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Quantitative Analysis of Water
Infiltration in Soil Cores Using X-Ray

Ulrich Weller,* Frederic Leuther, Steffen Schliter, and
Hans-Jorg Vogel

X-ray radiography is a suitable approach to study water dynamics in
undisturbed soil. However, beam hardening impairs the deduction of soil
moisture changes from X-ray attenuation, especially when studying infil-
fration of water into cylindrical soil columns. We developed a calibration
protocol fo correct for beam hardening effects that enables the quantita-
tive determination of changing average water content in two-dimensional
projections. The method works for a broad range of materials and is easy
fo implement. Moreover, we studied the drift of X-ray attenuation values
due to the detector latency and eliminated its confribution to the quantita-
five analysis. Finally we could visualize the dynamics of infilirating water into
undisturbed cylindrical soil samples.

Abbreviations: CT, computed tomography.

Knowledge about the patterns of infiltration fronts in soil is important for a better
understanding of the translocation of nutrients and pollutants (Hendrickx and Flury,
2001; Jarvis, 2007). However, direct, nondestructive observation of infiltration fronts in
opaque soil is difficult. The visualization of water dynamics is important for a substantial
understanding of many processes, such as water storage and solute transport. X-ray radiog-
raphy and tomography can be used to determine differences in material density, and as such
it is useful not only to investigate soil structure (Wildenschild and Sheppard, 2013) but
also to study changes in water content (Hainsworth and Aylmore, 1983). Unfortunately,
the measurement signal is small because water has a much lower attenuation of X-ray than
mineral soil materials. The signal can be increased by adding tracers (Mori et al., 1999; Luo
etal., 2008); however, high concentrations of heavy salts need to be applied for substantial
improvement. This may lead to structural damage of the soil. Another approach uses the
differences in X-ray attenuation at different energy levels, under the assumption that water

attenuation has a constant value in Hounsfield units for any energy (Rogasik et al., 1999).

Another difficulty results from beam hardening as a critical feature when using poly-
chromatic X-ray sources. Each wavelength has a specific attenuation coefficient, and with
increasing path length through a sample the spectrum of the ray is shifted toward shorter
wavelengths with a lower interaction probability. This has a strong influence on the attenu-
ation coefficient of water along the cross-section of the sample, especially if the soil samples
are cylindrical, as is typical for experiments on minimally disturbed soil cores. For circular
cross-sections, the range of path lengths through the sample and therefore the range of
attenuation values is very large. This effect has been neglected in previous studies (e.g.,
Bayer ct al., 2004) but needs to be accounted for if quantitative results on changing water
contents are to be analyzed. This is why it has been stated in the past that X-ray cannot
be used for quantification of water infiltration (Allaire et al., 2009). Some researchers
have overcome this limitation by applying three-dimensional computed tomography (CT)
reconstruction, where the elimination of the beam hardening s part of the reconstruction
process (Mooney, 2002). For high-resolution CT images, it is now possible to determine
the distribution of water in the coarse pore space (e.g., Tracy et al., 2015). This is limited

to steady-state images and to very small sample volumes.
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Because X-ray attenuation by water is small, some researchers have
shifted to the application of neutron radiography (Moradi et al.,
2011; Snchota et al., 2015). Kaestner et al. (2016) gave an overview
of the different methods applied. While neutron probing is an
excellent tool for imaging water, the availability of neutron beam

lines is limited.

In the past, X-ray studies of water infiltration were mainly performed
using flat, quasi-two-dimensional Hele—Shaw cells to minimize
beam hardening effects and to homogenize the attenuation field.
It is, however, close to impossible to obtain flat and rectangular soil
samples that are only minimally disturbed, and the boundary effects
of such samples are critical for flow and transport experiments. This
is why flow and transport in soil is typically investigated in the labo-
ratory using cylindrical samples (Allaire et al., 2009). Moreover, for
cylindrical cores a sampling technology exists that minimizes struc-
tural disturbance (Kuka et al,, 2013): a drill guided by a tripod cuts
out the cylindrical shape, and short after the cutting blade a steel
cylinder is guided over the soil column.

