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SUMMARY 

A method is described to calculate the capillary conductivity data from outflow measure­
ments obtained with a suction apparatus also in use for the determination of the lower 
part of the moisture characteristic of soils. Measurements were made on different soil 
probes from the same profile. An approximate solution for the influence of the porous plate 
was introduced. The results of the measurements for a sandy soil and a sandy loam are 
given. 

I INTRODUCTION 
During the last decades the knowledge on the relation between moisture 

consumption and yield of crops is rapidly increasing. From investigations on 
this relation it became evident that besides the total uptake of water soil 
moisture tension is a very important factor in crop growth. This means, that 
soil moisture tension should be kept low, in order to get maximum yields. 
Except in the case of sub-irrigation this can only be realized by water transport 
from the water table into the root zone. Moisture transport only takes place, 
however, when the water table is kept high or évapotranspiration rates are 
small. This is due to the fact that the capillary conductivity of the soil is low 
at high and moderately high moisture tensions. So steep moisture gradients 
are necessary for moisture flow of some importance (WESSELING, 1957). 

The steady state capillary rise of water from a water table can be calcu­
lated when the relation between capillary conductivity and soil moisture tension 
is known. Such calculations are given by WIND (1955), WESSELING (1957) and 
GARDNER (1958). These authors either used conductivity data found in literature 
or determined from field experiments, as in the case of WIND. Rather few 
conductivity data are available, however, despite the fact that a method for 
the determination has been performed already more than 25 years ago by 
RICHARDS (1931). During the last few years several new methods were proposed 
but most of them make use of disturbed soil samples (MOORE, 1939, STAPLE 
and LEHANE, 1954, BRUCE and KLUTE, 1956, CHILDS and COLLIS-GEORGE, 1950). 
When conductivity data of a disturbed soil sample are used for the calcula­
tion of moisture transport in a well-defined soil profile with its typical sequence 
of layers, each of them with a pronounced structure, appreciable differences 
with what actually happens in the profile will be found. The only way out 
in this case is, to determine the capillary conductivity of each layer of the 
profile on an undisturbed soil sample. 

A theoretical computation of the conductivity data from the pore size distri­
bution i.e. from the moisture characteristic as proposed by CHILDS and COLLIS-
GEORGE (1950) has certain advantages. Recently MARSHALL (1958) found a reason-
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able agreement between this theoretical method and experimental results ob­
tained by other authors. The computation takes a lot of time, however, and 
the so-called matching-factor remains undetermined. 

GARDNER (1956) developed a method for the calculation of the conductivity 
data from pressure plate outflow data. The advantage of this method is that 
it can be combined with the determination of the higher part of the moisture 
characteristic of the soil, for which pressure plates are used. A disadvantage 
is, however, that the method can only be applied at high moisture tensions. 
As is pointed out above, in flow problems under conditions prevailing in 
nature, the capillary conductivity of the soil at low moisture tensions is far 
more important. A method therefore was developed to compute the conducti­
vity at low moisture tensions from outflow data obtained with a suction appa­
ratus that is commonly used for the determination of the lower part of the 
moisture characteristic. The method, and the results obtained with it, are 
described in the next sections. 

2 DESCRIPTION OF THE APPARATUS 

The apparatus, used for the determination of the lower part of the moisture 
characteristic was modified in such a way that the flow of water out of the 
soil sample could be measured. The apparatus which was used is given in 
fig. 1. Undisturbed soil samples (M) are taken in metal rings with an area 
of 20 cm2 and 5 cm length. After saturation during two days, the sample 
was placed on a porous plate (P) which is cemented in a glass-vessel (G), con-

SuCTION APPAHATUS USED FOR THE OUTFLOW MEASUREMENTS. FOR DESCRIPTION 
SEE THE TEXT. 

FIG. 1 
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nected with a water reservoir (W.) The glass-tube ends in a calibrated hori 
zontal capillary tube (C). The glass-vessel is covered with a cap (K), that is 
connected with the vessel by means of a rubber-ring (R), in order to prevent 
evaporation from the sample. A small capillary tube was mounted in order 
to maintain atmosferic pressure at the upper end of the soil sample. 

