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Abstract

In this study, we investigated the relationship between ground-penetrating radar (GPR) response and agriculture properties
of soil with a view to understanding how the constraint of soil degradation may influence the properties. GPR field data
measurements were made at a location with soil types, properties, and disturbances caused by tractor movement. The data
were processed, and empirical equations relating soil physical properties and material properties of soil media were consid-
ered for the analysis of the field data. The results showed a change in the reflection coefficient and increase in the GPR wave
velocity when comparing the records of the initial parts of the GPR records, lasting about 2.5 ns, of the signal response of
soil subjected to compaction as a result of 10 tractor passes, with those obtained prior to movement of the tractor. The sum-
mation of the absolute value of GPR wave amplitude in the analyzed results clearly shows that the amplitude of the signal
corresponding to the compressed ground is twice and even three times smaller than the amplitude recorded before the tractor
runs. The results prompted the design of a relatively simple method for tracking changes in soil properties based on the results
of GPR measurements, which show that zones subjected to direct tire pressure are easy to delineate and are not limited to
the part that is directly under the tire, but extend about 0.5 m. It thus shows that there is a relationship between the penetra-
tion resistance induced by a change in porosity and changes in the coefficient of reflectivity and the velocity of radar waves.
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Soil properties

Soil is a collection of living and non-living matter that forms
a three-dimensional body (soil body) covering the surface of
the earth. It begins where the atmosphere meets the soil sur-
face and ends when bedrock or unweathered parent material
is encountered. The formation of soil begins when a parent
material encounters and interacts with the environment. The
process involves weathering of the parent materials, which
are primarily geologic bedrock. Subsequently, the bedrock
erodes into smaller particles near the earth’s surface; organic
matter decays and mixes with inorganic material (rock frag-
ments, soil minerals, water, and gases) to form soil.

Soil classifications vary throughout the world depending
on the parameters that are used. However, the most widely
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used are the World Reference Base for Soil Resources and
the Soil Taxonomy developed by the United States Depart-
ment of Agriculture (USDA). The latter is based on the pro-
file characteristics of the soil and is preferred because it is
based on soil properties that can be objectively observed
or measured, rather than on presumed mechanisms of soil
formation (Weil and Brady 2017).

Essentially, this classification system is based on the
physical, chemical, and biological properties of the soil that
are observable in the field or can be measured in the labora-
tory. In the context of this article, classification based on
physical properties will be emphasized due to the focus of
the research. From an agricultural point of view, the major
physical properties used in soil classification are color, tex-
ture, structure and bulk density, porosity, consistency, tem-
perature, and air content. All of these are interrelated and
influence other physical quantities such as water saturation
and degree of compaction, which may be evaluated empiri-
cally. Air is retained in soil micropores, and its composition
varies; it contains higher carbon dioxide and moisture and
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lower oxygen concentrations than atmospheric air (Osman
2012).

The most dependable and basic classification of soil is
based on physical properties and texture, which define the
particles that make up the soil. This is because the texture of
soil in the field is rarely subject to change, and so it is con-
sidered a basic permanent property. A fundamental under-
standing of the amount of the different-sized particles is ger-
mane to the comprehension of soil behavior, management,
and characterization. The variable particle sizes enable the
grouping of soil particles into different types, including
sand, silt, and clay, based on the diameter of the individual
particles. Sand particles range in size from 0.005 to 2 mm
and are composed mainly of quartz, so sandy soils con-
tain few plant nutrients. The large pores cannot hold water
against the pull of gravity, which gives it little capacity to
retain water or nutrients. Silt, on the other hand, is smaller,
0.002-0.05 mm in diameter. The pores between particles are
smaller than those of sand and as such can retain water. The
soil type with the smallest particles is clay, with a diameter
of <0.002 mm. As a result, it has a larger surface area and
higher capacity to absorb water and other substances. The
combination of these three soil types leads to a fourth clas-
sification, called loam. Loam contains varying amounts of
sand, silt, and clay. Sandy, silty, and clayey soil and loam
are all usable for agricultural activity, particularly for plant
growth. However, most soils are composed of a combina-
tion of the different types. Their mixture will determine the
texture of the soil, or in other words how the soil looks and
feels. Various soils are found at different horizons near the
earth’s.