In this study, we developed a methodological approach to quantify
water dynamics in terms of volumetric water content during tran-
sient infiltration experiments in cylindrical soil cores. It is based
on a direct and sample-specific calibration procedure for the full
range of soil and water content along the beam line through the
circular cross-section of the cores.

Materials and Methods
Soil Samples

The approach was tested for 21 soil cores. In this study, we concen-
trated on three rather contrasting samples. They differed in soil
material and in initial water content: two undisturbed soil samples
with different textures (a sandy loam and a loamy sand according
to FAO taxonomy) and a column filled with dry coarse sand. The
sample cylinders were made of polycarbonate, with a wall thickness
of 3 mm and an outer diameter of 100 mm. The sample heights were
100 mm for the undisturbed loamy sand and the coarse sand and
200 mm for the sandy loam. The loamy sand column was dried for
7 dinan oven at 50°C to reduce the initial water content, the sandy
loam was at field moisture, and the coarse sand was oven dried at
105°C prior to the infiltration experiment. In this way, our approach
could be tested for different situations ranging from a wet sandy
loam where little change in moisture can be expected to a dry coarse
sand with potentially strong gradients and sharp infiltration fronts.

The soil textures of the different materials are given in Table 1.

Experimental Design

The setup followed the multi-step flux configuration according
to Weller and Vogel (2012). An irrigation device with 21 evenly
distributed needles was installed on top of the samples to homo-

geneously spread the water on the entire surface. A constant water

Table 1. Grain size distribution for the studied materials.

Soil Sand Sile Clay
%

Loamy sand 84 7 9

Sandy loam 65 16 19

Coarse sand 94 6 0

flux was provided by a peristaltic pump at a flux rate of j = 8 mm
h~L. For the coarse sand with its high hydraulic conductivity, we
increased the flux rate to j = 16.2 mm h™! after 168 min and to
j=64.8 mm h~! after 242.5 min to detect further changes in
water content. At the lower boundary, the cylindrical samples were
covered with a perforated lid to stabilize the core and placed on a
funnel-shaped support that was filled with saturated foamed clay
pellets. Thus, percolating water drained freely (seepage boundary)
and was transported to the outflow, where water was removed
immediately using the same pump as for the irrigation system. To
independently measure the total change in water content during
infiltration, the entire experimental setup was mounted on a bal-
ance and the weight was automatically recorded every 20 s. The
experiments were stopped when the total mass remained constant,

assuming that an equilibrium of outflow and inflow was reached.

Radiography

The analysis was performed in an X-ray microtomograph (X-Tek
XCT 225, Nikon Metrology) with classical radiography to moni-
tor the two-dimensional projection of infiltrating water so that
the shape and stability of wetting fronts were detected. To exploit
the full range of gray values, slightly different energy settings were
chosen for the different materials: loamy sand (140 keV, 470 pA),
sandy loam (160 keV, 520 pA), and coarse sand (128 keV, 450 LA).
To prevent overexposure at the lateral margins of the detector
panel, we used 2 2.0-mm (sandy loam), a 1.5-mm (loamy sand), and
2 0.5-mm (coarse sand) copper filter. Radiographs were automati-
cally taken every 150 s by averaging 16 frames with an exposure
time of one frame per second. In between two records, the source
of radiation was switched off to reduce gray value shifts due to

latency of the panel.

The complete experimental setup was installed inside the X-ray
chamber. To allow for calibrating the measured X-ray attenuation
with respect to volumetric water content, the first image was made
with an additional water column (radius 27 mm) installed horizon-
tally behind the vertical soil core, which was relatively dry (see Fig.
1). Due to the cylindrical forms of the sample and the water column,
this image provides (i) a water gradient in the vertical direction
across the diameter of the water column and (ii) a gradient in soil
thickness in the horizontal direction across the diameter of the soil
sample. Afterward, the water column was removed and an image
of the dry sample was taken. The sample was not moved during the