When equilibrium has been attained between the moisture in the soil sample 
and a certain suctionforce, the glass-vessel is raised over a small distance, 
so that the suction increases with a small amount. Due to this increase in 
suction, water will move to the right hand side, the distance depending on 
the magnitude of the water removal. By measuring the displacement of the 
meniscus at different times, the water removal can be determined and from 
these data the capillary conductivity of the soil may be calculated. 

The measurements are susceptible to temperature differences. When room 
temperature is not constant the meniscus on the capillary tube may become 
displaced without any change in the moisture content of the soil sample. While 
the measurements are carried out, with relatively short time intervals, dif­
ferences in temperature during the experiment can be neglected. The computed 
values for the conductivity must then, however, be reduced to standard tem­
perature. This standard temperature was taken to be 15° C which is the 
temperature, occuring in the rootzone of the soil during the greatest part of 
the summer in the Netherlands. 

3 SOLUTION OF THE FLOW EQUATION 
When equilibrium has been attained at a certain suction of h cm, the mois­

ture content at the upper side of the soil sample will differ only little from 
that at the lower end of the sample, when the height of the sample is rela­
tively small. Without introducing large errors thé moisture content may be 
considered to be constant throughout the sample. Furthermore, the suction-
force throughout the sample may be taken as a constant, having a value of 
h — H -j- /2 I, where H is the distance between the water surface in the 
reservoir and the upper boundary of the porous plate and I is the length of 
the soil sample. 

When the suction is increased from h  to h  + A h a .  lower moisture content 
will be attained after a certain time throughout the sample. When the in­
crease in suction Ah is small, there will be only a small difference between 
the initial and final moisture content in the soil sample and the capillary 

conductivity is considered to be constant. Moreover ^ = c, for small changes 

in moisture content <9 and suction h. For the flow of moisture, the differential 
equation (1) will then hold true (GARDNER, 1958) 

«5(9 _ k ô20 m 

~ôt =:= "c ~d? { 1 

where 
f) = the part of the volume occupied by water, i.e. the volumetric moisture 

content of the soil 
t = time 
k = capillary conductivity 
z = length dQ 

c = the slope of the moisture characteristic = —— 
an 
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There will be no flow across the upper boundary of the soil sample and 

henceforth — = o at this plane. 

Treating the sample as having a length 2 I with its imaginary upper boun­
dary at a constant moisture content &0 at t > o, the initial and boundary 
conditions will be : 

&=r.0n _l<z<-\-l t = 0 

& =•- @0 Z = ± I t > 0 

The solution of eq. 1, subject to 2, is analogous with that of the equation 
of heat conduction in a long isolated plate with the ends kept at a constant 
temperature. This solution is (c.f. CARLSLAW and JAEGER, p. 79 eq. 6). 

OO n — (2n + Î )2 7 

6 —  0 0  4  y  ( — 1 )  c 412 2n + l ,01 
Ti 7T — " Ö r~7 e cos al— nz (3 &„ — &o n "=o 2n +1 21 

The total quantity of water that will have passed through the lower sur­
face of the soil sample at each time t can be given by 

Qt — A f (®n — &0) dz (4 )  

A being the area of the soil sample. 
The final amount which can be removed from the soil sample between a 

suction h and h A h is 

Q T = A I  (On - O 0 )  (5) 

With the aid of eq. (3) the relation 

00 k_(în + If 

=  1 ^  g  c  4 ' 2  4 1 2  ( 6 )  
QT N2 » - »  (2n +1)2 [ ' 

can be derived from eqs. (4) and (5). This is the same relation which was 
used by GARDNER (1956) for the calculation of the capillary conductivity from 
pressure plate outflow data. 

For reasons dealt with in section 5 it is sometimes easier to calculate the 
conductivity from the slope of the curve Qt versus t, which gives the outflow 
velocity at each time t. This quantity is derived from eq. 6 or eq. 3 and is 

, 2 2 ^ t 

9 i = p - - Q T t r .  '  W  

Substituting now eq. 5 in eq. 7 we get 

9 V- - T (2n + 1)2 n2 ~4? 
qt = -T k h A e (8) î' î »=0 
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4 AN APPROXIMATE SOLUTION 
For the early stages of flow an approximate solution of the problem under 

discussion, may be obtained by considering the soil sample as being infinite. 
The boundary and initial conditions are then given by 

0 =  0 n  z >  o  i  =  o  .  