Soil must be able to provide for a system to transport
water, air, and minerals to the roots of plants. Such a system
consists in infiltrating water into deeper soil layers, from
which all necessary capillary properties components are car-
ried into the plant’s root system. Infiltration into the ground
requires the existence of relatively large pores connected to
each other to ensure efficient water drainage. On the other
hand, components with smaller granulation allow building a
capillary transport system essential in the proper nutrition of
plants. Accordingly, recognizing the distribution of porosity
of the ground (which is directly associated with the volumet-
ric water content) and distribution of soil compaction is a
vast problem for achieving optimal yields.

Electrical properties of soil

It should be noted that changes in the agrotechnical proper-
ties of soil are closely related to the volume fraction of water
in the soil structure or its mineralization. This relationship
may be the basis for the use of ground-penetrating radar
(GPR) to study the quality of agricultural soils, in particular,
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changes in soil properties as a result of agrotechnical or
anthropogenic environmental changes. Kielbasa et al. (2011)
evaluated the link between agrotechnical and operational
factors in relation to the size and quality of potato yields.

Electrical permittivity (¢) of a medium composed of vari-
ous components has been widely described mathematically
in the literature (Schon 1996; Carcione and Schoenberg
2000; Marcak and Tomecka-Suchori 2009). For a suitably
selected frequency band, the electrical permeability deter-
mined from radar measurements is proportional to static
electrical permittivity (&,). Because of the generally high
value of ¢ for water, its role in the formula is decisive, and
changes in the volume of water (that is, soil water satura-
tion) and the value of water permittivity fully approximate
the changes in ground electrical permittivity (Marcak and
Tomecka-Suchon 2009). In addition to water saturation, the
electrical conductivity of water plays an important role in the
response of the ground to distortion in the form of passing
radar waves (Marcak and Tomecka-Suchon 2009).

The solution of the electromagnetic waves propagating
directly downward along the z axis has the form:

Ey — Bei(wr—az)—bz )

where E| is the component of the electrical field in the y
directiori, w 1is frequency, and B is a constant.

The coefficient b is to some extent a measure of water
mineralization (Marcak and Tomecka-Suchoni 2009). Both
parameters y (electrical conductivity) and the damping fac-
tor b are associated with water saturation and given by the
formula:

b=w\>/;\/\/1+(£.yw)2—1 )

Parameter a is related to the wave phase velocity (V):

v=2 3)

a

and has the form:

For perpendicular polarization of an electrical field to the
earth’s surface, the radar observation, the reflection coeffi-
cient (R) and coefficient of transmission (7)) have the forms:

r=4 "%
a +a, ®)
T = 2a, ©
a +a,
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Changes in the agricultural properties of soil that
adversely affect plant growth, such as changes in the dis-
tribution of pores caused by soil loading by agricultural
machines, the occurrence of large solid rock inclusions,
or disturbance in groundwater levels, can be identified by
GPR methods and can be recognized by changes in V, R,
and T parameters. Using the GPR method, it is also pos-
sible to identify changes in groundwater mineralization
resulting from the impact of landfills of various types of
waste near cultivated agricultural fields by analysis of the
b parameter in Eq. 2.

Commonly used methods to estimate porosity and
compaction are based on laboratory tests and penetrom-
eter (PR) measurements, which are time-consuming and
provide sparse information. The GPR method is non-
invasive and rapid, and provides very dense information
about the electrical features of the soil.

Romero-Ruiz et al. (2019) suggested a number of ways
to circumvent the limitations of conventional methods of
soil characterization via the use of various geophysical
methods which improve the objectivity of soil characteri-
zation. A study by Plati and Loizos (2013) reported the
use of trace reflection amplitude for investigating in situ
density and moisture content within a pavement section
of aroad. A comparison of laboratory and GPR measure-
ment results of sandy soil was conducted by Ercoli et al.
(2018).

Geophysical characterization of a river bed was per-
formed by Brito et al. (2018), who recorded the changes
in water content, granularity, sediment type, layer orien-
tation, and water table zone. The use of GPR for sensing
soil physical characteristics and crop root measurement
was reviewed by Liu et al. (2016), who found that GPR
was a superior non-destructive method compared with
other methods of soil investigation. Muiiiz et al. (2016)
evaluated a grazing field with significant compaction
within 24 cm of the soil surface in comparison with a
non-grazing field, and Jonard et al. (2013) characterized
the effects of soil tillage using GPR and electromagnetic
induction. Raper et al. (1990) performed a hardpan exper-
iment on soil at different depths and bulk density, and
subsequently carried out an investigation using GPR and
a penetrometer. The use of GPR waves on the reflecting
border as against the classical method of interpretation
was documented by Marcak and Tomecka-Suchori (2010),
who demonstrated the use of phase changes in reflected
GPR waves for interpreting the impact of mining waste
deposits on soil water contamination. Their findings
proved the efficiency of the techniques. Unfortunately,
correlations between the physical properties and the
reflectivity coefficient of the media are generally lack-
ing in the literature.

