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ABSTRACT 

Cislerovgt, M., ~imfinek, J. and Vogel, T., 1988. Changes of steady-state infiltration rates in 
recurrent ponding infiltration experiments. J. Hydrol., 104:1 16. 

Ponding infiltration experiments on coarse acid brown soils (Cambisol) are described to show 
that the steady-state infiltration rate depends on the initial moisture content, which is in contrast 
with the theory. The effect is observed on three different scales: (1) in the field at randomly chosen 
places near grid points of a network for two recurrent days under various initial moisture content; 
(2) in the field, in cylinders installed at fixed places for several measurements under different initial 
moisture content; and (3) on undisturbed samples taken to the laboratory, where also the outflow 
of the sample was observed. The effect is most apparent in repetitive ponding infiltration 
experiments and is ascribed to trapped air which alters the volume available for the gravity 
dominated flow. Instead of piston-like flow, downward flow through macropores takes place. As a 
consequence, the ponding infiltration experiment does not supply theoretically assumed constants. 

INTRODUCTION 

M e a s u r e m e n t s  o f  p o n d i n g  i n f i l t r a t i o n  w e r e  c a r r i e d  o u t  fo r  t h r e e  y e a r s  on  a 
r e g u l a r  g r i d  of  a s m a l l  e x p e r i m e n t a l  a r e a  to  s t u d y  t h e  v a r i a b i l i t y  o f  i n f i l t r a t i o n  
a n d  so i l  h y d r a u l i c  c h a r a c t e r i s t i c s  in  t h e  V o l y n k a  R i v e r  w a t e r s h e d .  R e p e t i t i v e  
m e a s u r e m e n t s  s h o w e d  a s t r o n g  d e p e n d e n c e  o f  t h e  s t e a d y - s t a t e  i n f i l t r a t i o n  
r a t e s  o n  t h e  i n i t i a l  m o i s t u r e  c o n t e n t .  T h e  e f fec t  w a s  o b s e r v e d  o n  t h r e e  d i f f e r e n t  
s c a l e s  in  t h e  f i e ld  a n d  in  t h e  l a b o r a t o r y .  I t  h a s  b e e n  q u a l i f i e d  as  a f low i r r e g u l a r -  

i ty .  
P o n d i n g  i n f i l t r a t i o n  e x p e r i m e n t s  s u p p l y  v e r y  u s e f u l  i n f o r m a t i o n  a b o u t  t h e  

so i l  p ro f i l e .  T o g e t h e r  w i t h  t h e  i n i t i a l  p r e s s u r e  h e a d  o r  m o i s t u r e  c o n t e n t  d i s t r i -  
b u t i o n  o v e r  t h e  so i l  p ro f i l e ,  t h e  c o u r s e  o f  i n f i l t r a t i o n  f r o m  a f l oode d  s u r f a c e  as  
a f u n c t i o n  o f  t i m e  r e p r e s e n t s  i t s  d y n a m i c  c h a r a c t e r i s t i c .  U l t i m a t e l y ,  a s t e a d y -  
s t a t e  i n f i l t r a t i o n  r a t e  is  r e a c h e d  w h i c h ,  a c c o r d i n g  to  t h e o r y ,  is  i n d e p e n d e n t  o f  
t h e  i n i t i a l  m o i s t u r e  c o n t e n t .  To  r e p o r t  i r r e g u l a r i t i e s  in  s t e a d y - s t a t e  i n f i l t r a t i o n  
r a t e s ,  i t  s h o u l d  f i r s t  b e  m a d e  c l e a r  w h a t  is  e x a c t l y  u n d e r s t o o d  b y  t h i s  t e r m .  

0022-1694/88/$03.50 © 1988 Elsevier Science Publishers B.V. 



Ponding is an extreme boundary condition which is rare for well permeable 
soils under natural  conditions. If it takes place at all it is for short time 
intervals only, during high-intensity showers. In routine ponding infiltration 
experiments in the field, the state of saturat ion is rarely monitored. The 
definition of the value of the steady-state infiltration rate from infiltration 
measurements is not standardized. Usually each author defines his own rules 
as to which quanti ty to consider as a steady-state infiltration rate. Thus, for 
instance, Sharma et al. (1985) and Wilcock and Essery (1984) take the value of 
the infiltration rate as the quanti ty after 60 min of infiltration, whereas Vieira 
et al. (1981) determine this value after four days of continuous ponding. The 
character of the soil under consideration and the available technical 
equipment play the main role in the decision making. 

