ôçí åðåîåñãáóßá ôùí ìåôñÞóåùí ìå ôéò êëáóéêÝò
óôáôéóôéêÝò ìåèüäïõò ðñïÝêõøå üôé ç ÷ùñéêÞ ìåôáâëçôüôçôá

Ðßíáêáò 3: Óôáôéóôéêïß Ýëåã÷ïé. 
Table 3: Statistical tests.



ôçò õäñáõëéêÞò áãùãéìüôçôáò êïñåóìïý ìðïñåß íá ðåñéãñá-
öåß ü÷é ìüíï áðü ôç ëïãáñéèìïêáíïíéêÞ êáôáíïìÞ, ðïõ áíá-
öÝñåôáé óôç âéâëéïãñáößá [10], [16], áëëÜ êáé áðü ôéò êáôá-
íïìÝò ÃÜììá êáé Weibull.

H ôéìÞ ôïõ óõíôåëåóôÞ ìåôáâëçôüôçôáò CV (= 1,26) ðïõ
ðñïÝêõøå âñßóêåôáé óå ðëÞñç óõìöùíßá ìå ôéò ðáñáôçñÞ-
óåéò ôïõ Vauclin [16], óýìöùíá ìå ôéò ïðïßåò ïé äõíáìéêÝò
ðáñÜìåôñïé ôïõ åäÜöïõò, äçëáäÞ ôá÷ýôçôá äéçèÞóåùò,
õäñáõëéêÞ áãùãéìüôçôá, óõíôåëåóôÞò äéáóðïñÜò ê.ëð.,
ðáñïõóéÜæïõí óõíôåëåóôÞ CV> 50%.

Áðü ôçí åðåîåñãáóßá ôùí óôïé÷åßùí ìå ìåèüäïõò ôçò
ÃåùóôáôéóôéêÞò ðñïÝêõøå üôé ï ðåéñáìáôéêüò áãñüò åìöáíß-
æåé éóïôñïðßá ùò ðñïò ôçí õäñáõëéêÞ áãùãéìüôçôá êïñåóìïý
áëëÜ êáé ìéá óçìáíôéêÞ ÷ùñéêÞ ìåôáâëçôüôçôá ùò ðñïò ôçí
ðáñÜìåôñï áõôÞ.
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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

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 (Ks) are presented by
Amïozegar 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 (Kfs) 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 Kfs

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 x1, x2, x3, .., xn derive from a random varia-
ble X with known statistical distribution F(x). The common
statistical tests used are the ÷2 and the Kolmogorov-Smyrnov
tests. Details on the determination of the distribution laws of
the frequencies ïf 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 Kfs were arranged in 20 classes
and the mean value =1,8847E-3, the standard deviation
ó=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 Kfs
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 ÷2 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 Kfs 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 (eqs.
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 Kfs but with a significant spatial
variability in this parameter.

x

40 Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 1  2000  Tech. Chron. Sci. J. TCG, I, No 1

Christos D. Tzimopoulos,
Professor, Department of Rural Engineering, Faculty of Rural and Surveying Engineering, School of Technology, A.U.TH., 540 06 Thessa-
loniki, Greece.
Maria Sakellariou-Makrantonaki,
Professor, Department of Agronomy, University of Thessaly, 383 34 Volos, Greece.
Stavros J. Yannopoulos,
Associate Professor, Department of Rural Engineering, Faculty of Rural and Surveying Engineering, School of Technology, A.U.TH., 
540 06 Thessaloniki, Greece.


