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Infiltration conductivity is a vital parameter in hydrogeological studies. In this paper, 
an in situ, falling-head method has been used, which allows of evaluation by stationary 
and non-steady-state theories. The results show that the non-steady-state theory is the 
most promising one, especially when using an evaluation technique according to 
ordinary weil functions. The latter method, however, was difficult to treat without 
late-time data. Accordingly, the results are given of both steady and non-steady solu­
tions. They show that infilling m�terial containing hygroscopic components, such as 
bentonite, clearly reduces the conductivity to the order of 10-11 m/s, campared with 
the original conductivity of abcut 10-7 m/s before the wetting process had taken 
place. 
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Introduction 

The infiltmtion conductivity of a soil is of im­
portance, as it determines the rate of the ground­
water recharge. The amount of precipitation which 
actuaHy contributes to the recharge is determined 
eirher by this parameter or by the avaibble preci­
pitation (real precipitation minus evapotranspira­
tion). 

The infiltrat·ion condit-ions of soil.s are normally 
determined by using various kinds of infiitro­
meters. Double-ring infiitrometers were used by, 
for instance, von Brömssen (1968), Eriksson (1977), 
and Olsson (1979). In cases in which the soil 
surface was overHowed by water, another kind of 
infiluometer was used by W ed el & Holmstrand 
(1976). Both rhese kinds of tests may be regarded 
as conductiviry tests with eonstant head, and the 
infiltration rare is given by the water uptake 
of the soil after a certain period of saturation. 
Then normal rates obtained from this kind of 
rest ·in tiH soi•ls are about 1-10' mm/min, which 
earresponds to a conductivity value of about 10- 5 
-10-4 m/s. 

In ·the present stud y, a different merhod has been 
used, employing what may be regarded as a 
faHing-head, double-ring infiltrometer. As the term 
indicates, the method allows of measuremenrs of 
the head transience being made during a test 
and thus it is poss.ible to evaluate the results 
either as a conventional, constant-head test under 

assumed pseudo-stationary conditions or as a 
faUing-head test under the actual, non-steady condi­
rians which prevail on most recharge occas.ions. 

Original•ly, the tests were carried out with the 
aim of testing different soil rypes and soil. mixtu­
res with respect to their suitability as tight, cove­
r·ing material to reduce the infiltration in waste­
storage plants (Karlqvist 1981). A number of 
studies have been carried out on natural soils, as 
well as on these artif.icial soil rypes. Therefore, 
a large number of analyses exist, both of natural 
soils and of other redeposited materials, and a 
representative part of the total material ·is presenred 
in this paper. 

Infiltration tests 

The equipment used for the infiltrat·ion tests is 
shown in Figure l. The main par-ts are two con­
centric rubes with diameters of 67 mm and 150 
mm respectively, each rube being about 750 mm 
in Iength. Both rubes are forced into the topsoil 
down to a approximate depth of 50--100 mm, 
which rueans that about 650-700 mm of the 
cylinders remain above the soil surface. The tubes 
are then fi'Hed with water up to the top of 
the inner tu be, after which one star-rs by measuring 
the level ·in the inner tube at certain time intet­
vals. The water level in the outer cylinder gives 
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Fig. l. The measuring tubes used for the infiltration 
tests. Protograph by T. Olsson. 
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Table l. Soil types tested with falling-head infiltrome­
ter. N = natural soil, R = redeposited soil, C = soil 
covered with a loose cover of waste material, and U = 
uneovered soil. 

Test no. Soil rype 

O s1mple l Compacted waste 
material 

O-sample 2 Compacred waste 
material 

l Sand 
2 Sand 
3 Clay 
4 Cia y 
5 Till 
6 Till 
7 Till 
8 Till 
9 Till 

lO Till 
11 Clay 
12** Till 
13** Till 

Status 

u 

u 
R/U 
R/C 
R/U 
R/C 
R/C 
R/U 
R/C 
R/U 
R/C 
N 

R* 
R/C 
R/C 

Admixture 

10% benronite 
10 % bentonite 

5 % bentonite 
5 % bentonite 
5 % bentonite 

5 % bentonite 
5 % bentonite 

•· This day was deposired in 1977 and the infiltration 
measurements were mzde 4 years later. 
Only for use in the late-time analyses. 

a How approximating to that indicated in Figure 
2, i.e. a paraHel How from the inner mbe. Owing 
to this How pattern, the fall in head in the outer 
cyLnder wiU be faster than that in the inner one. 
In order to maintain the pamllel flow, the head 
in both rings must be kept in balance. 