Use of GPR method for assessing the effects
of soil compaction

Soil compaction has become a significant problem in agri-
culture practices worldwide. Heavy machinery used in inten-
sive farming produces compaction as a result of the heavy
weight on the tires. Soil grains are rearranged, leading to
reduced void space and increased bulk density. Compac-
tion restricts plant root growth, as the large reduction in
pore space within the macropores as a result of compaction
causes mechanical resistance and decreases the supply of
oxygen (Unger and Kaspar 1994). This phenomenon is also a
subject of scientific research. Repeated wheeling by tractors
limit soil aeration (Czyz 2004).

Penetration resistance (PR) is used in science for describ-
ing the level of soil compaction. Plant root growth can be
related to the PR and is reduced by 50% for PR between 2.0
and 3.0 MPa, and generally stops when PR is greater than
3.0 (Bengough and Mullins 1990).

A model used for PR assessment can be expressed by the
following formula (da Silva and Kay 2004):

PR = ab’D¢ (7
where 6 is water content, D is bulk density, and a, b, and ¢
are constants.

The relationship between 8 and water potential y (Leo
et al. 2006) has the form:

9 — ed+8le (8)
where d, e, and [ are constants.

These two equations enable the establishment of a direct
relation between PR and 6:

In(PR) = In(a) +b-In (@) +c-In <1“(9) —! 'eln("’) — d)
©))

According to Eqs. 8 and 9, this means that the changes
in PR cause changes in the coefficient of reflectivity and the
velocity of electromagnetic waves.

In this study, an attempt is made to establish the rela-
tionship between the measured or evaluated soil physical
properties and the ground penetrating radar (GPR) signal
responses, with a view to better understanding the constraint
any degradation of the soil may have on the soil’s properties.
The focus also includes determination of the physical prop-
erties that most influence the electromagnetic pulse energy

of a GPR system.
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Method of research
Field data measurement

In the field, measurements were made on soil used for
cultivation of crops in part of Krakow, Poland, with com-
paction induced by the movement of tractors to simulate
farming activity. The average weight of the tractor used
to induce the soil compaction was 16,000 kg, while the
inflation pressure of the front and rear tires was 1.5 kg/cm?
and 2.5 kg/cm?, respectively. The soil was predominantly
sandy loam soil for growing of crops. Loam is soil com-
posed mostly of sand and silt and a smaller amount of clay.
By weight, its mineral composition is about 40-40-20%
sand-silt—clay, respectively. These proportions can vary
to a degree, however, and result in different types of loam
soils: sandy loam, silty loam, clay loam, sandy clay loam,
silty clay loam, and loam (Kaufmann and Cleveland 2008).
Loam soils generally contain more nutrients, moisture, and
humus than sandy soils, have better drainage and infiltra-
tion of water and air than silt and clay-rich soils, and are
easier to till than clay soils. The soil’s texture, especially
its ability to retain nutrients and water, is crucial (Brown
2007). All of these characteristics make loam soil useful
for agricultural purposes, which informed the choice of
the location for the study. GPR data were acquired using
a MALA RAMAC GPR system with a shielded antenna
system of central frequency of 800 MHz (Fig. 1). The
choice of the antenna was based on target depth and reso-
lution. Data collection was done in the both wide- and

Fig. 1 Wide-offset and short-
offset field measurements
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short-offset mode (Fig. 1). A total of 14 profiles were
acquired. Three of the profiles have length of about 70 m,
while the remaining profiles were 10 m long and perpen-
dicular to the three profiles (Fig. 2).

The GPR systems were set up and mounted, and data were
collected by pulling the wheeled antenna along the profile
lines at walking speed. The system generates radar pulses at
a given central frequency. In this study, an 800-MHz signal
was sent into the earth through a transmitting antenna. The
pulses are scattered back at electromagnetic discontinuities
of the subsurface, mainly due to contrast in dielectric con-
stant between soil and buried objects or different layers. The
back-scattered pulses are collected by a receiving antenna,
and the data are presented as signal amplitudes versus travel
time in the form of an image (radargrams, Fig. 3).

