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Abstract: Soil hydraulic conductivity is a key parameter to predict water flow through the soil profile. We have devel-
oped an automatic minidisk infiltrometer (AMI) to enable easy measurement of unsaturated hydraulic conductivity using 
the tension infiltrometer method in the field. AMI senses the cumulative infiltration by recording change in buoyancy 
force acting on a vertical solid bar fixed in the reservoir tube of the infiltrometer. Performance of the instrument was 
tested in the laboratory and in two contrasting catchments at three sites with different land use. Hydraulic conductivities 
determined using AMI were compared with earlier manually taken readings. The results of laboratory testing demon-
strated high accuracy and robustness of the AMI measurement. Field testing of AMI proved the suitability of the instru-
ment for use in the determination of sorptivity and near saturated hydraulic conductivity. 
 
Keywords: Tension infiltrometer; Hydraulic conductivity; Sorptivity; Automated measurement; Infiltration experiment; 
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INTRODUCTION 

 
Tension disk infiltrometers are portable inexpensive devices 

commonly used to determine unsaturated hydraulic conductivity 
of the soil matrix in the field. The knowledge of the unsaturated 
hydraulic conductivity is often required to characterize soils 
with presence of preferential flow (Doležal et al., 2007). Ten-
sion infiltration allow determination of a value of soil matrix 
hydraulic conductivity (Cameira et al., 2003; Vervoort et al., 
1999; Vervoort et al., 2003) by elimination of large pores with 
an air entry value smaller than pressure head set on the infil-
trometer. The knowledge both saturated and unsaturated hy-
draulic conductivities is important for sites where saturated 
hydraulic conductivity is highly variable due to preferential 
flow effects attributable to soil structure, significant spatial 
variability of local soil hydraulic properties and highly conduc-
tive pathways along decayed tree roots. 

Recently tension disk infiltrometers have been also utilized 
to investigate the various effects on hydraulic conductivity 
associated with the filling of macropores (e.g. Holden, 2009; 
White et al., 1992); temporal changes in soil hydraulic proper-
ties caused by tillage practice (e.g. Logsdon and Jaynes, 1996; 
Schwarzel et al., 2011); effect of crust formation at the soil 
surface (e.g. Li et al., 2005; Vandervaere et al., 1997); and the 
effect of water repellency on infiltration (e.g. Lamparter et al., 
2006).  

Tension infiltrometer typically consists of three parts: porous 
disk (usually nylon mesh membrane or sintered stainless steel), 
water reservoir and Mariotte’s bottle (suction adjustment). 
Tension infiltration method is based on application of water at 
the known constant negative pressure head on the soil surface 
via porous disk. When disk is in the contact with soil surface, 
water flows from the water reservoir into the pores. Cumulative 
infiltration is mostly determined from the drop in water level in 
the reservoir. Water level in reservoirs of disk infiltrometers is 
often checked visually by the operator. This method is labour-
intensive, especially in soils with low hydraulic conductivity. In 
order to measure cumulative infiltration data without constant 
attention of the operator Ankeny et al. (1988) proposed automa-
tion of tension infiltration measurement based on use of a pres-
sure sensor that frequently records hydrostatic pressure of the 
water column in the reservoir tube of the infiltrometer. Madsen 

and Chandler (2007) proposed the use of a differential pressure 
sensor for reduction of pressure oscillations related to air-
bubble release from the bubbling tube. Gordon and Hallett 
(2014) suggested a system based on electrical resistivity meas-
urements of the rate of air-bubbles release. This method seems 
to be suitable for miniature infiltrometers or very low infiltra-
tion rates. An alternative approach to automating infiltrometers 
was proposed by Moret-Fernández et al. (2012). They used a 
micro-flowmeter to determine the amount of infiltrated water. 
However the device seems to be overcomplicated and not suita-
ble for use in the field. Moret et al. (2004) suggested water level 
registration using a time domain reflectometry probe placed in 
the reservoir tube. Another method proposed by Jara et al. 
(2012) or Rodný et al. (2013) is based on sequential imaging of 
water level in the infiltrometer’s reservoir using an automatic 
camera or a smart phone’s digital camera. The images thus 
acquired are subsequently evaluated by particle tracking image 
analysis. 