All the measurements were repeated at at Ieast 
two different places in each soil type, in order to 

Fig. 2. Schematic view of the measurements with the flow partern in the underlying ground. 
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reduce the effects of any inhomogeneides that 
might occur. The reason for this procedure is that 
the measuring tubes cover an area of only 35 cm2. 
In order to study the effects of varying degrees of 
saturation, the measurements were repeated three 
times in sequence at every place. This made it 
possible to cover the trends ·in conductivity versus 
increasing saturation. 

'J1he tests included in this paper were aU carried 
out on the soil types described in TabJe l. On 
the testing occasions, the soils were aH dried 
up after a period of some weeks without any 
mm. 

Flow theory 

'J1he set-up described above gives a volumetric 
How which decreases in time with decreasing 
head, as ·indicated in Figure 3. Additionally, the 
infi-ltration conductivity will vary during the test, 
owing to varying degrees of saturation. This 
gives a flow which depends on a number of 
variables: 
Q(3t) = F[(k, h, S)3t], 

where Q(3t) = volumetric flow, 
k =infiltration conductivity, 
h = water head, 
S = storage coefficient. 

(l) 

Ml the variables change with time. The con­
ducrivity at the beginning is the non-saturared 
conduotivi·ty, which increases with increas·ing sam­
ration. The conducrivity is also decreased by the 
sweHing day minerals included in the soi:l. The 
acting head of water decreases as the water in­
filtrates in to the ground. As the soil is not satu-

Head 

(t,,h,) 

(t,, h, l 

)C-·-·-· 
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Fig. 4. Notations used in the measurements. 

rated with water, a varying proportion of the total 
porosity has to be ref.iHed with water before the 
conduccivity governs the infiltration rate. 

To evaluate the complex, functional relation in 
equation (l), it is necessary to make some approxi­
mations. Assuming eonstant conductivity, common 
eva:luation techniques for non-steady solutions may 
be used, though somewhat modified. The tests may 
aiso be analysed, if they are regarded as pseudo­

stationary and the values are adjusted with respect 
w the high head of water which governs the 
infiltration. 

Stationary solution 
Different approaches may be used ·in evaiuaring 
the tests as stationary ones; none, however, will 
reflect the actual condirions during the test . 

According to Darcy's law: 

Q k=--
, 

JA 

where k= hydraulic conductivity, 
Q = vnlumetric flow, 

I = hyraulk gradient, 
A = a cross-sectional area of the flow. 

(2) 

At a specific time after the start of the test (cf . 

Figure 4 for the notations), 

Q= 
A[h2-hd

, 
t2 -rl 

(3) 

Time where h1 and h2 are the heights of the water 
Fig. 3. The decrease in water head (s) versus time. column above the ground at the times t1 and t2. 
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Fig. 5. The decrease in water head versus the logarithm of the time (Jacob plot). 
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The hydraulic gradient may be written: 

1 _ Ho +Hh1 +hz) -
Ho 

, (4) 

where H0 = thickness of the tesred sofl layer or 
the depth where the How partern 
deviates (approximately four times 
the diameter of the inner mbe). 

If equations (2)--( 4) are combined, the result 
wi:ll be: 

2H0 L'ih 
k= --------

[2Ho +h1 + h2} L'it 
(5) 

This relation will reach the real value of the con­
ducrivity asymptotica:lly. In order to obtain a 
fairly accurate value, it is necessary to use late 
time data for the analysis. 

Non-steady solution 

On analysing the head transience in Figure 5 (cf. 
Figure 4), it can be seen that 

aQ= -A ah (6) 

and 

h aQ=k-A ar. 
Ho 

Combining these equations gives: 

-ah= �ar, 
h H0 

(7) 

(8) 

which, after integration and with proper boundary 
conditions, yields 

(9) 

which is one of the non-&teady solutions for the 
infiltration tests. 

An approach based on Jacob's approximation 
has also been used, however modified compared w 
the original theory for well-analyses. This method 
is based on a derivation for a point source rather 
than a line-source. The relevant solution for a point 
source is as follows: 

!'is = ---- erfc - , 
Q [r2 sJ 

2nTd 4Tt 
(lO) 
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where L s = change in head, 
T = transmissivity, 

r = radius of the point source, 
S = storage coefficient, 
t= time, 

erfc (X) = complimentary error function of X. 