0 = 0 0  z  =  o  t  >  o  

These conditions are the same as those for infiltration into a semi-infinite 
horizontal soil column (KLUTE, 1952) and for drainage to a canal from a semi-
infinite strip of soil (EDELMAN, 1947). The solution of (1) subject to (9) is 

0— 0 0  _  = PF 
(tttT)  <'»>  0n — so 

where PF is the probability integral taken from the tabulated form given 
by FISHER (Statistical Methods for Research Workers, 1948, p. 77). 

The amount of water which has flown out of the sample after a certain 
time t will be 

GO 

Ql = ( e n  —  0 o ) A  [ Pp(^L=\dz (11)  
/ K h ± t '  

which can be represented by 

Q t  =  1 . 1 4  A  ( 0 „  —  0 O )  I T t  (12)  

During the first stages of flow there will be little or no difference between 
the results of eqs. 3 and 12, with respect to the moisture profile in the soil 
sample. 

As eq. (12) holds only true for a limited length of time, this length of time 
has to be determined. This is done by using the theory of KRAYENHOFF VAN 

2 DE LEUR (1958). Since 1 . 1 4  =  - — and c  h  =  0 n  —  0 O  ,  differentiating eq. 12 
with respect to t gives '71 

q t  —  A  h ( 13 )  

If we take now the largest length of time for which eq. 13 may be used 
in such a way that the value of qt from eq. 13 differs less then 1 % from the 
value of qt according to eq. 8, we get 

/  _  9 b  - ± ( 2 n +  
> 0.99 ^ e 41 (14)  

y* ' / 71 = 0 

4 cP" 
Taking now y = i r ecl- 14 becomes 
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00 — (2n + I)2 --
yai ^ ' 

i —  —  g  f i 5 )  4 X 0,99 ' "=° v ; 

and for a given combination of c ,  k  and I ,  t m a x  can be calculated. 

5 THE INFLUENCE OF THE POROUS PLATE 

The eqs. 8 and 13 derived in sections 3 and 4 are exact, when the porous 
plate used in the experiments, has no resistance with respect to the flow of 
water. Generally this is not true and the influence of the sinter may not be 
ignored, especially when relatively large amounts of water are displaced, thus 
at large conductivity values of the soil sample, therefore, without introducing 
the effect of the porous plate, the calculated conductivity data will be too 
small. On the other hand we failed to find an exact solution in which the 
effect of the porous plate was accounted for 2). The outflow data, used for 
the calculation of the capillary conductivity are, however, taken during very 
short time intervals. Therefore an approximate solution may be used in which 
the loss of head in the sinter is related in a linear way with the outflow 
according to DARCY'S law, one can therefore put : 

q t  —  k p j  (16) 
l p  

where 
kp = the hydraulic conductivity of the sinter 
hi = loss of head in the sinter 
lp = height of the sinter. 

The hydraulic conductivity of the sinter was obtained by measuring the 
flow of water through the sinter without soil sample. The area of the plate 
used for this measurement was equal to that of the soil sample. In order to 
avoid variations in hydraulic conductivity during the measurement the deter­
minations were made with as short a lapse of time between them as possible. 
From the known qt , the loss of head due to the sinter was calculated accord­
ing to eq. 16 and introduced in eq. 8 and 13 so the hydraulic conductivity 
was calculated from the equations 

OA -(2n + D2"2 7 77^ 
£' = - — (h—hi) A e (8a) 
c I c "=° 

and 

Q, = 1.14 (&„ — 8 o  —  B v )  A  U t  (12a) 

where (~)v — hv . c. For qt and Q, , the outflow after 1 minute was chosen. 

2) After this article was written MILLER and ELRICK (S oil S ci. S oc. Amer. Proc. 22, 1958 : 
483—486) gave a method to take into account the influence of the separating medium. An 
other solution will be given in the near future by RIJTEMA, also working at our Institute. 
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6 RESULTS OF THE MEASUREMENTS 
The measurements were carried out for a dune sand containing 1 % humus 

and 99 % fraction > 100 /a, and for a sandy-loam soil ("lichte zavel") containing 
1  %  h u m u s  a n d  1  %  f r a c t i o n  >  1 0 0  f i ,  5 0  %  f r o m  5 0 — 1 0 0  u  a n d  1 6  %  < 1 6  u  
(about 10 % < 2 fj). 