The steady-state infiltration rate resulting from ponding represents the 
integral influence of the saturated hydraulic conductivities of particular layers 
of the soil profile, including the influence of macrostructure, preferential 
pathways and anisotropy. Moreover, it depends on the technical details of the 
experiment, for example the number and size of the infiltration cylinders and 
the depth of insertion into the soil, etc. Apart from the assumed vertical 
downward flow some lateral flow also takes place. 

Under field conditions all effects, such as structure and texture ir- 
regularities, hysteresis, layering, a i~wa te r  interaction are always combined. 
Often these effects are hidden in the spatial variability parameters. They are 
the reason that  the use of ordinary theoretical means to describe the water flow 
produces false results. To trace particular effects is very difficult. Up to now 
these problems have not been submitted to a systematic theoretical analysis 
and there is not much experimental evidence available. 

LITERATURE REVIEW 

For soils under field conditions, and also for materials of coarse texture in 
the laboratory, irregularities in flow behaviour are reported elsewhere which 
are in contradiction with the classical theory of flow in porous media. 

The problem is presented in general in the work of Thomas and Philips (1979) 
who pointed out the importance of not ignoring the real conditions in nature, 
especially with respect to the rapid-flow-down macropores. The occurrence of 
mobile and immobile water is discussed in the sense introduced by Van 
Genuchten and Wierenga (1976). Based on field measurements of ponding 
infiltrations, Tricker (1981) and Wilcock and Essery (1984) reported the 
dependence of steady-state infiltration rate on the initial moisture content of 
the soil profile as observed at monthly intervals. Field et al. (1984) explain 
measured differences between field and laboratory saturated hydraulic conduc- 
tivities. Kneale (1985) found values of unsaturated hydraulic conductivities, 
calculated from the drainage of large undisturbed soil cores, to vary with the 
size of the step in potential imposed at the start  of each drainage experiment. 
Smettem (1987) studies the influence of macropores on the variability of infil- 
trat ion parameters. 



In the approach reviewed by Nielsen et al. (1986), the flow through 
structured soils is stated to be substantially different from that  in homoge- 
neous materials. The effect of macropores is described for example in papers of 
Bouma (1981), Beven and German (1982), and others. Hillel (1987) gives a 
review of unstable flow in layered soils characterized by instability of wetting 
fronts due to texture irregularit ies with effects described as '~fingering" or 
~'piping". The theoret ical  analyses for such cases were attempted by Dolezal 
(1971), Raats (1973), Philip (1975), Parlange and Hill (1976), Diment and Watson 
(1983), and others. 

Finally, Poulovasilis (1970) described experiments on coarse material  where 
changes of the values of saturated hydraulic conductivity and saturated 
moisture content  for zero pressure head were found to be due to hysteresis. 

This review is not exhaustive. According to our opinion, the listed ir- 
regularit ies could all be related to the problem we report  in the present paper. 
It does not contr ibute to the theory but gives more experimental evidence 
about the subject as observed in the field. 

DESCRIPTION OF THE EXPERIMENTAL AREA 

The experimental area is located on a plane of very mild slope in the Volynka 
River watershed in the Sumava mountains which represent  the main source 
area of the Moldau River. The total annual  precipitation is about 800 mm. The 
soil profile described as sandy-loam acid brown soil (Cambisol or Umbrept) has 
a relatively high permeability due to its coarse texture. It consists of four 
layers: the surface plow horizon of 25-35cm, followed by a less permeable 
horizon (0-40cm) of bright reddish brown colour which is not present 
everywhere in the area. The third horizon is a gradual transit ion to the fourth 
horizon - -  an underlying decayed gneiss substratum beginning at about 85 cm 
depth. No significant s t ructure is developed, especially in the lower layers. The 
mean content  of clay particles is 8.8%, signs of swelling in any horizon are 
negligible. The mean values of saturated hydraulic conductivities K~ measured 
in the laboratory with a constant  level apparatus for 100 cc core samples are 
shown in Table 1, together  with the mean values of bulk and specific densities 
and mean values of saturated moisture content.  The data were obtained in the 
ordinary soil survey of the experimental area. Signs of hysteresis and a 
relatively high. variabili ty of saturated moisture contents were noticed. During 
the measurements of Ks, the consistence of the core samples was always 
slightly disturbed due to unnatura l  saturation. 