The aims of this study are threefold: (i) to present a newly 
developed minidisk infiltrometer capable of automatically read-
ing cumulative infiltration based on buoyancy force acting on a 
vertical bar immersed in water; (ii) to test the basic functionality 
of this infiltrometer in the laboratory and (iii) to verify the per-
formance of the infiltrometer under field conditions in three 
contrasting environments: a crop field and a meadow in an 
agricultural catchment and a young spruce forest in a mountain-
ous headwater catchment. 

 
MATERIALS AND METHODS 
Design of automatic minidisk infiltrometer 
 

The automatic minidisk infiltrometer (AMI) presented in this 
paper consists of three main parts: the infiltration module, a 
Mariotte’s bottle and a datalogger. The parts of the instrument 
are detachable in order to ensure portability. Figure 1 is a dia-
gram of the minidisk infiltrometer.  

The main part of the minidisk infiltrometer is the infiltration 
module (see Figure 2). The module utilizes new principle of 
registering for automated measurements of the infiltration pro-
cess. The AMI uses a load cell sensor to measure depth of water 
in the reservoir tube of the infiltration module by sensing the 
buoyancy force acting on a fixed vertical solid bar.  
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Fig. 1. Scheme of automatic minidisk infiltrometer. 

 
The infiltration module consists of the infiltration head, res-

ervoir tube and an infiltration adapter fitted with the sintered 
steel disk (44.5 mm diameter). The infiltration head is manufac-
tured from rigid polypropylene using 3D printing technology. 
The infiltration head together with the infiltration adapter are 
attached to the upper end of the reservoir tube. The reservoir 
tube is made of polymethyl methacrylate with internal diameter 
of 42 mm, and length of 230 mm. The infiltration head covers 
the bubbling tube, auxiliary air evacuation tube and the load cell 
sensor. A vertical solid bar (length 225 mm, diameter 25 mm, 
material: polymethyl methacrylate) is firmly bolted to the load 
cell. The bottom of the vertical bar is conical, which prevents 
trapping of bubbles under the bar. The bottom end of the bub-
bling tube is set 20 mm above the bottom side of the sintered 
steel disk.  

The bubbling tube in the module is connected to the Mar-
iotte’s bottle via flexible tubing. Pressure head in the disk can 
be adjusted in the range: 0.5 to 6 cm. Adjustment of pressure 
head is accomplished by changing the height of the suction 
control tube in the Mariotte’s bottle. 

The infiltration module is refilled by evacuating air from the 
reservoir via the auxiliary evacuation tube, while the bottom of 
the infiltration module is placed in a water filled vessel. Remov-
ing air from the top of the reservoir causes water to flow 
through the sintered steel porous disk into the reservoir. The 
maximum volume of water usable for one infiltration experi-
ment is 190 cm3.  

The load cell (type PW4C3/300G, maximal loading capacity: 
300 g, sensitivity 1 ± 0.1 mV/V; Hottinger Baldwin Messtech-
nik GmbH, Darmstadt, Germany) is connected to a battery 
powered datalogger (CR1000, Campbell Scientific, Inc., Logan, 
UT, USA). The datalogger records the changes in the buoyancy 
force acting on the bar. These changes are directly related to 
changes in water level. The datalogger analog–digital converter 
resolution corresponds to 0.01 cm of water level change. Ac-  

 

 
 
Fig. 2. Infiltration module of the automatic minidisk infiltrometer. 

 
cording to the load cell manufacturer’s specifications, the calcu-
lated hysteresis and nonlinearity error is ± 0.018 cm for water 
level measurement, temperature effect on water level measure-
ment is ± 0.011 cm / 10°C (in the range: + 20°C … + 40°C) and 
± 0.007 cm / 10°C (in range: 0°C … + 20°C). Therefore the 
measurement accuracy of the load cell is consistently better than 
0.07% of the rated output. 