This equation was originally derived for heat 
transport by Carslaw & Jaeger (1959), bur is here 
modified for the present purpose. Equation (10) 
may be approximated to: 

Ls = 
2,3 Q log 

2,25 Tt
. (ll) 

2rrTd Sr2 

This approximat·ion is then similar to that of 
Jacob. The equation ·indicates that a plot of s 
versus �og t should produce a straight Ene. This 
is aiso the case in the tests included in this study. 
The equation may be solved by the data plot and 
the following relation: 

T= 
0,366Q 

Lsd 
(12) 

However, as both the head and the infiltration 
capacities vary with time, this relation has w 
be changed. Thus, assuming that k is eonstant and 
t hat 

d -
T=k- \' rr, 

2 

it is then possible w determine that 

k=0325 � ' 
LsLt

' 

( 13) 

(14) 

which may be used to determine the infiltration 
conductivity, as weil as those methods mentioned 
above. For a complete test cycle it will be: 

(15) 

or 
ho 

(16) 

The latter equation yields the conductivity after 
a Iong time of samration with an unJ.imited 
amount of water available for the infiltration. This 
is of course of interest for those soiis where 
sweHing material ·is present which decreases the 
conductivity with time. However, in order to deter­
mine the infiltration capacity for natural condi­
tions, the data obtained after a shorter per.iod 
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are more Iikely to reflect the actual infiltration 
conditions. 

For the evaluat·ion with rhe last method, two 
different approaches have therefore been made: 

* Calculation with early-time data to obtain a 
conductivity value which reflects the actual 
infiitration conditions. The evaluation was 
made with early-time data, within one hour 
of saturat-ion, i.e. Lt = t-t0 <l hour; Lh 
<ho. For those tests which were as con­
ductive as to aHow a full cycle to rake place 
in shorter time, the complete cycle was used, 
i.e. Lt = t0 -t0; Lh =ho. 

* Calculation with late-time data, Lt =te­
t0; Lh = h0, in order to obtain any possible 
differences ·in time. This calmlation was 
mainl.y made for low-conductive formations. 

Evaluatian methods 

For the evaiua:tion of the test, three different 
methods were used: 
l. Stationary solution according to equation (5). 
2. Non-s.rationary solution according w equation 

(9). 
3. Non-stationary solution according to equation 

(14) (modified Jacob approximation). 

Results and discussion 

In all 15 different soil types have been tested, 
each at at least two points with three test eyeles 
at each point. This gives a tOtal number of more 
than 90 tests. The soil types used as impervious 

Table 3. Late-time infiltration-conductivity values. 
= equal conductivity, { decreasing conductivity. 

Test no. 
Conductivity Trend Ad mixture 
(10-6m/s) 

O·sample l 8 .j. 
O-sample 2 0,3 .j. 

l 0,0005 .j. .j. .j. 10 % Bentonit 
2 0,0009 .j. .j. .J, 10 % Bentonit 
3 0,001 .j. .j. 
4 0,08 
5 0,0004 .j. .j. .j. 5% Bentonit 
6 5% Bentonit 
7 0,02 .j. .j. 5% Bentonit 
8 0,1 
9 2 

12 2 5% Bentonit 
13 8 5% Bentonit 
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Fig. 6. Comparison between methods and 2. 

6 

layers are either bare or covered with about 30 
cm top soil to faciliate the revegetation. In this 
case the rop soil was removed and the undedying 
soil was tested. The results are summarized in 
Table 2. As wiH be seen, methods l and 2 (sta­
tionary and first, non-stationary soiution) agree 
very well. AH the mean values are of the same 
order of magnitude and the rela.tive impervious­
nesses are about the same. The third method 
(Jacob's non-steady solution) gives results equiva­
lent to those of the first methods. The Jacob 
approximation is based on the most accurate 
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8 

model-description of the infiltration process and 
thus, its resuk should be the most reliable. 

The conductivity ratio obtained between 
methods l and 2 is visua:lized in Figure 6, which 
shows that rhe non-steady solution always resuited 
in higher va:lues. In no case did the stationary 
solution produce the higher value. It is also shown 
that no single measurement resu'lted in a con­
ducrivity for the non-steady solution which was 
more than nine times higher than the stationary 
solution. In 31 per cent of a:ll tests, the ratio is 
as Iow as rhree times. This agreement is very good 

Table 2. Infiltration-conductivity values of the different soil cypes. Relative values are given for 
all tests related to the O-sample l. 