DESCRIPTION OF EXPERIMENTS AND DISCUSSION 

For the ponding infiltration experiments in the field, cylinders (diameters 
see later) were carefully inserted into the soil to a depth of 15-20 cm. After an 
initial amount of water  necessary to flood the surface of the inner cylinder up 
to the height of a fixed needle, regular  doses of water were added at the time 
when the point of the needle cut the ponded water surface. 



T
A

B
L

E
 1

 

T
h

e 
m

ea
n

 v
al

u
es

 o
f 

so
il

 c
h

ar
ac

te
ri

st
ic

s 
o

b
ta

in
ed

 i
n 

th
e 

so
il

 s
u

rv
ey

 o
f 

th
e 

ex
p

er
im

en
ta

l 
ar

ea
 

H
or

iz
on

 
S

at
u

ra
te

d
 

D
en

si
ti

es
 

m
o

is
tu

re
 

co
n

te
n

t 
B

u
lk

 
S

pe
ci

fi
c 

M
ea

n
 

C
V

 
M

ea
n

 
C

V
 

M
ea

n
 

C
V

 
(g

cm
 

3)
 

(%
) 

(g
cm

 -
~)

 
(%

) 
(c

m
h

 
1)

 
(%

) 

H
y

d
ra

u
li

c 
co

n
d

u
ct

iv
it

y
 

K
~ 

M
ea

n
 

R
an

g
e 

(c
m

h
 

1)
 

(c
m

 h
-l

) 

1 
0.

52
1 

4.
7 

1.
08

 
5.

2 
2.

57
 

1.
3 

2 
0.

50
9 

5.
1 

1.
25

 
4.

0 
2.

64
 

1.
3 

3 
0.

48
3 

9.
2 

1.
35

 
9.

9 
2.

66
 

0.
8 

4 
0.

33
8 

1.
50

 
9.

5 
2.

69
 

0.
5 

19
.9

0 
1.

8 
- 

37
.2

 
6.

88
 

3.
4 

13
.4

 
9.

44
 

1.
4 

17
.5

 
4.

53
 

0.
2 

16
.9

 



Long in f i l t ra t ion  e x p e r i m e n t  

15.0 ,~  

t l  S = 6 ,288  c m / h r  4/2 
I J  A = 3 .498 c m / h r  
i~ inf. ra te  (1 h r ]  = 6.64 c m / h r  

-~. I~ inf. r a t e  (2 h r )  = 5.26 c m / h n  
u ~ inf. rate ( 6 h r )  = 4.60 c m / h r  
: I ;"\ inf. ra te  ( 9 h r )  = 5.24 c m / h r  

*** *~--_:.~.~ .~ * . . ~ * * * ~  

E 

0.0 
0 Time (hrs)  10 

Fig. 1. The course of the long infiltration experiment measured in the field and compared with 
infiltration theory. 

In advance  of rou t ine  exper iments ,  in the  summer  of  1984, a long-term 
ponding  inf i l t ra t ion  exper iment  was performed.  A cyl inder  of d iamete r  60 cm 
was placed i n  the middle of a square  a rea  2 × 2 m  which  was flooded in the 
same way as the  inner  pa r t  of  the  cyl inder .  In two access tubes, wi th in  the  inner  
and the ou te r  flooded area,  the  mois ture  con ten t  was measured  every  10-15 
minutes  up to depth  of 1.1 m by a n e u t r o n  probe. Wate r  was inf i l t ra t ing  for n ine  
hours.  The  da ta  abou t  the  inf i l t ra t ion  ra tes  can  be seen in Fig. 1, t oge the r  wi th  
the best  fit of  Phi l ip ' s  simplified two-term equa t ion  der ived for homogeneous  
soil profiles. P a r ame te r s  of the cumula t ive  inf i l t ra t ion  in t ime expressed as: 

i = S t  L'2 + A t  (1) 

were  fitted by the  least  squares  method.  The  inf i l t ra t ion  ra te  is ca lcu la ted  from 
the relat ion:  

v = 1 / 2 S t  1/2 + A (2) 