 
Principle of operation 

 
Our primary goal is to measure the water level zi (cm) in the 

reservoir tube of the infiltration module, where subscript i indi-
cates the i-th measured water level decrease that is detected by 
the load cell in response to changes in gravity force Fg and 
buoyancy force Fbi acting on the vertical bar  
 

bigi FFF −=  (1) 
 
where Fi is the resultant force acting on the load cell. The load 
cell then acts in the opposite direction by the reaction force Flci 
as demonstrated in Figure 3. Rewriting equation 1 using Archi-
medes' principle yields: 
 

[ ])( invbwvbi zzAmgF −−= ρ  (2) 
 
where g is the gravitational acceleration (m s–2), mvb is vertical 
bar mass (kg), Avb is cross-sectional area of the vertical bar (m2), 
ρw is volumetric mass density of water (kg m–3), zi (m) is the 
current water level in the storage space of infiltration module 
and zn (m) is water level at the level of the end of the solid bar. 

In standard operating mode, measurement of water level is 
taken frequently (every ten seconds) but the new zi is recorded 
only when it exceeds the previously recorded zi–1 by 0.2 cm. 
Subsequently, the cumulative infiltration I (cm) and the mean  
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Fig. 3. Principle of water level (z) measurement in the reservoir 
tube of the infiltration module. 
 
infiltration rate q (cm min–1) are determined for recorded zi and 
ti as follows: 
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where: Am (m2) is the cross-sectional area of water in the reser-
voir tube, and As (m2) is the area of sintered steel disk. 
 
Estimation of sorptivity and hydraulic conductivity 

 
The result of the infiltration experiment using the automatic 

minidisk infiltrometer is a time sequence of cumulative infiltra-
tion values. The first two terms of the Philip approximation are 
used for a description of the infiltration process below the disk 
infiltrometer: 
 

tCtCI 2
2/1

1 +=  (5) 
 

where I is the cumulative infiltration (m), t is time (s) and the 
coefficients C1 (m s–0.5) and C2 (m s–1) characterize the flow with 
regard to capillary and gravitational forces under the infiltrome-
ter. Analogously for infiltration rate q (m s–1) 
 

2
2/1

15.0 CtCq +−=  (6) 
 

To evaluate the unsaturated hydraulic conductivity and sorp-
tivity the cumulative infiltration data are fitted to equation (5). 
Zhang (1997) proposed the following relationships for sorptiv-
ity S (m s–0.5) and unsaturated hydraulic conductivity: 
 

11 SAC =  (7) 
 

202 AhKC =  (8) 

where Kh0 is hydraulic conductivity (m s–1) corresponding to the  
applied disk pressure head h0 (m) and the coefficients C1 and C2 
are determined from the best fit of measured I (t) by function 
(5). Dimensionless empirical coefficients A1 and A2 in the equa-
tion (7) and (8) can be calculated for van Genuchten model 
parameters of the retention curve of a given soil in accordance 
with Zhang's method modification published by Dohnal et al. 
(2010): 
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where n (–) and α (cm–1) are van Genuchten model parameters 
of the retention curve and b = 0.55 (Warrick and Broadbridge, 
1992), θh0 is the volumetric water content (m3 m−3) correspond-
ing to the applied pressure head h0 (m), θi is the initial water 
content (m3 m−3), r0 denotes the radius of the infiltration disk 
(m). The quality of the measured data is usually assessed using 
differential linearization (see Vandervaere et al., 1997) which 
can reveal possible loss of hydraulic contact between the soil 
surface and the sintered steel disk, the effect of the contact sand 
layer on infiltration (Vandervaere et al., 2000) or significant 
inhomogeneity of the flow domain. 
 
Laboratory equipment and experimental sites 

 
Laboratory experiments and initial testing of the instrument 

were performed at the Soil Physics Laboratory (Faculty of Civil 
Engineering, Czech Technical University in Prague). The fol-
lowing equipment was used: temperature probe 107 (Campbell 
Scientific, Logan, Utah, USA), peristaltic pump (model Ecoline 
VC-360 - Ismatec SA, Glattbrugg, CH) and a standard commer-
cially available aerator. 

