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Abstract

Aquifers of coarse gravel are an important source for drinking water; however, coarse
sediments are also particularly susceptible to the rapid and long-range transport of
pollutants through the vadose zone. Therefore, understanding the flow and solute
transport in unsaturated gravel material is of utmost importance for the protection
of drinking water resources. Experimental investigations of flow and transport pro-
cesses are dependent on suitable sensor technology, but it is a considerable challenge
to install soil moisture sensors in gravelly material. In this note, we developed a novel
method to install soil moisture sensors with minimal disturbance in a large lysimeter
with undisturbed gravelly sedimentary material, based on drilling access cavities in
frozen material. We investigated whether it is possible to obtain reliable soil moisture
measurements and found that the probes measured the flow dynamics pattern well

but could not quantify realistic absolute water content values.

Shallow unconfined aquifers are especially susceptible to
microbial and chemical contamination, particularly in inten-

Water in gravel aquifers is an important drinking water
resource, used around the world for human consumption.
These aquifers often lie close to the ground surface, are het-
erogeneous with preferential flow paths, and have fast travel
times in the subsurface, causing them to be vulnerable to con-
tamination (Pang, Close, Goltz, Noonan, & Sinton, 2005).

Abbreviations: TDR, time-domain reflectometry.

sively used agricultural regions where fertilization (organic
and mineral) and pesticide application may be used to increase
crop yield. In order to protect this valuable resource from
surface contamination, water movement in the vadose zone
needs to be understood. Lysimeters offer a unique opportunity
to measure flow characteristics in detail under close to natu-
ral conditions. More realistic flow parameters can be deter-
mined for heterogeneous material on a larger scale using a
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lysimeter and undisturbed material conditions (Maciejewski,
Maloszewski, Stumpp, & Klotz, 2006).

Modeling flow and transport in large columns and lysime-
ters containing gravel material is challenging due to the het-
erogeneity of the porous media and the inherent issues with
respect to characterizing hydraulic properties of stony soils
(Naseri, Iden, Richter, & Durner, 2019). Furthermore, the
instrumentation of the lysimeter while not disturbing the
material is very difficult. This makes it almost prohibitive
to define unsaturated zone properties in undisturbed gravel
material with standard techniques (Mali, Urbanc, & Leis,
2007). Local water content measurements based on dielectric
permittivity usually require the installation of sensors that use
metal rods as electromagnetic waveguides. Besides disturbing
the material, a common problem with the installation of such
sensors is the creation of artificial voids along the water con-
tent probes and the deformation of the probe’s metal prongs,
as they are pushed into the gravelly material. However, it is
not clear if there is an effect from the stones in the soil caus-
ing the prongs to converge or diverge towards the ends, and
this needs to be examined in more detail (Graeff et al., 2010).
Another problem is the altered pore structure along the rods,
which is no longer representative of the undisturbed soil and
leads to biased sensor readings as compared with undisturbed
in situ conditions.

The aim of this study was the development of an installa-
tion technique for soil moisture probes in a large, undisturbed
lysimeter dominated by gravel material. We describe our
novel technique to install time-domain reflectometry (TDR)
soil moisture probes in gravelly material, include a discus-
sion of the disadvantages of this method, and show prelim-
inary results of the measurements. The results will lead to
further detailed modeling and data interpretation. The study
is part of a larger research project that aims at understand-
ing the recharge and transport processes in gravel material,
by measuring the seepage through the vadose zone using
a well-instrumented lysimeter and detailed measurements.
Compared with fine soils, there are very few studies that
investigate in detail the vertical flow of water through several
meters of gravel material; thus, there is a demand for reliable
data that would allow providing hydraulic property values,
specifically unsaturated hydraulic parameters (Thoma, Bar-
rash, Cardiff, Bradford, & Mead, 2014).