S is the sorpt iv i ty  [LT-1/2], A is a cons t an t  [LT 1]. 
The in i t ia l  mois tu re  con ten t  of the soil profile was about  80% of s a tu ra t ion  

in the surface  and the  bo t tom layers,  75-78% in the  o the r  hor izons  (Fig. 2). At 
45 min from the  s t a r t  of the exper iment  the  profile a t  the full depth  showed a 
mois ture  con ten t  equal  to the  (field) s a tu ra t i on  value.  After  t ha t  no fu r the r  
increase  in mois ture  con ten t  was seen. In to ta l  53cm (4.5m 3) of wa te r  infil- 
t r a t ed  dur ing  the  9 h of  exper iment ,  assumingly  leaving the  loca t ion  as la tera l  
flow above the lowest,  least  permeable ,  horizon.  

F rom the descr ibed long exper iment  it  can  be seen t h a t  the s teady-s ta te  
inf i l t ra t ion  ra te  was r eached  soon af ter  the  s ta r t  of  ponding and tha t  it  changed  
only  s l ight ly  af terwards .  In view of this  in fo rma t ion  it was decided to use in 
fu r the r  inf i l t ra t ion  exper iments  for  the  upper  es t imate  of the s teady-s ta te  
inf i l t ra t ion  ra te  the  ra tes  far  behind  the  steep descen t  of the  inf i l t ra t ion  ra te  



Long in f i l t re t [on exper lment  
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Fig. 2. Soil moisture profiles measured during the long infiltration experiment inside the inner 
cylinder by the Troxler neutron probe. The first curve is measured at the start, the other curves 
are measured at times (h. min) 0.10, 0.30, 0.45, 1.00, 1.15, 1.30, 2.30, 3.15, 4.30 and 9.00 after the start. 

curve,  p a r t i c u l a r l y  e lected for each  p a r t i c u l a r  exper iment .  In  the  reg ion  unde r  
o b s e r v a t i o n  the  t ime  to r e a c h  such  a va lue  was wi th in  the  r a n g e  1/2-3 h. As the  
lower  l imit  of  the  s t eady-s ta te  in f i l t ra t ion  es t ima te  Phi l ip ' s  p a r a m e t e r  A can  be 
t aken .  

In  c o n t r a s t  wi th  the  s tab le  course  of  in f i l t ra t ion  r a t e s  observed  dur ing  the  
long pond ing  as r epo r t ed  above,  the  i n t e r r u p t i o n  of an  inf i l t ra t ion  expe r imen t  
resu l ted  in a sha rp  decrease  of  the  in f i l t ra t ion  ra t e  found in the  nex t  run.  

The  changes  in s t eady-s ta te  in f i l t ra t ion  r a t e s  were  observed  on th ree  
di f ferent  scales.  

Scale 1 

Rout ine  type  in f i l t ra t ion  expe r imen t s  were  made  in 18 points  of  a square  grid 
(3 x 6 poin ts  in s teps  of  20 m) in a r a y g r a s s  field. Single  cy l inders  of  d i ame te r  
36.7 cm were  used. M e a s u r e m e n t s  r epor t ed  here  were  made  in two independen t  
runs  dur ing  two succeed ing  days  in Sep t ember  1987. In  be tween  the  runs  a 
shower  of  2 0 m m  changed  the  in i t ia l  condi t ion.  In s t ead  of  us ing  the  same 
sampl ing  pos i t ions  for bo th  runs,  the  p laces  for the  cy l inder  i n s t a l l a t i on  were  
s i tua t ed  a t  d i f ferent  spots  n e a r  the  grid points .  The  resu l t s  are  r ep resen ted  by 
the  m e a n  va lues  for  each  run  (Table  2). The  m e a n  of  the  s teady-s ta te  in f i l t ra t ion  
r a t e  in the  first  r un  is twice  as h igh  as in the  second run,  whi le  in the  l a t t e r  also 
the  coefficient of  v a r i a t i o n  is less. In  th is  form the  effect  caused  by di f ferences  
in in i t ia l  mo i s tu re  con ten t  has  appea red  in our  a rea l  va r i ab i l i t y  study. The  
di f ference  in the  in f i l t ra t ion  r a t e s  is fa r  beyond  the  possible  inf luence of  the  
in i t ia l  m o i s t u r e  con t en t  as descr ibed  by the  t h e o r y  (Philip,  1957). 