The infiltrometer was further tested at an agricultural catch-
ment and in a mountainous headwater catchment. First one is 
the Kopaninský Stream experimental catchment (7.1 km2) that 
is located in the Vltava River basin, in the Bohemo-Moravian 
Highland area of the Czech Republic (elevation ranges from 
467 to 578 m above sea level, annual precipitation exceeds 665 
mm, average annual temperature 7℃). The soil is loamy sand 
classified as Dystric Cambisol (Tachecí et al., 2013). Two loca-
tions selected for testing of AMI in the catchment were a mead-
ow and a cultivated crop field. 

The second experimental catchment, Uhlířská, is situated in 
Jizera Mountains, Czech Republic (total area 1.78 km2, average 
altitude 820 m above sea level, annual precipitation exceeding 
1300 mm, average annual temperature 4.7℃). Uhlířská is a 
mountainous catchment undergoing reforestation. The soil at 
the testing location – a valley hillslope – is shallow sandy loam 
classified as Dystric Cambisol (Šanda, 1999) The soil has well 
developed internal structure with a broad range of pore sizes. 
Automated infiltrometer was in the Uhlířská catchment tested at 
the hillslope site covered by a young spruce forest. 
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The retention data for the soils tested were measured in the 
laboratory on undisturbed 100-cm3 soil samples by means of the 
hanging water column desorption method combined with the 
pressure plate apparatus method (Klute, 1986). The soil hydrau-
lic parameters were derived from the retention data using a van 
Genuchten approach (van Genuchten, 1980). The soil hydraulic 
parameters are summarized in Table 1. 
 
Table 1. Hydraulic parameters of the soils used for verification of 
the instrument.  
 

  Kopaninský stream Uhlířská 
Parameter/cover meadow crop field spruce forest 

θs (–) 0.530 0.540 0.650 
θinit (–) 0.270 0.280 0.550 
α (cm–1) 0.128 0.043 0.026 
n (–) 1.510 1.545 1.163 

 

θinit denotes soil water content before infiltration experiment,  
θs is saturated water content 
 
RESULTS AND DISCUSSION 
Calibration and testing 

 
We performed three types of calibration and testing proce-

dures: short-term pumping test, temperature dependency tests 
and simple technique to estimate dynamic effects caused by air-
bubble release. Two measurement modes were used to produce 
each measurement point of load cell output. In averaging mode 
mean value of 20 consecutive readings, taken during approx. 
1.2 s, was recorded. In instantaneous mode single reading was 
taken and no averaging was performed. Short-term pumping test 
allowed verification of correct sensor function and evaluation of 
measurement mode (i.e., reading frequency and averaging at 
logger side). Pumping test was conducted by water removal 
from the cylinder with immersed vertical bar. Pumping test was  
performed under constant temperature. Data were recorded in 
one-minute interval. Infiltration rate induced by the peristaltic 

pump was 0.3 cm min–1. Good sensor functioning is demon-
strated in Fig. 4a and in Fig. 4b for the case of averaged data. 

No deviations in measured water level decrease (average 
mode) were detected in comparison with actual water level 
decrease (Fig. 4a) calculated from known pumping rate and 
cross-sectional area of water in the cylinder. Water level de-
crease measured in instantaneous mode is not shown in Fig. 4a 
because this data prove nearly the same quality as data meas-
ured in average mode. However, sensor measurement mode has 
a significant impact on results of infiltration rate (Fig. 4b). The 
calculated infiltration rate is noisy in the instantaneous mode 
(see Fig. 4b), however the mean infiltration rates are almost 
identical in both measurement modes (Table 2). Presence of 
noise in data obtained by instantaneous mode in comparison 
with data from averaging mode is obvious from Table 2 where 
standard error of mean, standard deviation and difference be-
tween maximum and minimum are several times higher in case 
of instantaneous mode data than in case of averaged mode data.  

