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ABSTRACT 
 

Soil hydraulic conductivity is an important parameter for a model involving liquid flow 
and chemical transport processes in soil. Its value is affected by soil texture, 
structure, and porosity. These soil properties are influenced by plants, and by tillage 
and compaction. Our study investigated soil hydraulic conductivity in a non-wheel 
traffic corn row, a wheel traffic corn row, and a reconstructed prairie. The study area 
was located at the Iowa State University COBS (Comparison of Biofuel Systems) 
research site. Soil at the site was classified as Clarion soil (fine-loamy, mixed, super 
active, mesic Typic Hapludoll). Soil hydraulic conductivity was obtained by steady-
state tension infiltration measurements and numerical inversion of the Richards 
equation. The results showed that traffic compaction and a vegetation affected soil 
hydraulic conductivity over a range of water tension. At low water tensions, a non-
wheel traffic corn row tended to have larger soil hydraulic conductivity than the other 
two treatments. However at relatively higher water tensions, wheel traffic corn row 
had larger hydraulic conductivity than the non-wheel traffic corn row, while prairie soil 
did not show distinct characteristic. The transition occurred at water tension of around 
10 to 20 cm of water. At low water tension prairie soil had hydraulic conductivity larger 
than soil between corn rows with traffic compaction, but it had smaller hydraulic 
conductivity than soil between corn rows without traffic compaction. Prairie soil having 
smaller hydraulic conductivity than a non-wheel traffic corn row was unexpected. One 
possible explanation for the results is that prairie roots blocked some soil pores, thus 
hindering water flow. 
 
Keywords: hydraulic conductivity, traffic compaction, prairie, tension infiltrometer, 
HYDRUS. 
 

1. INTRODUCTION 
 
Hydraulic conductivity is an important soil property. Benjamin et al. (1990) measured 
physical properties of soils with and without traffic compaction. Traffic compaction 
reduced saturated hydraulic conductivity of the soils. Compaction affects pore sizes 
and pore connections. Compaction reduces the number of macropores and the mean 
pore size of a soil. Compaction also affects unsaturated hydraulic conductivity. Horton 
et al. (1994) reported some effects of compaction on soil hydraulic conductivity. Even 
though saturated hydraulic conductivity decreases with compaction, unsaturated 
hydraulic conductivity may be larger in compacted soil than in non-compacted soil for 
some range of matric potential values. Actual pore size distribution and macropore 
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connections are also affected by the presence of plant roots. Rasse et al. (2000) 
studied Ksat of bare fallowed soil and soil with growing alfalfa roots using a constant 
head method (Klute and Dirksen, 1986).The results show that Ksat of soil with alfalfa 
roots is significantly larger than bare fallowed soil. Li and Ghodrati (1994) used a 
constant head method on soil cores to measure Ksat of soil with alfalfa root channels, 
soil with corn root channels, and soil with no root channels. The results indicate that 
soil with alfalfa and corn root channels have larger Ksat than soil with no root channel. 
However, the differences in Ksat between the two root types are not significant. 
Canqui et al. (2010) measured Ksat of soil under cropping systems involving three 
crops (winter wheat, grain sorghum, and soybean) with and without traffic 
compaction. They found that cropping systems have small impact on K, while traffic 
wheels have large impact on Ksat. Literature reports are consistent on compaction 
reducing Ksat. However, literature reports are not consistent on how roots affect 
hydraulic conductivity (K). There is a need to further study K in cropping systems, 
especially using in-situ measurements. This study’s interest is to investigate soil 
saturated and unsaturated K representing three conditions, wheel traffic compacted 
soil between corn rows, non-wheel traffic soil between corn rows, and prairie. 
 