The  in i t ia l  mo i s t u r e  con t en t s  of  und i s tu rbed  100 cc core samples  t a k e n  f rom 
5-10 cm dep th  a t  each  grid po in t  a t  the  beg inn ing  of each  inf i l t ra t ion  show an  
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T A B L E  2 

M e a n  s t eady-s ta t e  in f i l t r a t ion  r a t e s  and  coefficients of  v a r i a t i o n s  CV for the  two se ts  of  18 
inf i l t ra t ion  m e a s u r e m e n t s  

Da te  0 i CV 0~ CV  Inf. ra te  CV In i t ia l  
(1987) (%) (%) ( c m h  1) (%) degree  of 

s a t u r a t i o n  

18-9 0.263 10.3 0.528 3.4 45.7 102.0 49% 
19-9 0.300 11.3 0.488 3.1 21.6 70.1 61% 

M e a s u r e m e n t s  were pe r fo rmed  on  a r e g u l a r  gr id  u n d e r  t he  m e a n  in i t ia l  mo i s tu re  c o n t e n t s  0 i of  the  
su r f ace  l ayer  as  ind ica ted  and  wi th  co r r e spond i ng  m e a n  s a t u r a t e d  m o i s t u r e  c o n t e n t s  0 s m e a s u r e d  
on  100 cm 3 core  samples .  

increase of moisture between the two runs. The difference of the two mean 
values exceeds the range of variance over the experimental  area. Interesting is 
the decrease of the saturated moisture contents obtained in the laboratory for 
both runs, which is also beyond the limits of variance. 

Scale 2 

In three cylinders of diameter 20cm installed in one cluster in the grass 
covered area, repeated ponding infil tration measurements were performed 
during a whole summer season under various initial moisture conditions. They 
were always followed by a recurrent  infiltration experiment to the saturated, 
partly redistributed soil profile. In cylinder I the grass layer was taken away 
and replaced by an artificial surface to prevent slaking. In cylinders II and III 
the surface remained natural.  Cylinder III was inserted to its full depth into the 
soil and later  dug out with its undisturbed content  to continue the measure- 
ments in the laboratory.  Selected results can be seen in Table 3. It  is evident 
tha t  the first steady-state infiltration rate in each sequence is much higher than 
the next  one, in which the soil profile was more saturated at the beginning. This 
effect takes place already after a short time of redistr ibution (15-20 min) but 
also after a longer period (24h). In Figs. 3 and 4 four infiltration runs, with 
pauses in between, are presented for cylinders I and II. They are compared with 
the least-squares approximation of eqn. (1). 

Scale 3 

Since the infil tration process in the field is difficult to control sufficiently, 
undisturbed samples were taken from each of the first three horizons with the 
same dimensions as in the previous case: a cylinder of 20 cm diameter and 20 cm 
long. On each sample the ponding infil tration experiments were performed in 
the laboratory,  with the suction heads checked by three tensiometers installed 
at various heights in the sample body and with controlled outflow at the bottom 
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T A B L E  3 

S teady-s ta t e  in f i l t r a t ion  r a t e s  as  m e a s u r e d  on fixed p laces  in t he  field u n d e r  va r i ous  ini t ia l  
cond i t ions  

Cyl inder:  I II III 
Cover: Art i f ic ia l  Gra s s  Grass  
In se r t ed  (cm): 12 12 20 

Da te  T ime  0 i S teady-s ta te  in f i l t ra t ion  r a t e  (cm h 1) 
(1987) (h. min)  

9-5 0.375 2.68 
10-5 0.466 0.87 

13-6 0.330 4.07 15.41 
14-6 1.62 7.83 

11-7 0.301 4.92 21.25 
12-7 10.00 0.455 1.90 19.33 
12-7 18.05 1.13 9.26 

9.8 0.375 4.56 16.90 

18-9 3.65 13.80 

20-9 10.40 1.96 17.25 
20-9 12.45 1.87 12.60 
20-9 14.45 1.12 8.86 
20-9 18.10 0.82 7.97 

23.95 
10.47 
6.37 

D u g  ou t  

9~ is t he  in i t ia l  mo i s tu r e  c o n t e n t  of  su r f ace  layer;  in r e c u r r e n t  in f i l t ra t ion  e x p e r i m e n t s  t he  in i t ia l  
mo i s tu r e  c o n t e n t  co r r e sponds  to field s a t u r a t i o n .  

of each sample. The outflow volumes were collected in a fraction collector at 
measured time intervals. 