entire experiment, which is critical for the following analysis.
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A drawback of X-ray radiography is slight drifts in gray values
due to charging or discharging of the panel while recording the
images. The effect of latency varies in time and space because it
is highly sensitive to the absorption of radiation from the pene-
trated material and to the history of the previous images. To reduce
the influence of gray value shifts during the experiment, we pre-
radiated the panel without the sample for 15 min using the same
energy settings as for the subsequent experiment. Thus, the imag-
ing started with a fully charged panel and the gray value drifts were
limited to discharging processes. To detect the gray value drift,
we installed two flat copper disks of different thicknesses close
to the sample cylinder. The thicknesses of the disks were chosen
such that their X-ray attenuation corresponded approximately to
the minimum and maximum attenuation caused by the soil core
(Fig. 1b). For the loamy sand, we used 1.5- and 11-mm-thick copper
disks and 2.0- and 14-mm-thick disks for the sandy loam.

Image Analysis

The calibration procedure was based on the radiography of the soil
columns at initial moisture content in combination with the water
column (Fig. 1). This setup produced a broad range of well-defined
water contents above the initial moisture according to the beam
length within soil and water. For each pixel of the radiography, the
X-ray beam has passed known lengths through soil and through
additional water. This can be used for calibration. All image
processing was done using the open source software packages
QtQuantIm (Weller, 2010) and Fiji ImageJ V. 1.50d (Schindelin
etal., 2012) in four steps.

Image generation (QtQuantim)

A cylindrical projection for both the water column and the soil
column was calculated. Additionally, the radiography of the dry
soil with the water column was divided by the dry soil without the
water column to obtain the attenuation due to the water column
(water attenuation image ). Here, dry means the initial soil mois-
ture of the sample before the irrigation had started.

Fitting (Gnuplof)

An automatic, randomized point data sampling of 300,000 pixels
within the area of the projected water column was performed. For
each pixel, the projected length of the water column (w), the initial
gray value due to the soil column (5,), and the value of the water
attenuation image () was obtained. This gives the attenuation
curve for the amount of water, where the attenuation coefficient is
dependent on the initial attenuation by the soil column. The fit was
based on minimizing the sum of squared residuals of the hyperbola

exponential function and the sampled data by varyingbl, hz, and b3:

1]

c=exp

w b + by
so+h

Equation [1] needs fewer parameters and had a lower sum of errors

of all the tested curves (exponential, polynomial, and rational).

- water
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Fig. 1. Calibration setup with water column added. |

Image Correction (Fiji)

To eliminate the effect of gray value drifts due to latency of the
panel, we calculated the mean gray value for the thick (m) and
thin (a) copper disks for every single time step (#) and corrected
the initial gray values of the soil column (s,) for the specific drift
by assuminga linear relation between the drifts:
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where 7 and 4, are the mean initial gray values, 72, and 4, are
the mean gray values for the single time step (£), and s is the final
gray value.

Water Quantification (QtQuantim)

The amount of water (w,) added during the experiment along the
beam line was quantified in QtQuantIm for every single time
step using

_ In ( 5, /54 ) 3]
et )

where s, is the gray value for the single time step, and s 4 is the drift-

corrected initial gray value.

Finally, the quantified water had to be translated into volumetric
water content by dividing the result by the projection length of
the soil column. For numerical reasons, the division image and
the projection images were multiplied by an appropriate factor to
use the full gray value range of a 16-bit image.

To check the accuracy of the method, water mass balance was
calculated both by the mean volumetric water content across the
entire soil sample calculated from the radiography and by the
increase in total mass.

Results

Fitting

The relations between gray values of soil, water content, and their
division is described by a hyperbola exponential function with
three parameters: 191, 192, and h3. Data points and the fitting curve
of the loamy sand are plotted in Fig. 2; the color scheme of the
single dots illustrates the individual vertical distance to the opti-
mized curve. The method of sum of squared residuals provides a

parameter fit for the different soils and moisture levels with an
asymptotic standard error (ASE) not higher than 4% (Table 2).

Raw data +

0.02
0.01
0]
-0.01

-0.02
residual

Fig. 2. Fitted hyperbola function for X-ray attenuation by water: attenu-
ation due to added water column (¢), initial attenuation by soil column
(s9)> and the projected path length in the water column (, mm).

