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Abstract

Soil moisture is one of the critical components to be investigated in civil, geological and agricultural works. This
is because the parameter can affect the physical and electromagnetic characteristics of soil, such as density and
permittivity and this can further restricts soil application. Unfortunately, finding a suitable non-destructive model
for accurate soil moisture determination is challenging. In this article, the concept and development of soil
moisture determination via ground penetrating radar (GPR) principle and surface reflection method is explained.
The system is designed to be used with standard horn antenna with a frequency of 1.7-2.6 GHz along with vector
network analyzer (VNA). The proposed system can measure soil moisture of three types of soil samples such as
sand, loamy, and clay with high degree of accuracy. In this research, microwave surface reflection method is
applied to analyze the effect of soil moisture with its electrical properties using our novel GPR principle. The
result of the research is promising with high percentage of agreement with Topp theoretical value. The values are
31% to 61% for sand, 5% to 42% for clay, and 44% to 54% for loamy. For validation on the system, a new type
of soil is used for measurement, and the result has an accuracy of 93%. By using the proposed developed models,
soil moisture estimation can be easily determined with minimal data input through a novelty GPR surface
reflection method.

Keywords: GPR, soil moisture, surface reflection, microwave, radio wave
1. Introduction

Immense growth in radar technologies has increased its role in a variety of fields, and ground penetrating radar
(GPR) is seen to gain tractions for increasing applications. Ground penetrating radar (GPR) principle has been
widely employed in non-destructive tests (NDT) for a variety of fields (Daniels, 2008). The relationships of soil
physical and electrical characteristics are often discussed by some researchers and these properties contributed in
many aspects of structure estimation (Daniels, 1988). However, results often associated with drawbacks. Other
researchers proposed a study of GPR measurement that relates density and attenuation of road pavement slabs, a
frequency range of 1.7-2.6 GHz. The experiment was constructed using a signal generator, spectrum analyzer,
directional coupler with adapter and a horn antenna (Peters, 1984). But the drawback of the study was that soil
moisture cannot be measured.

Jusoh studied the moisture content in mortar at near relaxation frequency, and developed an equation from the
study (2011), and parameter water content and attenuation with mortar is correlated. But, the drawback of the
research is that it is simple and soil characterization overlooked and not considered a variable in equation (Jusoh,
2011). At another study, permittivity of a material is measured using a network analyzer connected to a GPR
antenna and a resonator, but the drawback is that they are not able to characterize the sample permittivity
(Abdullah, 2009). Another current commonly used method of soil moisture measurement is coring, which
involved physical removal of soil from the ground (Daniels, 2008; Peters, 1984). After removing the soil from
the ground, the soil is brought to the lab for moisture measurement. Unfortunately, coring is time-consuming and
destructive to the eco-system.

The study presented here is to investigate a better alternative to measure soil moisture via radio wave reflection
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method. In this article, we proposed a soil moisture model which gives a faster moisture estimation that can
benefit agricultural surveyors performing routine soil moisture test. We are expecting to enable in-situ soil
moisture measurement without damaging the soil eco-system.

2. Electromagnetic Property of Soil

Electromagnetic property of soil is another critical area to be assessed. Each soil type possesses unique
characteristics such as permittivity, permeability and conductivity (Tarantino, 2009). These characteristics are
widely research as they influence moisture measurement. As with standard research methods, this study limits to
permittivity determination. The notion of the work is that theoretical value of soil moisture is developed as a
benchmark for the measurement result performed in the lab. This can be completed via comparing the result with
nominal range of permittivity and development of electromagnetic method for radar.

2.1 Nominal Range of Return Loss

The nominal range for different soil of sand, loamy, and clay soil are shown in Table 1 (Turk, 2011). Referring to
Table 1, loamy soil and clayey soil has the closest relative dielectric constant or permittivity, which is in between
3 — 30. The relative dielectric constant of sandy soil is on the upper range which is in between 10 — 30. These
permittivity data with corresponding return loss are used as a benchmark for the study.