Changing temperature during infiltration tests is often re-
sponsible for incorrect or inadequate measurement in the field. 
A six-day test of temperature effects on load cell measurement 
was performed in the laboratory. Data were recorded in five-
second intervals. The vertical bar was left in the air and subject-
ed to six cycles of temperature changes (range 12.75°C). Re-
sults in Fig. 5 and Table 3 show the high stability of sensor 
output during the test. 1-μV change of sensor response corre-
sponds to 0.09 cm change in water level only. Better quality of 
data measured in averaging mode is obvious. Performed tests 
document that sensor is relatively insensitive to temperature 
fluctuations. 

Air bubble release from the instrument’s bubbling tube could 
significantly disturb automatic infiltrometer measurement. The 
effect of pressure oscillations caused by air-bubbles was tested 
using an aerator generating a strong irregular stream of bubbles. 
A one-day test with varying infiltration rates was conducted. 
Data were recorded in five sec. intervals, in averaging mode.  

 

 
 

Fig. 4. Sensor readings converted to a) water level and b) infiltration rate in response to constant pumping test. Black lines represent preset 
pumping rate (right) and corresponding water level decrease (left). Symbols denote one-minute interval reading of the sensor in both instan-
taneous and average modes.  
 
Table 2. Statistical evaluation of infiltration rate measurement during constant pumping with preset rate 0.3 cm min–1. 
 

 Mean Std. error of 
mean 

Std. deviation Minimum Maximum 

Instantaneous data (cm min–1) 0.299 0.007 0.055 0.125 0.423 
Averaged data (cm min–1) 0.298 0.001 0.010 0.281 0.340 
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Fig. 5. Sensor performance during six-day test of temperature effects on measurement. Thin black line represents data recorded in average 
mode and symbols are data recorded in instantaneous mode. Data were recorded in 5-s intervals. 
 
Table 3. Statistical evaluation of temperature dependency test. 

 
 Mean Std. error of 

mean 
Std. deviation Minimum Maximum 

Instantaneous data (μV) 208.968 2.4 E–04 0.085 205.7 213.3 
Averaged data (μV) 208.969 1.3 E–04 0.045 208.7 209.4 
Temperature (°C) 27.090 ̶ 1.880 23.1 35.8 

 
Analysis of three one-hour stages with constant water level 

shows standard deviations less than 0.015, 0.014 and 0.008 cm. 
Standard deviation during transient stages never exceeds 
0.02 cm. Therefore the operating principle and the sensor used 
seem to be robust in terms of dynamic effects caused by air-
bubble release. 
 
Field application 
 

Automatic minidisk infiltrometer was tested in the Ko-
paninský Stream experimental catchment on a meadow and on a 
tilled crop field on August 2th, 2012. The first experiment was 
conducted on the meadow after the turf was removed, while the 
second experiment on the tilled crop field was done after post-
harvest stubble-breaking. A thin layer (approx. 1 mm) of dry 
fine quartz sand with grain size ranging between 0.10 and 0.63 
mm (ST01/06 PAP, Sklopisek Strelec, Czech Republic) was 
used to provide the contact between the stainless steel sintered 
disk of the infiltrometer and the leveled soil surface. Both infil-
tration experiments were carried out with pressure head h0 = –3.0 
cm. The instrument’s cumulative infiltration measurements 
were compared to manual readings. 

Another experiment was conducted in the mountainous 
Uhlířská experimental catchment on September 9th, 2012. Infil-
tration experiments were conducted on a leveled soil surface 
after the upper 30 cm of soil was removed. Experiments were 
conducted using tension h0 = –3.0 cm. 

Sets of undisturbed soil samples (137 cm3) were taken from 
each location before the experiments. The initial and saturated 
volumetric water contents were determined gravimetrically for 
each undisturbed soil sample (Table 1). 

Results of the infiltration experiment at the meadow site in 
the Kopaninský Stream catchment are shown in Fig. 6. Both 
infiltration rate and cumulative infiltration rate are well approx-
imated by eq. (5) and (6) respectively (optimal parameter values 
C1 = 0.024 cm min–0.5 and C2 = 0.044 cm min–1). Figure 6 also 
demonstrate very good agreement between values obtained 
from automatic (empty symbols) and manual (filled symbols) 
readout of the water level during the infiltration experiment. 