One of the challenges in measuring K is to have a low-noise measurement with 
reliable results. The tension infiltrometer is a popular non-destructive method for 
determining field soil K. The instrument is used to measure water infiltration rates into 
soil at different water tensions. K values at the selected water tensions can be 
estimated from the infiltration data. Steady flow methods for estimating saturated 
and/or unsaturated K from infiltration measurements are presented by Wooding 
(1968), White and Sully (1987), Ankeny et al. (1991), and Reynolds and Elrick (1991). 
The steady flow methods for determining K are restricted to a relatively narrow range 
of water tensions. Reynolds and Elrick (1991) reported 0 to 20 cm as an appropriate 
range of water tensions for tension infiltrometer measurements. This range of water 
tensions is small compared to the actual range in most agricultural fields. 
 
Another way to determine soil K is to use transient water flow data and the cumulative 
infiltration curve for numerical inversion of the Richards equation. Šimůnek and van 
Genuchten (1996) estimated parameters in the van Genuchten (1980) hydraulic 
property model from infiltration data using numerical inversion of the Richards 
equation. They concluded that steady infiltration rates at selected water tensions are 
not enough to represent unique soil properties. Šimůnek and van Genuchten (1997) 
used numerical inversion of water infiltration data at several water tensions. They 
found that using data from more than one water tension improved the hydraulic 
property estimations. Šimůnek et al. (1998) implemented their previous idea on field 
measurements in a sandy loam soil. Their estimated cumulative infiltration was in 
agreement with measured value, and the numerical inversion method could 
sufficiently estimate soil K. However, water retention curves derived from the 
numerical inversion method were poorly matched with laboratory measurements on 
soil cores. Šimůnek et al. (1999) did a laboratory study on the numerical inversion 
method of infiltrometer data. They used pressure transducers and TDR (Time Domain 
Reflectometer) in a loamy sand soil and performed infiltrometer measurements at 
several water tensions. Cumulative infiltration, pressure potential, and water content 
data at several water tensions were used for parameter estimation. Numerical 
inversion results corresponded well to the observed data. The results showed that 
estimated K was in agreement with unsaturated K obtained from the Wooding (1968) 
analysis and from the evaporation analysis of Wind (1968). 
 
The objectives of this study are to compare saturated and unsaturated K of non-wheel 
traffic soil between corn rows, wheel traffic compacted soil between corn rows, and 
prairie soil. We hypothesized that, at small water contents, soil under corn with traffic 
compaction management will have larger K than soil under corn receiving no wheel 
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traffic. Compared to the two corn conditions, soil under prairie field was expected to 
have larger K due to availability of biopores created by plant roots. 

 
2. METHODS 
 
2.1  Study area 

 
The study area was located in Boone County, IA, USA (41°55′N, 93°45′W) at the Iowa 
State University COBS (Comparison of Biofuel Systems) research site. Soil at the site 
is classified as Clarion soil (fine-loamy, mixed, super active, mesic Typic Hapludoll). 
Study areas used for measurements are traffic compacted soil and non-traffic 
compacted soil in a corn field, and soil in a prairie field. The corn field has a 2-year 
rotation of corn and soybean. The prairie area is a combination of various species of 
prairie with no fertilizer applied. The cropping systems have been used since 2008. 
Infiltration measurements were performed after fall harvest in 2012. 
 
2.2  Field measurements 
 
The tension disk infiltrometer (Fig. 1) consists of a bubble tower, a Mariotte column, 
and a soil contact base. The bubble tower is used to control water tension via 
adjustment of an air entry port. The soil contact base is a circular disk used to 
distribute water from the Mariotte column to the soil. Diameters of the Mariotte column 
and the soil contact base are 5 and 25.5 cm, respectively. 

 
Figure 1. Diagram of a tension infiltrometer. Figure from Ankeny et al. (1988). 

 
Pressure transducers are positioned in the Mariotte column to measure pressure at 
the top and bottom of the column. Water level in the Mariotte column is directly 
related to the difference between the top and the bottom pressure, thus water 
infiltration with time can be measured by connecting the transducers to a data logger. 
A Campbell 21X data logger was used for the measurements (Campbell Scientific 
Inc., North Logan, Utah). The pressure transducers were calibrated in our lab with a 
manometer at pressures between 0 and 300 cm of water. 
 