--� --- ----

Method l ,  Method 2, Method 3, 
Test no. conductivity ko:kn conductivity ko:kn conductivicy ko:kn 

(10-6m/s) (lO-6 m/s) (10-6m/s) 

O-sample 400 2000 l 1000 

l 9 45 20 84 80 12 
2 30 16 50 40 20 50 
3 20 24 30 59 300 3 
4 <O, l 999 <0, 1 999 <O,l 999 
5 8 5 1  20 100 40 22 
6 <O,l 999 <O,l 999 <O, l 999 
7 20 27 60 27 50 20 
8 2 273 4 364 <O,l 999 
9 30 13 50 40 20 50 

lO 100 4 500 4 100 lO 
11 <O,l 999· <O, l 999 <O, l 999 

-------------------
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METHOD 2 
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METHOD 3 
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Fig. 7. Comparison between methods 2 and 3. 

regarding the very inhomogeneous geological mate­
r-ials w hi ch w er e tested and the different approaches 
u sed. 

Figure 7 shows a comparison between methods 
2 and 3, and again, the agreement -is good. 

Additiona�Hy, the eva,luation according w Ja­
cob's approx-imar:on was used in order to obtain 
la:te-time conductivities, that is, after a Iong period 
of water saruration. This was done in order w 
indicate any possible effect of the infiHing of 
bentonite in the different soil types. Bentonite 
is an aitered vakanie ash with a high content of 
day minerals main1y belonging w the mont­
morillonite group. The usefulness of bentonite for 
sea:ling purpose is due to its swelling properties. 

The result of the determinations is shown in 
Table 3, which illustrates that the conductivity 
decreases with time, at most several powers for 
those soils in which bentonite was induded. The 
conductivity also decreased in some other soil 
types, but generatly to a smaller degree and then 
especially in day and dayey till, which may in 
themselves contain sweHing clay minerals. The 

(mm/min)lnfiltration rate 

100 

10 

0,1 

0,01 

0,001 

Infiltration conductivity 

Fig. 8. The relation between infiltration conductivity 
and infiltration capacity. 
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Fig. 9. Values of the infiltration capacity for different soil types. l. Present study, 2. von Bräms-
sen 1968, 3. Bergman 1972, 4. Olsson 1980, 5. Hodqvisr 1931, 6. Gustavsson 1946, 7. Sahlström 
1911, 8. Danfors 1967, 9. Fleerwood 1965, 10. Tamm 193 1, 11. Skoglund 1972, 12. Granström 
& Larsson 1970. 

figures given in the mble are not accurate, but 
they give a fair idea or the trends for rhe different 
materials. 

The infiltration conductivity is related to the 
inBltration capacity (norma1ly given in the 'litera­
ture), as indicated in Figure 8. As regards the 
infiltration-conductivity values given in Table 2, 
it will be seen ·tha•t the capacity for the soils 
lies between l 00 mm/ min for the ioose cover 
and less than 0,01 mm/min for bentonite mixed 
soils and day. This is for the short-time data. 

For iate-time data, the soils mixed with bento­
nite become almost impervious (values of about 
10- 3 mm/day occur). This indicates •that these 
soils may be regarded as impervious if the water 
content is high enough. After periods of draught, 
these soi'ls may allow considetable amounts of 
water to -infiltra-te before they become saturated. 
These conditions may occur when the snow­
melting starts in spring and especially after the 
summer season. Thus, much of the water may 
infiltrate on account of high conductivity at the 
very initial stage of rhe snow-melting period. 
This is especiaHy pronounced at the end of the 
vegetation period in autumn, when the soil has 
been drained by evapotranspiration. During the 

summer, oniy sma:ll volumes may infiltrate. The 
infiltration should therefore dearly be reduced ·in 
these soi'l ·types, and this has in fact also been 
verified by Karlqvist (1981). 

The above-mentioned va-lues for the short-time 
data are of the same order of magnitude as those 
normally found in the Eterature for similar soil 
types, as shown in Figure 9. 

Conclusions 

The merheds used for determining the infiltration 
conductivity in this paper have aU been proved 
to be valuable. However, same difficulties have 
occurred in the analysis of the tests, but it seems 
that the non-steady solution is the most reliable. 
Although, for soil ·types which indude swelling 
materia•ls, such as bentonite or other hygroscopic 
material, the exrended Jacob's approximation gives 
the best guidance to the sealing effects. 

The results obtained are, in general, those which 
were expected and are comparable with those in 
other studies in the field. 
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