2 | MATERIALS AND METHODS

2.1 | Lysimeter excavation and installation

The large-scale lysimeter consists of a 4-m -high and 0.78-m-
diam. gravel column (cross-sectional area of 0.5 m?) encased
by a fiberglass wall of 16-mm thickness. The column was
constructed from two 2-m-long undisturbed sections, and the

Core Ideas

* A novel method was developed to install soil mois-
ture sensors in gravelly sediments.

* Sensors were installed with minimal disturbance
by drilling in frozen material.

* An aluminum sleeve on TDR rods still leads to reli-
able measurements.

material in the columns is dominated by gravel (up to 85%)
but contains some fine material including loamy sand and
sand (Table 1). The columns were taken from a gravel pit near
Neuhofen an der Ybbs, Austria (14°51'56” N, 48°04'17" E),
by driving the 2-m-long pipes, with a sharpened metal ring
attached, into the ground with a front end loader, 2 m apart.
This was done such that the top of the second pipe was
taken at the same elevation as the bottom of the first, so
that the original stratification of the material in the columns
remains intact.

For transportation and subsequent instrumentation, solid
caps were firmly mounted at both ends of each of the two
lysimeter sections. The lysimeters were then transported in
their original alignment (vertically) to the laboratory.

2.2 | Material characterization

To characterize the material, additional cores were taken
every 25 cm until 4-m depth, from the gravel pit. They were
analyzed for grain size distribution, organic matter content,
pH value, carbonate content, and particle density (Table 1).
Based on material characteristics, the lysimeter was divided
into two sections. The upper 75 cm is considered Material A
and consists of loamy sand and gravel. From 75-to-400-cm
depth (Material B), the column contains sand and gravel and
has a high carbonate content. Grain size distribution curves
were generated from the sieving data (Figure 1), and the
largest gravel grain size diameter identified was 120 mm. The
organic matter content was below the limit of detection for
both materials.

2.3 | Lysimeter instrumentation

In total, 19 three-pronged 20-cm-long TRASE Buriable
Waveguide (6050 x 3KI1B Minitrase Kit) soil moisture
(TDR) sensors (Soil Moisture Equipment Corporation) were
installed along the entire length of the column at depth inter-
vals of 10-30 cm, and measurements were analyzed using
the manufacturer’s software (Figure 2, installation details are
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TABLE 1 Characterization of the gravel material

Sample Clay Silt Sand Gravel Particle

Sample depth Dyy* Dgy/Dyy” (<0.002 mm) (0.002-0.063 mm) (0.063-2.0 mm) (>2.0mm) CaCO; density pH
cm mm % gcm™3

Material A 0-25 7 356 4.6 8.1 13.1 74.2 70.2 7.82
25-50 9.5 50 2.8 4.9 12.7 79.6 71.5 2.82 7.78
50-75 9 48 32 4.0 18.5 74.4 85.0 7.94

Material B 75-100 76 10 0.6 1.5 12.6 85.2 93.6 791
100-125 9 33 0.7 2.5 17.2 79.5 94.2 2.82 7.92
125-150 6.8 2 0.4 22 22.7 74.7
150-175 82 12 0.3 0.8 16.7 82.2 97.4 7.93
175-200 8.1 13 0.3 1.0 17.8 80.8
170-195 7.6 12 0.7 1.2 15.5 82.6
195220 13 35 0.3 2.1 17.1 80.5 97.3 2.81 7.89
220-245 8 16 1.0 1.9 17.5 79.6
245-270 7 11 0.1 1.1 18.5 80.3 97.6 7.95
270295 5 23 0.2 1.9 28.4 69.6
295-320 6.1 15 0.2 14 214 77.0 98.9 2.81 8.06
320-345 7 17 0.6 1.1 18.8 79.4
345-370 7 14 0.4 1.0 19.5 79.1 99.2 7.70

Dy, refers to the grain size at which 50% of the material (mass/total mass) is smaller.