The quality of the measured data was assessed with regard to 
the possibility of loss of hydraulic contact between the soil 
surface and sintered steel disk or unwanted effects of the con-
tact sand layer on infiltration. Differential linearization 
(Vandervaere et al., 1997) is shown in Fig. 7 for the dataset 
from meadow in Kopaninský Stream catchment. The data are 
apparently without significant deficiencies and are therefore 
suitable for determination of hydraulic conductivity. 

The low RMSE values in Table 4 (less than 0.047 cm) indi-
cate that the measured data are closely approximated by eq. (5). 
This implies that the major assumptions behind Philip’s solution 
(e.g., homogeneity of flow domain) were not significantly vio-
lated. Unsaturated hydraulic conductivities Kh0 were determined 
using modified Zhang method.  

Values of K–3cm at the two sites in the Kopaninský Stream 
catchment differ significantly. Unsaturated hydraulic conductiv-
ity of soil in the meadow is approximately two times higher 
than the soil in the tilled field which is in contradiction with 
studies by Schwartz et al. (2003) or Kelishadi et al. (2014), who 
observed higher unsaturated conductivity in the tilled field than 
in the meadow for pressure head below –3 cm. However, as is 
generally known, there is a significant influence of the seasonal 
variability of soil hydraulic properties associated with agricul-
tural practices (Alletto and Coquet, 2009; Bodner et al., 2013; 
Castellini and Ventrella, 2012; Logsdon et al., 1993). Thus, 
lower unsaturated hydraulic conductivity in the field site is 
probably a consequence of macropore formation after posthar-
vest stubble-breaking.  

Hydraulic conductivities in the Uhlířská catchment are in a 
good agreement with values obtained previously using a manual 
tension infiltrometer (Soilmoisture Equipment Corp., Santa 
Barbara, CA; disk diameter of 20 cm), compare average value 
of 0.0029 cm min–1 and average value of 0.0035 cm min–1 com-
puted from Table 4.  The difference between K–3cm and saturated 
hydraulic conductivity determined from ponded infiltration tests 
(Šanda, 1999) is more than four orders of magnitude which was 
expected for soil with strong preferential flow. 
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Fig. 6. Infiltration experiment results. Kopaninský Stream catchment (meadow site), August 2th, 2012. 
 

 
 
Fig. 7. Linearization of data set from the infiltration experiment carried out in the meadow location in the Kopaninský Stream catchment 
(August 2th, 2012). The differential linearization method was applied to the cumulative infiltration data set obtained from the instrument. 
Linearized data was fitted with solid line. 
 
Table 4. Summary of the determined values of parameters C1, C2 including the root mean square error (RMSE) obtained from the best fit of 
measured cumulative infiltration data and values of near-saturated conductivity and sorptivity determined using modified Zhang method. 
 

  C1 C2 RMSE A1 A2 K–3cm S 
  (cm min–1/2) (cm min–1) (cm) (–) (–) (cm min–1) (cm min–1/2) 
Kopaninský Stream       
Meadow 0.024 0.044 0.026 1.403 4.726 0.0094 0.017 
Tilled field 0.031 0.027 0.010 1.193 5.971 0.0046 0.026 
Uhlířská        
Young forest 0.170 0.039 0.047 1.064 9.135 0.0042 0.160 
 0.040 0.022 0.012 1.064 9.135 0.0024 0.037 
 0.135 0.033 0.037 1.064 9.135 0.0037 0.127 
  0.162 0.037 0.014 1.064 9.135 0.0040 0.152 

 
CONCLUSIONS 

 
The main objective of the paper was to test a newly devel-

oped automatic minidisk infiltrometer. The results show that the 
presented method of automation is fully functional. Compre-
hensive laboratory testing demonstrated the robustness of the 
AMI. The instrument/technique performed well in varying 
temperatures and during a bubbling test. The first tests of field 
application proved that AMI produces data sets of sufficient 
quality for determining near-saturated hydraulic conductivity.  

Results of this study support the use of the operating princi-
ple of infiltration measurement on a wider scale. Running many 

automatic minidisk infiltrometers simultaneously will allow 
assessment of the spatial distribution of hydraulic conductivity. 
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