Tension meters were inserted into soil beneath the infiltrometers at depths of 5 cm 
and 7 cm, and at a distance from the centre equal to the radius of the infiltrometer 
contact base. Pressure transducers used on the tension meters were connected to 
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the data logger. Soil matric potential was measured simultaneously with each 
infiltration measurement. Data were collected every 5 seconds. 
 
2.3  Laboratory measurements 

 
One or two days after ceasing infiltration measurements, undisturbed soil cores and 
disturbed soil samples were collected at each measured site. Soil cores were 7.6 cm 
in diameter and 7.6 cm high. Undisturbed soil cores were brought to the laboratory to 
measure Ksat, soil water retention, and soil bulk density. Disturbed soil samples were 
used to measure soil particle size distribution and soil organic matter content. 
 
The soil cores were water saturated in a vacuum chamber before making Ksat 
measurements. The Ksat was measured by a constant head method (Kluteand 
Dirksen, 1986). After constant head measurements were finished, soil cores were 
placed into pressure chambers for water retention measurements. Soil water content 
was measured at pressures of 0, 6, 13, 20, 50, 100, 200, 330, and 500 cm of water. 
Disturbed soil samples were also used to determine soil water contents at 5000 and 
9000 cm of water using pressure plate measurements. After finishing the pressure 
chamber measurements, soil cores were oven-dried at 110 °C to determine water 
content and soil bulk density. Disturbed soil samples were used to measure soil 
texture by sieving and pipette methods. Soil organic matter contents were obtained by 
the loss on ignition method (Konen et al., 2002). 
 
2.4 Soil hydraulic conductivity estimation 

 
2.4.1   Field steady flow method 

 
Soil water infiltration was measured at tensions of 0, 3, 6, and 15 cm of water. The 
first water tension used in the study was 0 cm followed by 3, 6, and 15 cm. Infiltration 
times at 0, 3, and 6 cm tensions were 20-60 minutes. For the 15 cm tension, the 
infiltration time was 1-2 hours or greater. Three replications of infiltration were made 
for each soil condition at 0, 3, and 6 cm. Infiltration at 15 cm water tension was not 
done at every measurement site because of the large infiltration times. Thus, at 15 
cm tension there are two replications for the corn treatments, and one replication for 
prairie. 
 
The Ankeny et al. (1991) approach was used to determine soil hydraulic conductivity 
using steady infiltration rates at each water tension. Since the Ksat can be estimated 
from two steady state infiltration rates and there are four infiltration rates (0, 3, 6, and 
15 cm water) in the calculation, we calculate average hydraulic conductivity from two 
adjacent results. For example, we used steady state infiltration rates at 0 and 3 cm to 
calculate soil hydraulic conductivity at the 3 cm water tension. Then we calculated 
another soil hydraulic conductivity value at 3 cm with the steady state infiltration rates 
at 3 and 6 cm water tensions. The two values for 3 cm were averaged to provide the 
soil hydraulic conductivity at 3 cm. 
 
2.4.2   Field transient flow method 

 
The 2D axi-symmetric flow domain was set to 50 by 50 cm2. The calculation was 
done using a rectangular finite element mesh. The domain was discretized into 17 
horizontal layers and 17 vertical sections as shown in Fig. 2. 
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Figure 2. Domain layers. 

 
The matric potentials used for parameter fitting are either matric potential at the 5 cm 
depth (Node 1) or at the 7 cm depth (Node 2). Nodes labeled 3 are positions where 
water flowed from the infiltrometer into the soil. The layers are concentrated at the top 
of the soil profile and at a distance where tension meters are placed to enhance the 
effectiveness of the calculations. The smaller and more numerous are the elements, 
the longer is the calculation time. The bottom layer was set to have free drainage, and 
the left and right vertical boundaries were set to have no flux. The top layer was 
separated into two parts: a variable head boundary where infiltration occurs and an 
atmospheric boundary where no infiltration occurred. 
 