Table 2. Fitting parameters for radiography evaluation for the three soil
types.

Soil hy by by

Loamysand 3,65 x 1075 (1.6%)t 6.96 x 1072 (3.8%) —2.75 x 10~%(0.1%)
Sandyloam 489 % 1075 (1.0%) 8.89 x 1072 (2.3%) —2.64 x 104 (0.1%)
Coarsesand 345 % 1075 (1.2%)  6.02 X 1072 (2.7%) —2.77 x 10~ (0.1%)

T Asymptotic standard error in parentheses.

The fit for the sandy loam had the least maximum ASE of 2.3%
for h,. In comparison to the sandy loam and the coarse sand with
a maximum error of 2.7% for 4,, the fit for the loamy sand has a
higher instability, which results in a maximum error of 3.8%. The
higher residuals of the single data points are evenly distributed
across the entire range; therefore no systematic trend across the
observed fitting range can be detected.

Applying the attenuation coefficient for water without correction
for beam hardening in the dark parts, where the attenuation by soil
is 0.1, would result in an underestimation of the water content. For
the loamy sand and coarse sand only 25% and for sandy loam only
15% of the actual water would be detected.

Gray Value Drift

Figure 3 shows the mean gray value drifts with time of the 1.5-
and 11.0-mm copper disks during 7 = 11 repetitions with the
same experimental settings and their standard deviation. To
start with a well defined latency, we pre-radiated the panel for
15 min to charge the panel. During the experiment, the radiation
is absorbed by the material and therefore reduced in energy at the
panel. This effect is enhanced by a discharging of the panel with
time—the gray values are getting lower and therefore the drifts
are negative. The thicker copper disks had a mean gray value of
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Fig. 3. Drift of the gray values due to panel latency. |




around 4300, the thinner of 23,800. These values correspond to
the brighter and darker areas in the image of the soil core. For the
11-mm copper disks, the mean gray values decrease by —3.5%, the
1.5-mm copper disks by —1.1%. The gray values of the soil are in
between the gray value range of the copper disks and therefore
are affected by the drift likewise. The data show a clear negative
trend of the gray value drifts, which are related to the density of
the radiated material. Hence, correction is necessary to prevent
an overestimation of the water front because a negative drift

would be interpreted as an increase in water content.

Infiltration Fronts via Two-Dimensional
X-ray Radiography
Infiltration front propagation and the spatial moisture distribution

of the different experiments are shown in Fig. 4.

Three images per sample from different time steps are presented
from left to right for the loamy sand (A), the coarse sand (B), and
the sandy loam (C). The images give the mean values of water
content along the projected path length; local heterogeneities are

pronounced in the lateral parts but are more leveled out in the

180 min

Fig. 4. Infiltration for three different soils: (A) loamy sand, (B) filled coarse sand, and (C) sandy loam.
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central region. The color code illustrates changes in water content
in a range from 65% (v/v); the values were calculated for every
single pixel. Because the velocity of the infiltration front is pri-
marily determined by the change in water content (Af) across the
infiltration front, this front passes much faster in the wet sandy
loam than in the dry sandy soils. Therefore, different points in
time are presented to better compare the spatial infiltration pat-
terns for the different materials. The wetting front of the dried
loamy sand is distributed across the entire sample width and pro-
ceeds homogeneously through the soil. The boundary between
dry and completely wet soil is sharp. The final increase in water
content for the entire sample was about 28.9% (v/v), while at the
boundaries and in the uppermost part of the sample this increase
was up to 55% (v/v) because here the soil was initially drier.

The coarse sand represents an excellent example of preferential
flow in unsaturated, coarse-textured soils. Three narrow paths are
sufficient to conduct the water to an artificial layer, where water
accumulates before flowing to a second layer. In this experiment,
the calculated change in water content is equal to the absolute
water content because the filled coarse sand was oven dried. The
paths on top and the one between the two layers have a mean water
content of 7% (v/v), the upper water lenses up to 36% (v/v), and
the lower up to 55% (v/v). The experiment shows high gradients
in water contents and demonstrates the huge heterogeneity of the
flow field in quantitative terms.