®Dg, refers to the grain size at which 60% of the material (mass/total mass) is smaller. D, refers to the grain size at which 10% of the material (mass/total mass) is smaller.
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FIGURE 1 Grain size distribution curves of Material A (0-to-75-
cm depth) and Material B (75-to-400-cm depth)

given in Section 2.4). In addition, 21 tensiometers and 11 tem-
perature sensors were installed, which are not covered in this
note. After installation of the sensors, all access openings in
the fiberglass cylinder wall were sealed watertight, and the
two 2-m-long sections were stacked on top of each other and
mounted on a bottom cone that was packed with material from
the site. The bottom cone has an outflow pipe with a diameter
of 35 mm and was placed on a scale with three point con-
tacts (Shear Beam Load Cell Model 3510, Tedea-Huntleigh).
Additionally, there are two scales (resolution = 1 g) weigh-
ing the inflow and outflow water. The outlet at the bottom of

the column is controlled by a tap, so that the water can drain
freely by gravity but can also be injected from the bottom.

An irrigation system was installed at the top of the column,
which dripped directly onto the material surface, with no veg-
etation present. The irrigation system consisted of a multi-
channel peristaltic pump (Watson-Marlow) with tubes being
pumped simultaneously on seven channels, all connected to
a plastic plate onto which the outlets of the seven tubes were
evenly distributed. Mass and TDR data were transmitted to a
datalogger every 15 min.

2.4 | TDR recalibration and installation

The two 2-m-long columns, laid horizontally, were frozen to
—8 °C in the laboratory in insulated containers with an electri-
cal freezing device, in order for the material to remain undis-
turbed for the TDR installation. At each point of TDR instal-
lation, 10-cm-diam. access holes were bored in the fiberglass
cylinder wall. Through these openings, water was added to the
frozen material, which froze within a short time. This pro-
cess was repeated twice to locally fill the pores with ice to
an extent sufficient to ensure a compact and firm connection
of all embedded gravel and soil particles. With the help of a
template, three holes were then drilled into the frozen mate-
rial at each installation point, lined up with the TDR probes
(Figure 3, center and right) in order to prepare for the
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FIGURE 2
and Water Management Research in Petzenkirchen, Austria. TDR, time-

Column setup in the laboratory of the Institute for Land

domain reflectometry

FIGURE 3
original (top) and modified form (bottom). Centre: Drilling 8-mm access

Left: Time-domain reflectometry (TDR) probes in

holes using a template. Right: Open 8-mm access holes for modified
TDR rods

installation of the modified TDR probes, each of which
has three 20-cm-long metal prongs (Figure 3, left). The
rotary hammer drill that was used had a drill bit for stone
that was 8 mm in diameter, and drilling and hammering
were done simultaneously. It took between 2 and 5 min
to drill each hole, and if big stones were encountered, it
took longer; thus, the installation for one TDR probe (three
boreholes) took ~10 min. Melting of the gravel material,
due to heat production of the drill and hammering, was
not visible and the material remained in position. Melted
water froze again immediately when rotation stopped due
to the low temperatures (—8 °C) of the surrounding mate-
rial. An 8-mm drill bit was necessary for successful drilling,

and therefore, the 3-mm-diam. prongs of the TDR probes
were enlarged to 8 mm using aluminum sleeves (Figure 3,
photo left).

Time-domain reflectometry probes measure the dielectric
permittivity (resistance to form an electric field) of a medium,
which can be related to water content with an accuracy of 1—
2% volumetric water content (Jones, Wraith, & Or, 2002), for
fine soils under ideal conditions. We investigated the reliabil-
ity of the TDR readings and the potentially altered calibration
of the modified sensors in a side experiment prior to instal-
lation of the TDR probes. For the calibration, air-dry quartz
sand was poured into a bucket. Three modified TDR probes
were then vertically inserted at different positions, and one
measurement was taken for each. The mean of these mea-
surements was related to the mean of three inserted original
(unmodified) probes, which were regarded as unbiased. Water
was then added to the sand and mixed, and the probes were
again inserted and measurements were taken. This process
was repeated until the sand was completely saturated.