The initial condition is the pressure head reading of the transducer at the beginning of 
the measurement. Six parameters of the van Genuchten – Mualem model, θr, θs, α, 
n, Ks, l, were fitted. The matric potential readings that represented water flow for the 
current boundary heads were included in the inverse analysis. 
 

3. RESULTS AND DISCUSSION 
 
3.1  Steady flow method 
 
At the 0 cm water tension, soil in the corn field without wheel traffic had the highest 
steady-state infiltration rates, while the soil receiving traffic compaction had the lowest 
steady-state infiltration rates. There were several visible macropores in the measured 
infiltration areas of the non-wheel traffic soils, but almost no pores were visible in the 
wheel traffic areas. The zero tension infiltration rates of prairie soil were intermediate 
to those of the non-wheel traffic and wheel traffic soils. A probable reason that prairie 
soil did not have the larger infiltration rate is that plant roots blocked some of the soil 
pores hindering water movement. A distinguishing characteristic of the prairie soil was 
that many plant roots were present near the soil surface. The average root mass of 
the prairie soils in the top 5 cm in 2012 was 3.6 Mg/ha, while the average root mass 
of the soils from the corn field was 0.1 Mg/ha (Dietzel and Liebman, 2014). 
Representative cumulative infiltrations for 0 cm of water tension are shown in Fig. 3. 
The cumulative infiltrations at 0 cm imply that plant roots and wheel traffic compaction 
affect water movement in these soils. 
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At 3 cm water tension, infiltration rates of all of the soils were less than at 0 cm water 
tension. The non-wheel traffic soil still had the highest infiltration rate, followed by the 
prairie soil and the wheel traffic soil. Fig. 4 shows the cumulative infiltration at 3 cm 
water tension. One of the non-traffic wheel soils and one of the prairie soils had about 
the same cumulative infiltration as the 3 cm tension wheel traffic values. 
 

 
Figure 3. Cumulative infiltration at 0 cm water tension. 

 

 
Figure 4. Cumulative infiltration at 3 cm water tension. 

 
At 6 cm water tension, the values of the cumulative infiltration of each soil were quite 
similar. They can be separated into three groups, the larger, the intermediate, and the 
smaller cumulative infiltrations, as they appear in Fig. 5. The soils with no wheel traffic 
compaction belong to the larger and the intermediate cumulative infiltrations for 6 cm 
tension. The wheel traffic soils and the prairie soils were observed in all of the three 
groups. Differences in cumulative infiltrations between each system are not obvious 
at the 6 cm water tension. 
 

 
Figure 5. Cumulative infiltration at 6 cm water tension. 
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At the 15 cm water tension, cumulative infiltrations of the soils were similar. Fig 6 
shows the cumulative infiltration of the soils at 15 cm water tension. The plot shows 
fluctuations due to bubbling occurring in the infiltrometer. It is notable that one of the 
wheel traffic soils had the largest cumulative infiltration within the 15 cm tension 
measurement. Moreover, prairie soils seem to have the smallest cumulative 
infiltration at this tension. Cumulative infiltration at the 6cm and 15 cm water tension 
for the soils were more similar than they were at 0 cm and 3 cm water tension. The 
pore sizes that primarily contribute to water flow at the 6 cm and 15 cm water tension 
are not the same as the pore sizes that primarily contribute to water flow at the 0 cm 
and3 cm water tensions, because water will not fill a large pore at high water tension. 
 

 
Figure 6. Cumulative infiltration at 15 cm water tension. 