Data processing

Human error, equipment, and environmental artifacts may be
unknowingly introduced into measured field data. Of course,
this may result in misinformation at the interpretation stage.
To ameliorate this, it is important that the field data are sub-
jected to processing. Generally, to improve the signal-to-
noise ratio (SNR), the measured data were scrutinized. This
was made possible using Reflexw software developed by
Sandmeier Consulting, Germany (Sandmeier 2012). The
Reflexw software made it easier to remove low frequencies
from the data through the "dewow" tool. To resolve all traces
to a common zero point, the time zero correction tool was
activated on all the data sets to bring them to a fixed starting
time. The background removal tool was further activated in
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Fig.2 Field data measurement
site with profile (red lines)
layouts and compaction zones
induced by tractor tires
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Fig.3 Radargram of a profile in one of the field measurement plots

the third step to temporarily remove coherent noise from
the processed data. In order to enhance the signals received
from the deeper depths, the gain tool was applied to enhance
the drastic fall in energy of the wave before reaching the
receiver. Subsequent to the processing, moving-average
calculations were performed on the data which have been
hitherto converted into the matrices form. The essence of
this operation is to remove effects of random noise that may
obliterate the targeted response, which may hamper optimal
interpretation.

Results and discussion

In accordance with the considerations made in the previ-
ous paragraphs, the effects of compaction in the soil should
cause a reduction or disappearance of large pores in soil, and
as a consequence, a reduction in the volume of water in the
soil structure. Such a change should result in a change in the

reflection coefficient and an increase in GPR wave velocity.
This effect is discernable by comparing the records of the
initial parts of the GPR records, lasting about 2.5 ns, of the
signal response carried out over ground subjected to com-
paction as a result of 10 tractor passes and signal response
obtained prior to the impact of the tractor tire. The plot of
the analysis is shown on Fig. 4a, b.

The summing results clearly show that the amplitude
of the records corresponding to the compressed ground is
twice (the right wheel) and even three times (the left wheel)
smaller in comparison with the amplitude recorded before
the tractor runs. The change in the amount of water in the
porous parts of the ground caused a marked reduction in the
intensity of the reflected and scattered wave in the initial
parts of the records. In the records corresponding to the left
tire, the change in the velocity of GPR propagation can eas-
ily be seen. These results prompted us to design a relatively
simple method of tracking changes in land properties from
the results of GPR measurements (Fig. 5).
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Fig.5 A graph of the sum of the absolute values of the amplitudes of
2.5-ns-long parts of the GPR records obtained along the profile per-
pendicular to the tractor’s route. The results are approximated by a
fifth-degree polynomial fit

Figure 5 shows a graph of the sum of the absolute val-
ues of the initial amplitudes of 2.5-ns-long parts of GPR
records obtained along the profile perpendicular to the
tractor’s route. It is clear that zones subjected to direct
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part that is directly under the tire, but has a wider character
and influence distance in the range of 0.5 m.

Conclusions

Results of the analysis of GPR data in this study have
depicted that the most important element influencing GPR
wave transmission is dielectric permittivity. Water has a
relative dielectric permittivity value of 81, compared with
values of 1 and 3-5 for air and unsaturated soil, respec-
tively. It is obvious that the water content of soil with its
quality must be related to the changes in parameters of
the GPR waves such as velocity, attenuation, coefficient
of reflectivity, intensity of transmitted waves, and angle
of reflection.

From an agricultural point of view, strong compac-
tion reduces macropores within the soil matrix and hence
reduces water content, which causes degradation to soil,
impeding optimal utilization by crops. The experiment
with varying numbers of tractor passes resulted in the
creation of compacted soil. GPR measurements along the
tractor zones proved that there was a significant change at
the beginning of radar traces. Evaluation of some of the
absolute values of amplitude at 2.5 ns gives an accurate
position response to external influences such as vertical
impact as in the case of tractor passes.

This experiment allows us to propose a rather simple
method for quick interpretation of the location of com-
pacted soil with the GPR method. Losses in crop produc-
tion that may be related to poor growth of plants as a result
of soil degradation due to compaction can be swiftly inves-
tigated by GPR using this technique. Finally, this GPR
data interpretation approach may be extended to the study
of changes in soil structure, soil water content, and soil
contamination.
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