2.5 | Flow-through experiments

After completion of the sensor installation and column assem-
bly, the lysimeter was gradually saturated with water up
to the top by flooding it via the bottom tap. After that,
the water was allowed to drain, and irrigation from the
top was applied at different intensities. Four successive
water applications with increasing flow rates were applied,
always with free discharge. In this technical note, we will
show results for the intermediate flow rate of 30.7 mm
d~! for illustrative purposes. This test took place from
8:00 a.m. on 27 June 2011 to 10:00 a.m. on 7 July 2011 and
involved continuous irrigation from 8:00 a.m. on 27 June 2011
for 48 h, followed by free drainage.

3 | RESULTS AND DISCUSSION

3.1 | TDR calibration

The modified TDR probes were tested against the unmodi-
fied probes in sand at different water contents, as described
in Section 2. Figure 4 (left) illustrates that the modified TDR
probes slightly overestimate the water content by ~2%. The
alteration of the probe’s design has ramifications, which are
not clear. The new probe design with thicker prongs may not
affect the travel time, but rather the geometry factor of the
TDR probe, with unknown significance to the shape of the
TDR waveform and possibly the measurement volume. There-
fore, the modified TDR probes were recalibrated according to
the bucket experiment, and the small but systematic deviation
that was found; the deviation depends linearly on the water
content (Figure 4, right). We thus corrected the readings of
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content-dependent deviation of readings of modified vs. original TDR probes

the modified TDRs by subtracting the bias A8 =0.050 + 0.87,
where 0 is the raw reading of the modified TDR probe.

3.2 | Reliability of TDR measurements

The installation method of the TDR probes presented sev-
eral challenges, as it was sometimes necessary to drill through
large pieces of gravel. Resulting changes in the dielectric per-
mittivity along the waveguide, such as stone (which has a low
permittivity), could theoretically cause a misinterpretation of
water content values and could have a strong effect on the
results (Knight, Ferre, Rudolph, & Kachanoski, 1997; Topp,
Davis, & Annan, 1982).

Figure 5 shows the results of the TDR measurements at
five selected depths during the infiltration experiment. The
upper graph shows the measured values of volumetric water
content (%), whereas the lower graph presents these values
normalized to an initial water content of 0% (i.e., to reflect
the water content change). The measurements successfully
caught the dynamics of infiltration and the drainage front over
time. Specifically, they show the dissipating wave propaga-
tion of the irrigation front within the lysimeter, the dampen-
ing of the water pulse height with increasing depth, and the
almost synchronous decrease of the water content during the
drainage phase.

With respect to the absolute values of the water contents,
we assume that there is some error in the data. This is indi-
cated by the different levels of the water contents before the
arrival of the infiltration front and similarly after the passage
of it. These water content levels vary from 13 to 24% (Fig-
ure 5, top), with the variability being higher than expected
from random heterogeneity. Bias in the absolute measurement
is not uncommon in field studies, even in “normal” soils (Jack-
isch et al., 2020). Material texture, bulk density, clay, and
organic matter can all affect the accuracy and precision of
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FIGURE 5 Measured water content curves (upper graph) and

water content curves shifted to zero (lower graph) to illustrate flow
dynamics

the measurements (Persson, 2001; Ponizovsky, Chudinova,
& Pachepsky, 1999). In our case, relatively low water con-
tents were especially noticeable at sampling points 110, 185,
and 390 cm, which all lie in the portion of the column with
coarser gravel and higher gravel content. With respect to vari-
ability, we may speculate that in this portion of the lysime-
ter, the sensor’s measuring volume does not reach the repre-
sentative elementary volume (REV) that is required to give a
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representative measurement in a porous medium, due to
reduced volume because of the thicker prongs.