 
K calculated from the measured infiltration rates were analysed in statistical program 
JMP (JMP 11.0.0, Statistical Analysis Systems, Cary, NC). According to the analysis, 
Ksoil hydraulic conductivity at 0, 3, and 6 cm water is log-normally distributed. The 
15cm tension has not enough information for the analysis. The results are displayed 
in Fig. 7. The error bar is standard deviation of the data. Average hydraulic 
conductivity at 0 cm water tension of the non-wheel traffic soil is more than 15 times 
larger than the wheel traffic soil, and is more than 6 times larger than the prairie soil. 
Hydraulic conductivities of the wheel traffic soils and non-wheel traffic soil at 15 cm 
water tension are not significantly different, while one of the prairie soils had lower 
hydraulic conductivities compared to other treatments. The results indicate that traffic 
compaction and prairie roots affect soil hydraulic conductivity. 
 

 
Figure 7. Hydraulic conductivity of the soils at each water tension. 

 
3.2  Transient flow method 
 
Matric potential readings for the non-wheel traffic corn corresponded well to the 
infiltration data. Estimated cumulative infiltration and matric potential matched well 
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with the measured cumulative infiltration and matric potential. However, not all of the 
soil located in area of traffic corn and in prairie showed agreement between 
measured cumulative infiltration and measured matric potential. There are one wheel 
traffic corn site and one prairie site that had small matric potential relative to 
cumulative infiltration. An explanation for this result is either there was measurement 
error or that there was non-uniform flow due to soil heterogeneity. The problem 
resulted in unrealistic parameter estimations. Parameter estimation simulations for 
that wheel traffic corn site and that prairie site did not converge to the matric potential 
inputs. 
 
Estimated K were in agreement with the Ankeny et al. (1991) K values. Fig. 8 shows 
the K estimated using numerical inversion and Ankeny et al. (1991) method for each 
treatment. 
 

 

Figure 8. Soil hydraulic conductivity using numerical inversion and Ankeny et al. 
(1991) method for (a) non-wheel traffic corn, (b) wheel traffic corn, and (c) prairie. 

 
The actual field soil may not be homogeneous. Soil in the traffic area may not have 
received uniform compression. Soil under the prairie may not have the same root 
distribution over the entire volume. The heterogeneity of the soil may cause water 
infiltration to be non-uniform, resulting in non-uniform matric potential readings and 
non-representative inverse calculations. 
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At low tensions, non-wheel traffic corn tended to have larger Ksat than the other two 
treatments. However, at higher water tensions, wheel traffic corn had larger K than 
the non-wheel traffic corn (Fig. 9). 
 

 

Figure 9. Soil unsaturated hydraulic conductivity of non-wheel traffic corn, wheel 
trafficcorn, and prairie using numerical inversion method. 

 

4. CONCLUSIONS 
 
In this study soil hydraulic conductivity is determined for a non-wheel traffic corn row, 
a wheel traffic corn row, and a prairie area using the Ankeny et al. (1991) method and 
an inversion method. The objectives of the study were to compare soil hydraulic 
conductivity between treatments using data from field measurement. 
 
The results show that traffic compaction and prairie roots affect soil hydraulic 
conductivity over the range of water tension. At near saturation, soil between corn 
rows without wheel compaction had largest hydraulic conductivity compared to other 
treatments. The inverse method showed that, at high water tensions, corn without 
wheel traffic had smaller hydraulic conductivity than corn with wheel traffic 
compaction. The results imply that non-wheel traffic soil in the study is better than 
compacted wheel traffic soil for liquid transport at small water tensions, but the 
compacted soil is better than the non-compacted soil for liquid transport at large water 
tensions. These results may be observed at some circumstance such as liquid 
transport process in compacted subsoil. Prairie soil had smaller hydraulic conductivity 
than soil between corn rows without traffic compaction, but it had larger hydraulic 
conductivity than soil between corn rows with traffic compaction. Prairie soil having 
smaller hydraulic conductivity than a non-wheel traffic corn row was unexpected. One 
possible explanation for the results is that prairie roots blocked some soil pores, thus 
hindering water flow. This result requires more verifications, yet it potentially brings 
about some decision making approach for farming. 
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