All outflow measurements gave straight lines for small values of t, when 
plotted against y t. Due to some inertia in the system and the influence of 
the porous plate this line did not always intersect the #-axis at t = o. Never­
theless t was taken in such a way that t = o was at the point of intersection 
of the line with the t-axis. 

In order to simplify the calculation, this form was calculated according to 
k eq. 8a for various values of — , (I = 5 cm ; t = 1 minute ; h—h, = 1 cm ; 

ch 

FIG. 2 VALUES OF q i /  PLOTTED AGAINST A FOR 1 = 5  CM, t  = 1 MIN. 
/ ch c 

A =  1 cm2) giving a straight line when plotted on log : log scales (fig. 2). 
The results of the measurements are given in table 1. 
For each suction step new soil probes were used taken from the same 

profile. In the case of the sandy soil, sorption and desorption measurements 
were carried out with the same probe. For the loamy soil different probes were 
used for sorption and desorption. 

The values according to eq. 12a are somewhat higher than those according 
to eq. 8a but the difference is small. This is due to the fact, that the time 
was taken so short that the finite length of the probe did not influence the 
solution according to eq. 12a. 

Because the conductivity values are highly dependent on differences in soil 
structure as the results show, the error introduced by the approximate solu­
tion of the influence of the porous plate will not be very important. 

As could be expected, a certain hysteresis effect occured between sorption 
and desorption values. 

161 



<3 r—( 
ó 

er 4> 
TJ 
Ù 

bo 
£ •"3 
S 

s 
Â 

-è 
G  a c/D 

& 0) 

a 

•n 
>, 

"> 
Ü 

*5 c O 

A c: 
U 

J2 ?3 
H 

© I-H 
© CM CM © 
CM O 

© PH 
CO CO 

© © © S CM © Ol © 00 co Tp f- S CM © Ol © 
m m xp © CM C0 Oi ro © t- © CO I—i I-H 

in 00 (Si co 00 o CM IN --H -H co CM 
CO H o Ö d w 

(M co ^ 10 CD CO CO CO CO CO CO 

in « 00 « co lO co op in O m Ö © CO Ô 0 0 3 0 H W  O O -H O O O 
o d d d d o  

COffiOnrSlCO TP CO CO ^ ^ ^ 

© Ci eg O cç i—( CO O ^ O Ô ^ c o  
O n d o d e  CO 1—I 

H CM CO TP in CO t> 00 as O < N C O r r i C C O  

in i-H 
CM 

IC d T—H 
O 
Ö 

Ol © Ö lO ^ © î—i h ^ H Û ^ O ^ O  (M H H Q H M o O O O O O (M O 
d o d d d d d  

T> 00 Ci © <M CO H H H CM CM CM CM 

» 00 CO CD Ô H H TP CO -H -H CO t> 
cô H o o Û ^ 

CM CO ^ © t-CO CO CO co CO CO 

CM OQ TP 
00 Tp in --H 
Tf oi CM cd O CO CO CM M 00 TJH OO 

CO T> 00 Ci O 

t- 00 CO 00 CO <-< Ci CM H O O CO CM 
ci f-H ö ö ö CM Tf 

00 CI CO Ö I—( CM 00 H T—I in O co Ó t> co O 
80 0 0 0 ^  ©  © »—I © © © © 

© © © © © ©  ©  

00 CD © »-H CM CO TU CO CO ^ ̂  ̂  TT 

CO CO IN IN CD OL ,—T IQ »-H © © TP © c q c q H O - H ( M Q  © © © O © CM © 
© © © © © © ©  

< CM co TP in © 

in in TP a i cp -H 
TP* oo in TJÎ t> co t> © TP co oo 

T- a © CM © ^ T— 00 Ci t- I 00 I—I oo 
co © © © © ci 

in © © CM CM —I >—I © Ci T> CM © -H © 00 © .-i © © © O —I © Ol © © © © © © © 
© ^ © © © © © ©  

