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Abstract: Soil erosion is a problem of global significance; yet obtaining data on rates of soil erosion is
not straightforward. Radio-Frequency Identification (RFID) offers the prospect of improvements in
estimates of these rates through better understanding of the movement of individual soil particles.
We report on two laboratory experiments to measure the travel distances of surrogate soil particles
during erosion events. In the first experiment, we used RFID tags that need to be placed within a
reader for identification. In the second, we used tags with a booster antenna that allowed remote
detection. The recovery rate of particles in the first experiment was 81.7%. Most likely, lost particles
were buried by other moving sediment. The distribution of travel distances is well fitted by a Burr
4-parameter distribution which lends support to its use for modelling travel distances of eroded
particles. In the second experiment, the average distance from which particles could be detected was
62 mm and the average error in locating particles was 17.9 mm. We attribute much of this error to the
assumptions that the detection field is a circle on the ground with the reader at its centre, and that the
same detection range exists for all positions of the reader. RFID is shown to provide insights into the
movement of individual soil particles, but improvements are needed in both particle detection range
and modelling of soil particle movement before the full potential of RFID for measuring soil erosion
can be realized.
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1. Introduction

Soil erosion is a problem of global significance. Of the variety of agencies that may be responsible
for soil erosion, water is a principal one. An estimate by Reference [1] put the annual global cost of
soil erosion by water in excess of US$ 7 billion. Despite its importance, obtaining data on rates of
soil erosion on which to base land-management practices is not straightforward. Although several
methods have been used, the rates obtained have been called into question (e.g., References [2,3]).
More than 20 years ago, Reference [4] (p. 23) commented that to obtain estimates of rates of erosion
“Emphasis should be given to measuring the distance particles are transported by splash, wash and
rills in an erosion event.” However, because of their size and number, tracking the movement of
individual soil particles has proved difficult in the past. For the most part tagging of bulk tracers has
been used. (For a review and discussion of such tracers, see Reference [5]). More recently, tracking
of individual particles has been achieved. Reference [6] reported on real-time tracking of individual
fluorescent particles in a laboratory study, and Reference [7] used Radio-Frequency Identification
(RFID) transponders to monitor the movement of tagged artificial ‘soil’ particles in both laboratory

Appl. Sci. 2018, 8, 2511; doi:10.3390/app8122511 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-6730-5031
http://www.mdpi.com/2076-3417/8/12/2511?type=check_update&version=1
http://dx.doi.org/10.3390/app8122511
http://www.mdpi.com/journal/applsci


Appl. Sci. 2018, 8, 2511 2 of 11

and field experiments. In this paper we report on two further experiments to assess the role of RFID
to measure the distance travelled by soil particles during erosion events. In the first experiment we
focus on RFID tagged particles that are the same size as their surrounding particles. The aim here
is, in the longer term, to develop this study in conjunction with Reference [8] to demonstrate how
the movement of tagged particles can be used to derive a rate of soil erosion. However, the particles
used in this experiment need to be located within a reader in order to be identified, constraining the
practical application of the study. In the second experiment, we used tags with a booster antenna that
allowed remote detection to assess the range and accuracy of remote detection. Since both experiments
can be described as feasibility studies, controlled laboratory conditions are used.

2. Materials and Methods

The experiments were conducted on an experimental plot (Figure 1) using the large-scale rainfall
simulator at the National Research Institute for Earth Science and Disaster Resilience (NIED), Tsukuba
Japan. The simulator is able to provide rainfall intensities between 15 and 300 mm/h from nozzles
located 16 m above the ground, enabling the rainfall to attain near terminal velocity. The plot (originally
constructed for experiments in 2009, see Reference [8]) was modified for the first experiment by adding
a 60-mm-deep surface layer of quartz gravel with a median diameter of 2.86 mm (see Figure 2).
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Figure 1. The experimental plot shown under construction in 2009.