Table 1. Typical soil characteristics of various soil samples shown with relative dielectric constant and return
loss

Soil Sample Relative Dielectric Constant Loss at 1GHz (dB/m)
Sandy soil (wet) 10-30 10-50

Clayey soil 4-30 10 - 2000

Loamy soil 3-30 1-500

2.2 Theoretical Estimation

As with standard research method, theoretical basis is established for benchmarking. However, this is a
challenging task as few researches are conducted to determine soil moisture with GPR. Hence the theoretical
method of soil moisture is derived from Time Domain Reflectometry (TDR) method. In 1980, prominent
researcher Topp and his team conducted a study via electromagnetic method and developed a formula to
correlate soil water content with permittivity. The experiments were completed in laboratory where samples were
positioned in a coaxial transmission line and the complex dielectric permittivities were measured from dry soil
up to saturated condition. Empirical model of soil moisture content in terms of dielectric permittivity was
introduced and expressed as (1) and (2) (Topp, 1980).

, =53 x 102+ 292 x 107 -55x 10* + 43 x 10° ()
=303 +93 ,+ 1460 J + 767 )

where ¢ represents real part of complex relative permittivity and 6, represents volumetric water content.
Rearranging (1) for permittivity provides us with (2), which is known as the standard Topp equation (Topp,
1980).

Researcher Hallikainen had further the research and proposed a polynomial equation that correlates water
content and permittivity, with the addition of a new variable - soil type (1985).

=(ap+a;S+aC)+ (by+b,S+b,C) ,+(co+ e S+e0) ) (3)
where a, b, and ¢ are polynomial coefficients, S is sandy ratio and C is clay ratio. In the study, soil types have
shown that dielectric permittivity changes significantly in the lower frequency range, particularly between

1.4GHz to 5GHz. According to the study, the permittivity at 1.4GHz is represented with polynomial coefficients
as (4) and (5).

"= (2.862 — 0.0125 + 0.001C) + (3.803 + 0.4625 — 0.341) ,+ (119.006 + 0.55+ 0.633C) > (4)

” = (0.356 — 0.003S — 0.008C) + (5.507 + 0.044S — 0.002) ,+(17.753 —0.3135+0.206) > (5)

where ¢’ and ¢ are respectively the real part and imaginary part of complex dielectric permittivity. In this work,
Topp and Hallikainen equations are used as a benchmark for the result. In our work, the idea was these equations
will be correlated with the return loss, and integrated with the measurement using GPR principle.

Permittivity obtained from Topp (2) and Hallikainen (3) are derived further with GPR method. In the
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investigation of thin layers in concrete using reflection of GPR signals and pulse lengths, the permittivity of a
material, € can be calculated in the expression of reflection coefficient, I” by using (6) (Daniels, 2008).

2
= 1+T (6)
1-T
In our work, the equipment setup is conducted in the frequency of 1.7GHz to 2.6GHz. This range is within the
microwave frequency range of 300MHz to 300GHz, where return loss can be correlated to reflection coefficient

by (7).

RL =-20 log|I] @)
Following these equations, permittivity of a material can be converted to return loss. Through the derivation,
permittivity from Topp (2) and Hallikainen (3) can be expressed in terms of return loss. The theoretical
determinations are then compared with the measurements from this work.

3. Methodology

This proposed study was implemented by investigating the properties of soil samples, collecting data from
laboratory experiments, performed analysis and integrated the result with existing research. Flowchart of the
study in this project is shown in Figure 1. Flowchart of the study shows that soil samples are prepared through
processing, equipment is setup and measurement conducted, data is analyzed, and soil moisture model is verified

and developed.

Preparation of
Soil Sample

L ]
GPR

Experiment Setup

Measurement 1

Data Analysis
Develop Soil Moisture
Model

Figure 1. Flowchart of the study

3.1 Properties of Soil Sample

In this study, three types of soil were determined as samples in the lab experiment. The typical moisture content
for three types of soil are also shown in Table 2, where moisture content, w, is the ratio of weight of solids (g) to
weight of water (g) in percentage (Turk, 2011).

Table 2. Soil texture classification of soil samples with equivalent diameter size and typical moisture content.

Soil  Equivalent Diameter Size (mm) Typical Moisture Content, w (%)

Type

Sand 0.05-2.00 5-15

Silt 0.02 -0.05 5-40

Clay <0.02 10 — 50 (or more)

3.2 Soil Characterization

In this study, soil samples are selected and prepared through characterization process. Soil samples determined
are clay, sand, and loamy, as these three types of soil are the standard for various different soil compositions.
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Soil samples are collected and prepared as laboratory tests objects. The samples are weighed before drying, as
the drying process takes 24 hours in the oven at 110°C per British Standards (British Standard Institution, 1990).
After drying, the soil is weighed and the moisture content are calculated with an equation in the simplest form:

0 — Vwater (8)
v
I/mtal
where , is volumetric soil moisture, V., s the water content, V,,,,1s the total volume content including soil
volume, water volume and air volume. This equation can be further developed into the following form (Argonne

National Laboratory, 2014).