In comparison with scales 1 and 2, both the boundary conditions and the 
stage of sa turat ion are monitored. No lateral flow can take place and no 

Cyiinder I in the field 

6.0t r 20-9-87: S = 0.990 cm/h r  1/2 

A = 1,552 cm/hr  II 

o.o G @ ® ® [ ~  run 

0 Time (hrs) 10 

Fig. 3. Cour ses  of  t he  in f i l t r a t ion  r a t e  for four  r e c u r r e n t  e x p e r i m e n t s  m e a s u r e d  20-9-87 on cy l inder  
I in the  field (see Tab le  3). 



C y l i n d e r  Ii 

60.0 

~c 

E 
o 

Q 
0.0 

in t h e  f ie ld  

20 -9 -1B7 :  S = 8,S31 cm/hrL2Z 
A = 13 .40  c m / h r  

® ® run 

0 T i m e  (h rs )  10 

Fig. 4. Courses of the infiltration rate for four recurrent experiments measured 20-9-87 on cylinder 
II in the field (see Table 3). 

gradients of potential  to drier surroundings can influence the infiltration and 
redistribution. Also the air can freely escape through the bottom surface. 
Theoretically,  in this case the steady-state infiltration rate equals the 
saturated hydraulic conductivi ty Ks of the sample. 

Start ing from various initial suction heads the same technique of ponding 
was used as in the field. Measurements were continued for a period safely 
exceeding the time at which inflow was equal to outflow and when all three 
tensiometer readings corresponded to a saturated state. An example of data 
measured on a cylinder taken from the second horizon is shown in Fig. 5 where 
infiltration rates and outflow rates of a series of three recurrent  experiments 
are presented (values can be seen in Table 4 together  with the corresponding 
pressure heads). 

Even a short pause between the two recurrent  experiments with low 
moisture at the beginning of the first one resulted in a sharp decrease of the 
steady-state infiltration rate in the next run. In cases where the sample was 
saturated from the beginning of the experiment, the steady-state infiltration 
rate reached a minimum value, almost equal in all recurrent  saturated runs. 
The values of cumulative outflow from the soil sample after the end of infiltra- 
t ion has been compared. This post-infiltration part  of cumulative outflow, 
calculated from the time at which the ponded water  layer on the sample surface 
vanished, shows a significant decrease of the measured volume. This decrease 
in outflow volume is similar to the decrease of the steady-state infiltration rate 
(see Table 4). 

An example of the course of subsequent infiltration rates is given in Figs. 6 
and 7 for cylinder III. This cylinder which represents the surface horizon was 
originally measured in the field and later  dug out to continue the measure- 
ments in the laboratory,  where the infil tration rates were much higher, as 
expected (Table 3). In all runs the outflow started within a very short time after 
the start  of experiment. 
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0 

Cylinder - 2nd horizon in the l abo ra to ry  

(a) 
1st run 17 -12 -86  

D D i n f i l t r a t i on  ra te  
]t ou t f l ow ra te  

Time (hrs) 

I I  

Cy l inde r -2nd  horizon in the laboratory  

60.0! (b) 

I 2nd run 18-12-86 

k ~ i n f i l t r a t i on  rate 
I ~1, out f low ra te  

E 

s f  

0.0 
0 Time (hrs) 

Cy l i nde r -  2nd horizon in the |aboratory  

60"0 I (C) 
I 3rd run 1 9 - 1 2 - 8 6  

L j a in f i l t ra t ion ra te  
~ ou t f l ow  ra te  

e i  

0 Time (hrs) 

Fig. 5. Courses of the infiltration and outflow rates measured in consecutive days in the laboratory 
for the cylinder taken from the 2nd horizon. Values of tensiometer reading are shown in Table 4 
together with values of steady-state infiltration rates and information about outflow. Note changes 
in post-infiltration outflow volume (hatched areas) 
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Cylinder II1 

150.O i: 

.~_[ 

I 
' @ 

o.oi 
0 

in the labora tory  

18-7-87:  S = 10.69 cm/hr  1/2 
A = 70.86 cm/hr  

II II II II 

(~) ( ~  @ run L° @ @ 

Time (hrs) 

Fig. 6. Courses  of  the infi l tration rate for seven  recurrent  measurement s  on cy l inder  III in the 
laboratory.  Va lues  of s teady-s tate  infi l tration rates  are 72.24, 40.06, 37.99, 44.96, 35.54, 39.70 and 
34.70 c m h  1, respect ive ly .  