For this experiment, we manufactured artificial gravel particles each embedded with an RFID
tag. The tags were made by TOPPAN FORMS Co., Ltd., Tokyo, Japan, and had a size of 2 mm ×
1.8 mm × 0.4 mm. The tags were read by using R/W (TOPPAN FORMS Co., Ltd., Figure 3). To make
the artificial gravel particles as similar as possible to the surface layer on the plot, they were coated
in household-use cement, which is in use for making fishing lure, in order to make them roughly
spherical in shape They were then coated in bronze powder to give them an overall density similar to
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that of quartz. Thus, the particles were comparable in size, shape and density to the surface layer on
the plot. For ease of identification, they were further coated in fluorescent powder. The final particles
were between 2.5 mm and 4.0 mm in diameter and had specific weights of 2.5 to 3.0. As each particle
was made by hand the size and specific weights vary, but their overall characteristics make them
comparable in size, shape and density to the surrounding gravel particles. Within the plot, 300 tagged
particles were placed on the surface approximately 50 mm apart in three lines 5.5, 7.0 and 8.5 m from
the upper boundary of the plot. The precise location of each particle was obtained using a Tajima
laser total station (Type: TT-027, accuracy of distance: 1.5 mm + 2 ppm). The experiment consisted
of applying rainfall to the plot for 45 min at an intensity of 137 mm/h. This duration and intensity
were selected in order that infiltration would be exceeded, and the runoff would have time to reach
equilibrium. During the experiment, runoff (and any included sediment) was sampled volumetrically
at the outlet of the plot every two minutes in order to generate hydrographs and sedigraphs to be
used in subsequent modelling. In each interval between these samples, sediment leaving the plot was
collected in a sieve. After the experiment, the location of each of the tagged particles was determined
using the same method as before, after which the particle was removed from the plot to read its RFID
tag. Although most of the particles moved only a short distance during the experiment (see Section 3),
a few were transported off the plot and were collected with the water and sediment samples. These
particles were identified and the time they left the plot was recorded.
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Figure 3. An artificial gravel particle used in the first experiment shown within the Radio-Frequency
Identification reader.

For the second experiment, we used an UHF tag manufactured by Hitachi Chemical Co., Tokyo,
Japan, measuring 2.5 by 2.5 by 0.4 mm. By placing the tag within a booster antenna (Figure 4), remote
detection becomes possible. Similar to the first experiment, we manufactured 100 artificial soil particles
by encasing the tag and its antenna in a clear silicone resin (NisshinAssociates Co., Ltd., Tokyo, Japan),
in order to make them roughly spherical in shape, and then coated the resin in bronze powder to give
the particles an overall density similar to that of quartz particles. For ease of identification, they were
further coated in fluorescent powder. The final surrogate soil particles had a median diameter of 6 mm
and had specific weights of 2.5 to 3.0. Again, as each particle was made by hand, the size and specific
weights vary. Although the goal of this experiment was to test the range and accuracy of remote
detection of the tagged particles, so that their size, shape and density in relation to the surrounding
gravel is not important, we made them similar to comparably sized quartz particles for possible use in
further experiments. The reader employed was a UHF band IC tag handy reader writer XIT-261-G
manufactured by Welcat Inc. Tokyo, Japan. Trials with the RFID reader showed that the tags could be
read from a distance of about 100 mm. Within the plot used for the first experiment, we constructed a
1-m-wide plot along the centre line (Figure 2). The cross section of the plot had been previously shaped
into a shallow depression (maximum depth 100 mm) running the full length of the plot (less the top
50 cm) to achieve a range of runoff depths. The particles were placed at 50 mm spacings in a 5-across
by 20-down array starting 6.4 m from the top of the plot. The array of particles was located such that
the deepest part of the depression corresponded with the fourth line of the array. We established a
grid over the area of the tagged particles and sited the RFID reader at 25-mm spacings in a rectangular
grid, recording all the RFIDs that could be detected from each location (Figure 5). The plot was then
subject to 22 min of rainfall at 200 mm/h. We used a higher rainfall intensity in this experiment in
order to achieve greater runoff, and longer travel distances of the particles than occurred in the first
experiment. Runoff was collected volumetrically in 10-s samples taken at 1-min intervals. Tagged
particles leaving the plot were collected with, and between, the runoff samples, and those remaining
on the plot were identified after the experiment using the same grid to locate the reader.
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second experiment.

3. Results

3.1. Experiment 1

Of the 300 tagged particles set out before the experiment, 240 were recovered on the plot and 5 left
the plot during minutes 14 to 19 of the experiment. The remaining 55 particles were not recovered. Most
likely, they were buried by other moving sediment and not found during the re-survey (despite some
excavation of the surface). The mean distance of travel of the particles remaining on the plot was
125.7 mm and the median distance was 73.1 mm. The positions of the particles before and after the
experiment are shown on Figure 6.
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3.2. Experiment 2

3.2.1. Survey of In-Situ Particles

Using the grid to locate the reader from which to detect the particles, a wide range in the number
of observations of the tagged particles was found. The minimum number of locations from which
a particular particle was recorded was one, and the maximum was 33. The modal value was 15.
The average distance from which particles could be detected was 62 mm.