The total increase of soil moisture in the sandy loam was 5.6%
(v/v); the infiltration front is clearly detectable for all time steps.
Due to higher initial soil moisture in the column, the initial
hydraulic conductivity ahead of the infiltration front is higher,
the gradient in water content at the front is small (0-6% v/v), and

10
35 |
30 -
25+
)
= 27 ,
3
15
10 -
loamysand:  radiographic ——
gravimerric ——
51 coarse sand:  radiographic
gravimertric
sandy loam:  radiographic —s—
0 gravimetric ———
0 50 100 150 200 250 300

time [min]

Fig. 5. Comparison of the change in water content (A8) using gravi-
metric and radiographic methods for three different columns. Arrows
indicate increasing flux rates.

therefore the front is less sharp. Because the clay minerals were
already water saturated, artifacts of a swelling soil are negligible.

Quantification of Infilirated Water

Figure 5 shows the change in water contents calculated by weight
gain per volume and the mean determined gray value of the entire
sample. The results demonstrate the applicability of the method
but also a systematic overestimation of the water content. For the
sandy loam the data are most reliable, with a maximum discrep-
ancy of 1.9% (v/v) after 90 min. The coarse sand has a maximum
discrepancy after 95 min (3.0% v/v), the loamy sand after 145
min (3.8% v/v). It was possible to detect the water dynamics in
the sandy loam and the changes in water content due to increasing
flux rates in the coarse sand after 168 and 242.5 min, respectively.

The consistency of the determined changes in water content were
verified in a series of soil columns under two conditions (Fig. 6).
The dried loamy sand had lower deviations and no drift with time,
whereas the initially wetter sandy loam had up to 2% (v/v) mean

drift.

Discussion

The differences in water content derived from radiography were in
good agreement with the ones obtained via gravimetry. Also, the
resulting images of water infiltration showed no lateral gradient due
to the cylindrical shape of the soil column. Only at the very edge can
an overestimation of water be assumed. Parts of the oversaturation at
the boundaries are artifacts due to swelling processes of the soil into
former air-filled areas. The method is based on density changes and
cannot separate the radiation reduction due to increasing water con-
tent from that due to particle movement. The artifacts are therefore
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Fig. 6. Differences between radiometrically and gravimetrically deter-
mined changes in water content. Shaded areas indicate the standard
deviation; boxes give the mean value for the replicates.




predominant at the edges where the radiated soil is thin and small
changes have a strong impact on the mean gray value. Therefore, the
first 10 pixel rows had to be excluded from further analysis. It can
be assumed that the reconstruction of the water content is feasible
and that beam hardening has been eliminated with the hyperbolic
correction. However, there is no obvious explanation why the correc-
tion function should be a hyperbola. The calibration method allows
the study of infiltration fronts in minimally disturbed soil columns,
which is an advantage over cubic setups that have been studied previ-

ously based on radiography.

An obvious drawback of using radiography is the projection of
the water content along the sample thickness such that details
in the spatial patterns are blurred. This could be overcome with
three-dimensional reconstruction of the water content. We did
this experiment, calculating the water content for the whole set of
500 radiographs and recalculating the water contents into artificial
attenuation images, which were then used for CT reconstruction
using conventional filtered back-projection. The quality of the
resulting images was, however, as noisy as direct CT reconstruction
images and subsequent difference calculation of the Hounsfield
values. The main disadvantage for the three-dimensional recon-
struction remains: the series of radiographs has to be captured
very fast if the water fronts are moving fast. In this case, the two-
dimensional reconstruction is clearly superior.

Conclusions

With the presented procedure, it was possible to quantify changes
in water content across the whole range of studied materials. We
could eliminate the effects of beam hardening, which enabled us
to use minimally disturbed, cylindrical soil cores for our infiltra-

tion studies.

This technique enables the visualization and quantification of
fast-moving water fronts. It enables the quantitative study of
heterogencous water flow and of nonequilibrium dynamics with
simple polychromatic X-ray radiography at a resolution that could
be achieved before only by neutron probing or with monochro-

matic X—ray sources.
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