At the end of experiments cylinder III was infiltrated by blue dye (in the 
saturated state) followed by a thin solution of plaster and then sliced to get a 
picture of the structure irregularities. No significant disturbances or con- 
t inuous preferential pathways were found. From the dye distribution it was 
seen that water passed through about two thirds of the cross-sectional area and 
missed one third. The pattern stayed very similar along the whole vertical 
direction. There were no visible differences in the structure of both coloured 
and uncoloured parts. The root system of the grass layer was very regular, 
about 4 cm thick. The next few cm were fully coloured. The fast start of outflow 
together with the dye-distribution pattern gives evidence of an unstable 
wetting front during infiltration. 

Cylinder Ill ~n the laboratory 

1 °°i " 25-7-87:  S = 1029 cm/hr 1/2 
A = 44.15 cm/hr 

"~ 18-8-87:  S = 10.69 cm/h r  1/2 
u A =78.86  cm/hr 

.c 

0.0 
0 Time (hrs) 

Fig. 7. Courses  of the  infi l tration rate for two ser ies  of recurrent  measurements  taken  on cy l inder  
III in the  laboratory  at var ious  days  wi th  different init ial  mois ture  contents .  Va l ues  of s teady-state  
infi l tration rates  of  the  first ser ies  (marked as [3) are 57.98 and 37.73 cm h-~.  Va l ues  of s teady-state  
infi l tration rates  of the  second ser ies  (marked as *) are 72.24, 40.06 and 3 7 . 9 9 c m h  1. 
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30.0  

D u t c h  c y l i n d e r  in t h e  t a b o r a t o r y  

i_ 

! 

I 
0 . 0  

S = 0 . 4 4 6  c m / h r  1/2 
A = 6 .677  c m / h r  

['U Iq no 

0 T i m e  (h rs )  

Fig. 8. Courses of the infiltration rate for two recurrent measurements on Dutch cylinder in the 
laboratory. Values of steady-state infiltration rates are 8.16 and 7.81 cmh -1. This series had four 
recurrent measurements in total; the further two, which are not plotted, showed values of steady- 
state infiltration rates of 7.49 and 7.49 cm h 1 

Two o the r  samples  were  ana lysed  a t  the  end of the  expe r imen t s  to find 
possible  changes  in g ra in  size d i s t r ibu t ion  due to the  long, and  for the  loca t ion  
u n a t u r a l l y  heavy ,  load  of water .  No changes  in t ex tu re  were  found. 

Fo r  c o m p a r i s o n  we also did pond ing  in f i l t ra t ion  expe r imen t s  on a sample  of  
Du tch  fine sand  f rom the  BC-hor izon of Hap laquep t s ,  bu t  the  effects  descr ibed 
above  were  not  obse rved  for  th is  soil. All r e c u r r e n t  in f i l t ra t ion  expe r imen t s  
p roduced  equal  va lues  for  the  s t eady-s ta te  in f i l t ra t ion  ra tes  (Fig. 8). Also the  
c u m u l a t i v e  outf low r em a i ned  the  same,  wi th  the  pos t - inf i l t ra t ion  outf low equal  
to zero. The  same resu l t s  were  observed  on a sample  t a k e n  f rom the  qui te  
s t r u c t u r e d  uppe r  hor izon  of  a loess profile. In  bo th  cases  the  m a t e r i a l  was  of fine 
tex ture .  No m a c r o s t r u c t u r e  was  p re sen t  in the  Du tch  sample.  Dur ing  the  
ponding  of th is  sample  the re  were  s l ight  s igns of  two-phase  flow: an  inc reas ing  
in f i l t ra t ion  ra t e  a f t e r  bubb l ing  out  of  soil air.  The  t ime before  the  outf low 
s t a r t ed  was m u c h  longer  for the  first r un  wi th  the  lowes t  in i t ia l  mo i s tu re  
con ten t  (12min).  In  th is  case  the  observed  flow was  in a g r e e m e n t  wi th  the  
t heo re t i ca l l y  assumed  behav iour .  