A method for locating RFID-tagged particles from multiple observations was presented by
Reference [9] in which the X and Y coordinates of a particle are given by

X =
max(x1 . . . xn) + min(x1 . . . xn)

2
, (1)

and

Y =
max(y1 . . . yn) + min(y1 . . . yn)

2
, (2)

respectively, in which x1 . . . xn and y1 . . . yn are the coordinates of the reader from which the particular
particle is recorded. Using this method, and assuming that there is no error in the actual locations
of the particles with respect to the nominal array (but see Figure 5), the results are as shown in
Figure 7. The minimum difference between the actual and computed locations of the particles is
6.3 mm, the average is 17.9 mm, and the maximum is 45.7 mm.
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observations by the remote reader.

3.2.2. Recording of Particles after the Rainfall Event

Twenty-two particles remained on the plot after the rainfall event, 29 were collected with the
runoff samples, and 49 left the plot during the intervals between collecting runoff samples. Of these,
26 left the plot before minute 9 of the experiment and the times for the remaining 23 were not recorded.
Of the 22 particles remaining on the plot, 10 were from line one corresponding with the greatest
distance from the centre of the depression. The fewest were from lines 2 and 5 (one and two particles,
respectively), and intermediate numbers (four and five particles) from lines 3 and 4, respectively.
Correspondingly, the fewest particles leaving the plot were from line 1 (10), the greatest number
from lines 2 and 5 (19 and 18, respectively), and intermediate numbers from lines 3 and 4 (17 and 15,
respectively). Particles leaving the plot before minute 9 showed only a slight bias towards the lower
part of the array compared to those leaving after minute 9. Mean travel distances were 4.62 m and
4.76 m, respectively, but the difference is statistically significant (p = 0.047).

4. Analysis and Discussion

4.1. Experiment 1

The recovery rate of particles (81.7%) is lower than that for a previous laboratory experiment
(97%), but comparable to that for field experiment (84.5%) reported by Reference [7]. In all probability
the loss is a function of total rainfall. For the present experiment, total rainfall was 103 mm, whereas
for the previous laboratory and field experiments it was 15 mm and 106 mm, respectively. The need
to physically locate the tagged particles in order to identify them and record their travel distance
is a weakness of this use of RFID for measuring soil erosion, and limits its practical application
to (i) the understanding of processes, (ii) studies of factors controlling rates of erosion conducted
in the laboratory or controlled field experiments, and (iii) providing parametrisation for models of
soil erosion. Nonetheless, these are important elements towards better practical predictions of soil
erosion. The distribution of travel distances of individual particles is well fitted by a Burr 4-parameter
distribution which Reference [10] fitted to the distribution of particles splashed by an individual
raindrop. Inasmuch as the travel distances of these particles are short and most likely represent a
combination of detachment by raindrops and transport by flow (see Reference [11]), this result lends
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support to the use of the Burr 4-parameter distribution for modelling travel distances of particles
eroded by water.

4.2. Experiment 2

4.2.1. Survey of In-Situ Particles

There are several sources of error in the estimation of the locations of the tagged particles, beyond
the simple assumption that the true locations are the nominal ones. The method assumes that the best
estimate of the location of a particular particle is midway between the first and last x and y coordinates
at which it is detected by the reader. This assumption means that the detection field is taken to be a
circle on the ground with the reader at the centre of the circle, and also assigns the same detection
range for all positions of the reader. The detection field of the reader will be a circle on the ground
only if the reader and the ground surface are in the same plane. Any ground-surface irregularity or
non-alignment of the two surfaces will distort the field of view on the ground surface, and thereby
affect the distance over which an RFID can be detected in a particular direction. Such distortion is
evident in Figure 5. For the fourth line of particles, the y coordinate is close to the same plane as the
reader, but those to either side are not because of the shallow depression in which the particles were
placed. The disparities between the actual and the detected locations of the particles show both greater
asymmetry away from the central area, such that all but one of the detected locations of the particles in
the two outer lines are to one side of the actual locations, and greater in absolute value. The mean error
in location for line 1 is 22.4 mm, whereas that for line 4 is 15.1 mm. The misalignment of the plane of
the reader and that of the ground surface leads to an increase in the number of points from which an
individual particle can be detected (Figure 8).
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Figure 8. Plot of number of detections of individual particles against their location across the shallow
depression in which they were sited.