Further sources of error might be that the Topp equation
(Topp, Davis, & Annan, 1980) used in this study, which is
commonly used for mineral soils to convert the measured per-
mittivity from the TDR probes to water content, is not equally
applicable in gravelly material. Topp et al. experimented with
porous media ranging from sandy loam to clay, and particle
size distributions of their soils were all below a grain size of
2.0 mm, which is the approximate D, for our material, mean-
ing 20% of the material mass has this grain size or smaller
(see Figure 1). Other equations have been suggested as more
appropriate for stony materials (Coppola et al., 2013; Pakpar-
var, Cornelis, Gabriels, Mansouri, & Kowsar, 2016). Since
all these potential sources of error are relatively insignifi-
cant due to the dominant effect being the heterogeneity of the
material, we have not tried to test alternative calibration equa-
tions in this phase of our project. We assume, however, that
the individual offset errors are most probably not due to the
aluminum sleeve on the TDR probes because, as mentioned
above, the calibration showed that the modified probes lead to
only a slight overestimation of the water content values. Fur-
thermore, this newly developed method does not cause mate-
rial compaction around the sensor prongs, which would show
an error involving an increase in water content values, espe-
cially in material with coarse pore space (Iwata, Miyamoto,
Kameyama, & Nishiya, 2017).

Over the course of the infiltration experiment, the measure-
ments of water contents by TDR can be integrated for the col-
umn and compared with the total mass change. This allows us
to assess the accuracy of the TDR measurements with respect
to water content changes. For that purpose, the water content
at all 19 sampling points was multiplied by the correspond-
ing volume, according to cross-sectional area along the length
of the column, and integrated for every 15 min (frequency
of recorded measurements). This integrated cumulative mass
was then compared with the cumulative mass of the column
over the duration of the experiments (i.e., from 27 June 2011
to 7 July 2011).

Figure 6 shows the net change in column mass and the
calculated water mass change from the water content mea-
surements. The qualitative agreement is very good and indi-
cates the general high reliability of the TDR measurements;
however, the integrated mass change from the TDR measure-
ments overestimates the mass change obtained from the col-
umn mass measurements systematically, by ~8%. It is likely
that this discrepancy is due to the difference in scale (i.e.,
the relatively small sample volume of the TDR sensors com-
pared with the volume of the entire column). Since we can
assume that the column mass measurements are unbiased and
accurate (Fank & Unold, 2007; Schrader et al., 2013), we can
scale the TDR data in order to come to an optimal match. The
result was obtained with a scale factor of 0.92 (equivalent to a
slope correction of the TDR readings of 8%) and is shown in
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FIGURE 6
is obtained from mass measurements and outflow, time-domain reflec-

Cumulative change in mass. Lysimeter mass change

tometry (TDR)-derived mass is calculated by integrating the 19 TDR
measurements with their respective depth intervals

Figure 6 as ared line. The excellent match shows that the TDR
probes were successful in quantifying the change in water con-
tent over the course of the experiment and thus are suitable
tools to measure the dynamic pattern of water content changes
in the lysimeter.

4 | CONCLUSIONS

Our novel method of installing TDR probes in coarse gravel
material was successful in recording the unsaturated flow
dynamics in a large column. Although individual TDR probes
could not consistently measure the absolute water content
values, the water content changes were measured with high
accuracy after a moderate correction of the slope of the
TDR readings by 8%, as can be seen from the comparison
of the results with the total mass of the column. Thus, the
measurements of the TDR probes contributed to the under-
standing of the dynamics of the water content and can help
to identify the flow properties in the vadose zone of this
undisturbed gravel material. We intend to use the measure-
ments of this and subsequent experiments to identify unsatu-
rated hydraulic functions by inverse modeling and to produce
effective water retention curves and unsaturated hydraulic
conductivity curves. With this lysimeter and its instrumen-
tation, we hope that it will be possible to better understand
the unsaturated flow characteristics in gravelly material and,
in future studies, the solute transport with a specific focus on
potential removal of pathogenic microorganisms and microp-
ollutants in the unsaturated and saturated zones of gravel
aquifers. The implications of this work may thus be important
for drinking water protection.
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