CONCLUSIONS 

In  pond ing  in f i l t r a t ion  expe r imen t s  on an  acid b rown  soil of  the  V o l y n k a  
w a t e r s h e d  the  va lues  of  s t eady-s ta te  in f i l t ra t ion  r a t e s  dec reased  wi th  the  
inc rease  of  the  in i t ia l  mo i s tu re  conten t ,  r e a ch ing  the  m i n i m u m  va lue  for an  
in i t ia l ly  s a t u r a t e d  mo i s tu re  conten t .  The  p h e n o m e n o n  is shown on all th ree  
scales  described.  The  l a b o r a t o r y  scale  th ree  ind ica tes  the  change  of the  
s a t u r a t e d  h y d r a u l i c  conduc t iv i t y  of  p a r t i c u l a r  layers .  The  changes  took  p lace  
a l r eady  a f t e r  a sho r t  r ed i s t r ibu t ion .  W h e n  seeming ly  s teady-s ta te  in f i l t ra t ion  
which  was s t a r t ed  in to  a dr ie r  profi le  is in te r rup ted ,  even  for a shor t  t ime, the  
r e c u r r e n t  in f i l t r a t ion  con t inues  a t  a dec reased  in f i l t ra t ion  ra te .  The  effect  was  
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accompanied by immediate outflow during the first infiltration and evident 
irregulari t ies in the wetting front movement. On control  samples of finer 
texture (Dutch fine sand, loess) no similar effects were seen. 

Our results seem to support the theory of Parlange and Hill (1976) who stated 
that  at higher initial moisture contents the air entrapment  in large pores 
sealed off by water  films will increase drastically and the saturated hydraulic 
conductivity will accordingly decrease. From changes in 0s and changes in the 
post-infiltration outflow volume it is evident that  the changes of the steady- 
state infiltration rate are caused by a change in the volume of the flow domain. 
The air entrapped by water films apparently influences the balance between the 
capillarity-dominated and gravity-dominated parts of total volume of water in 
the sample. 

In all described cases only the gravity-dominated flow contributed to the 
post-infiltration outflow. It is not easy to distinguish which part  of this flow was 
due to the effects of large pores - -  as reflected in the near-saturat ion part  of the 
retent ion curve - -  and which part  was provided by noncapil lary macropores 
which do not appear in the retent ion curve. For lower horizons where no 
s t ructure  was visible it could be suggested that  the first kind of flow is 
dominant. On the other  hand, the zero tensiometer readings seem to exclude 
this type of flow. The nonuniform dye distribution pat tern gives reason for 
doubts about the full sa turat ion and supports the idea of flow in part  of the 
sample only. 

For brown soils irregulari t ies have already been reported. The dependence 
of the infil tration rate on the initial moisture content  was described for two 
types of coarse brown earth from the Derwent River watershed (Tricker, 1981). 
Wilcock and Essery (1984) found the same effect for the brown earth in a small 
lowland catchment  in Nor thern  Ireland. Beese and Van der Ploeg (1976) 
reported strong hysteresis found in all horizons of grey-brown podzolic soils. It 
seems that  for brown soils, which are quite common on crystalline bed rock all 
over Europe, the adequacy of the classical soil physics theory should be 
carefully studied. 

Since in the field also other  deviations from ideal flow take place, there is a 
fur ther  variabili ty of results, shown in the coefficients of variabili ty of the 
infiltration rates and other  characterist ics measured in larger sets. Variations 
due to the type of the surface cover can be very high, in place as well as in time. 
Nevertheless, the changes of the steady-state infiltration rates as described in 
the present paper have appeared for the soil under study in any situation. For 
many practical  hydrological or engineering purposes the consequences of the 
effect should be of concern. Often problems in connection with pollution 
appear in infiltration areas where, due to strong permeability of the soils and 
a usually high precipitation, quick recharge of groundwater  takes place. In 
simulation studies of such movements, the described effect significantly com- 
plicates the situation, since it belongs to a type of problems in which the simple 
laws of flow in porous media do not hold any more. 
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