As pointed out by Reference [12] the shape of the detection zone for an RFID is not a sphere but is
a function of its orientation with respect to the reader. Since the orientation of the RFID within the
particle is an unknown variable, the isotropic assumption of the detection method is compromised.
Using data from the fourth line of particles, we examined the detection range along the x axis either
side of the nominal locations of the particles. The average difference between detection on the left and
right side of the nominal locations is close to zero (2.1 mm), as might be expected if the orientation
of the RFID within the particle is random. However, the range is from 0 to 56.5 mm, indicating
that the orientation of the RFID within an individual particle can have a significant effect on the
detection distance.
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Assuming the RFID tags are, themselves, identical so that the detection range of any individual
tag varies only with the quality of the manufactured particles, it might be expected that the greater
the number of positions from which any tag can be read the greater is the accuracy with which its
true location can be determined. Such an expectation is not borne out by the data which shows a
weak (R2 = 0.097), but statistically significant (p = 0.001), positive correlation between the number of
observations and the error in its location (Figure 9). The possibility that this surprising result arises
from the association of increased number of observations (Figure 8) with increased disparity between
the planes of the detector and the ground surface was tested by analysing separately the data from the
fourth and first line of particles. Neither regression is significant at p = 0.05, but the R2 for the fourth
line is higher than that for the first line. Consequently, the positive relationship between the error and
the number of observations cannot be attributed to this cause. This conclusion is consistent with the
fact that the weakest relationship between the error and the number of observations is found for the
error in the y coordinate (Figure 9). A second possible explanation is that it is affected by the orientation
of the tag within the particle. A regression of the difference between the left and right detection range
of particles along the fourth line of data on the number of observations is just significant (R2 = 0.19,
p = 0.05), so this may be an explanation.
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Figure 9. Regression of error in locating particles on the number of times it was detected showing error
in (i) the x coordinate, (ii) the y coordinate, and (iii) total error.

The sampling frequency affects the accuracy with which the RFID locations are detected.
By removing alternate rows and columns in the grid used to site the reader (giving a sampling
interval of 50 mm) the average error in locating the tagged particles is increased to 21.3 mm. However,
the same weak (but statistically significant) positive relationship between the number of observations
and the error in determining RFID locations is maintained.
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The analysis demonstrates that with even a small detection range there is a significant error in the
location of the tagged particles. In a 16-year study of travel distance of particles in southern Arizona,
Reference [13] estimated that soil particles had travelled, on average, of the order of 0.18 m. The error
associated with the present remote detection system is of the order of 10% of this value. As such, it is
indicative of the likely temporal application of the approach. In other environments, where rates of
soil erosion may be higher, the approach may be useful over shorter timescales.

4.2.2. Recording of Particles after the Rainfall Event

The locations and timings of particles leaving the plot are consistent with previous studies on
interrill erosion. Reference [14] used a simulation model to predict an observed downslope pattern of
soil loss. From this model, they were able to argue that soil erosion is greatest (i) where areas of flow
are adjacent areas where flow is absent or shallow so that detachment by rainsplash is most effective
and can splash particles into the flow, (ii) where flow is shallow enough to permit splash detachment,
and (iii) where flow velocities are high enough to transport particles dislodged within or splashed into
it. Reference [11] showed that the transport competence of rain-impacted overland flow is a function
of the product of rainfall and flow energies. The RFID particles used in this experiment were too
large to be splashed by rainfall impact, but observations during the experiment showed they could
be dislodged, and thus become more readily available for transport by the flow. Due to their size,
the competence of the flow to transport the particles would be a factor in determining their removal
from the plot. The flow competence would be at a maximum at line 4 of the array where the flow was
deepest, but this line would have the lowest value for rainfall energy. The product of rainfall energy
and flow energy would reach a maximum away from this line, corresponding to the locations of most
particles removed from the plot. Likewise, as discharge increased both down the plot and through time
(plot discharge increased up to minute 12 of the experiment) dislodgement of particles by raindrops
decreased, most likely accounting for the very small difference between locations of particles recorded
before and after minute 9.

5. Conclusions

RFID has been shown to provide insights into the movement of individual particles that go some
way to address the call made by Reference [4]. However, weaknesses remain. First the particles are
large by the standards of soil particles. The most common size of particle transported by interrill
flow is about 100 µm, Reference [15], whereas those used in this study have a diameter of several
millimetres. This issue may not be significant if the relationships among transport distances of particles
of different sizes is well understood. However, the evaluation of a transport-distance approach to
modelling soil erosion, Reference [16], demonstrated that this is not the case, Reference [17]. Advances
in this area are needed if the benefits of RFID are to be exploited. Secondly, unless the particles can be
detected remotely, recovery rates may be insufficient. However, remote detection requires an external
antenna, resulting in larger particles. Thirdly, the detection range for the latter type of RFID remains
quite small. Fourthly, errors in the location of the detected particles will affect the error associated with
any estimate of rates of soil erosion that are based upon them. Improvements are needed to achieve
larger a detection range before the full potential of RFID for measuring soil erosion can be realized.
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