in CM © © in © © oo co 
© H CO CO CM l> TP co* .—i co m ^ 

H CO W TTH CO TJH CM © © © in CM © © © 
© © © © 

CO 00 CM CO CM C O t - H r H i n ^  tp © ,—i in i TT1 
co © © © © oi 

in © CM oo in CM 
oi CM oo © in TP co co i—i 

in m Ci CMI © 00 CM H 05 00 T-
1—5 CM I—< in ©" co CM Ci CO ^ CO 

H CM CO rt" in © l> oo © © <—i oi co -

00 OL TP T- © 
00 © © © CM H CM T* © © TP 

TP CM © © © © © T> © © © © © H T t ô © C 0 © 0  
© C 0 © 0 © © 0 ©  

co 
CO CM © tP © © in ^ © © © 
© © © © 

© l> CO © © -—I CM CO H H H H CM CM ci ol 

M T-oo s s CO •—i 

00 TP 

in in t- © in © © © o5 CM co H in © i—i 
S© I> © © © TP © © 
© © © © © 

tp in © i> 
CM CM CM CM 00 CM © CM 

© 

© © © © 
V/ 
X 

CM 
t- oo © © -h cm co H I—I H CM Ol Ol O] 

in Ci m H I-H © Ol © © © 
© © 

TP in © t"— Ol Ol CM CM 00 CM Ci (M 

oi in t- O © © © © 
© © 

© 
© 

u îi î Y 
© 

0.
01

5 
0.

00
07

6 
6 

x 
<

 1
0-

5 in 
© 

V/ 
X 

in 

0.
00

19
8 

0.
00

02
56

 
3
x
<

 1
0-

5 m 
So 

iv ° X 
in 

TP in Ol Ol 26
 

© O 

tl 
O 
© er; 

îl 1 Y 
O CO 

1 y 
O oo 

bc 
Ö 
S H3 
G  P 
O 

FCO c 

3 a1 

•5 
I 
T3 A; 
"S 
u 

"ïc 
O 

162 



ACKNOWLEDGEMENT 
The authors thank Mr. D. A. KRAYENHOFF VAN DE LEUR for his assistance in the solution 

of the problem, Prof. F. HELLINGA for his stimulating criticism and Mrs. A. OVAA for the 
careful excecution of the measurements and calculations. 

BIBLIOGRAPHY 
BRUCE, R. R. and A. KLUTE : The measurement of soil moisture diffusivity. Proc. Soil Sei. 

Soc. 20 (1956) 458-462. 
CARSLAW, H. S. and J. C. JAEGER : Conduction of Heat in Solids. Oxford University Press. 

Oxford, 1950. 
CHILDS, E. C. and N. COLLIS GEORGE : The permeability of porous materials. Proc. Roy. 

Soc„ London A 201 (1950) 392-405. 
CHRISTENSEN, H. R. : Permeability-capillary potential curves for three prairy soils. S oil Sei. 

57 (1944) 381-390. 
EDELMAN, J. H. : Over de Berekening van Grondwaterstromingen. Thesis Delft 1947. 
GARDNER, W. R. : Calculation of capillary conductivity from pressure plate outflow data. 

Proc. Soil Sei. Soc. Am. 20 (1956) 317—320. 
— — : Some steady state solutions of the unsaturated moisture flow equation. Soil Sei. 85 

(1958) 228-232. 
KLUTE, A. : A numerical method for solving the flow equation for water in unsaturated 

materials. Soil Science 73 (1952) 105—117. 
KRAYENHOFF VAN DE LEUR, D. A. : A study of non steady groundwaterflow with special 

reference to a reservoir coefficient. De Ingenieur 70 (1958) 87—94. 
MARSHALL, T. J. : Relation between permeability and size distribution of pores. Journ. Soil 

Science 9 (1958) 1-18. 
MOORE, R. E. : Water conduction from shallow water tables. Hilgardia 12 (1939) 383—426. 
RICHARDS, L. A. : Capillary conduction of liquids through porous media. Physics I (1931) 

318-333. 
STAPLE, W. J. and J. J. LEHANE : Movement of moisiture in unsatured soils. Canadian }. of 

Agr. Sei. 34 (1954) 329-342. 
WESSELING, J. : Enige aspecten van de waterbeheersing in landbouwgronden. Versl. L.O. 

53. 5. (1957). 
WIND, G. P. : A field experiment concerning capillary rise of moisture in a heavy clay 

soil. Netherlands Journ. of Agr. Sei. 3 (1955) 60—69. 

163 