HV — Wmoist - Wdry (9)
I/taz‘al p water

where W, is the weight of wet soil, W, is the weight of dry soil, V. is the total volume, p,.- is the density
of water.

After the drying process, soil samples prepared is in the stage of soil characterization. In electromagnetic
approach, soil dielectric models are used to relate physical characteristics of soil with its electrical properties. In
this study, the soil physical parameters are to be determined before experiment is conducted. Physical parameters
of soil types are determined using sieve test analysis method, as approved by (British Standard Institution, 1990).

The sieving process uses different screen size of sieve containers as shown in Figure 2. In this process, samples
are placed in the top of the stacked sieve containers. The sieve containers are arranged as the containers with the
largest screen size stays at the top and the finest screen size stays at the bottom. The stacked containers are
placed in the sieve shaker for 10 minutes as in Figure 3. During the sieving process, the coarse particles stay at
the top and progressively to the finest particles at the bottom. The particles collected at each stage are weighed
and the percentage of clay and sand is determined.

Figure 2. Sieve containers Figure 3. Sieve machine

Result of the sieving analysis is collected and analysed. Based on the classification of soil types in Table 2, soil
components are catergorized and shown in Table 3.

Table 3. Result of soil sample characterization shown with various soil samples in different soil components.
No Soil Sample Clay (%) Sand (%) Silt (%)

1 Sand 0.02 0.96 0.02
2 Clay 0.5 0.37 0.13
3 Loamy 0.08 0.84 0.08

Referring to Table 3, sand sample contains 96% of sand per classification and this is regarded as pure sand. Clay
sample contains 37% of sand and 5% of clay. Loamy soil contains 84% of sand and 8% of clay. This shows a
diverse sample of soil components within the soil samples.

4. Measurement Setup

In this work, the experiment is summarized in a block diagram as in Figure 4. Referring to Figure 5, the length,
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width and thickness of the glass container are 0.4m, 0.6m and 0.8m, respectively. Also, 4 is the soil thickness and
d = 03m is the distance from antenna to the soil surface. The antenna height and sample surface area are
calibrated and optimization is performed in order to comply with GPR setup requirement.

4.1 Experiment Setup

The proposed experiment equipment setup is prepared with Vector Network Analyzer (VNA), standard horn
antenna, and soil samples. The block diagram of the setup is shown in Figure 4. Referring to the block diagram,
electromagnetic waves are directed to the soil via transmitter in standard horn antenna. Waves are reflected to the
receiver of the antenna, and results is collected and displayed on the VNA.

Y

Soil Sample

Figure 4. Block diagram of the study

4.2 Equipment Setup

The objective of the experiment is to obtain the soil return loss in dB for each step of soil moisture. The data
measured is used to propose a new soil moisture model. The setup and experiment procedure are followed.

The experiment is to be conducted in a laboratory with horn antenna, vector network analyzer (VNA), N-type
cable, glass container, soil samples and metal sheet. VNA used is manufactured by Agilent Technologies, model
ES062A. The VNA operates in the range of 300kHz — 3GHz, and support the horn antenna operates in the range
of 1.7GHz to 2.6GHz. The equipment setup is shown in Figure 5, the setup is arranged with distance determined
and components placed according to the GPR principle.

Frame

Hom Antenna

Soil Sample

Metal Plate

Figure 5. Lab measurement setup with standard horn antenna, antenna frame, soil samples, metal plate and VNA

The soil sample is to be formed into a rectangular shape test bed, placed in a glass container. The distance
between horn antenna and the test bed is assessed with GPR technique. GPR operates in the near-field region and
the distance d fulfills the requirement. In the near-field region, distance d is determined in between d; and d,
(Amineh, 2011).

d;= (10)
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2
a,=-2P (11)
A
where 4 is wavelength and D is the largest dimension of the antenna in meters (Daniels, 2008). Since the antenna
is operating from 1.7GHz to 2.6GHz, the wavelength ranges from 0.111m to 0.177m. Near-field radiating region
d, for the antenna is between 0.177m to 3.064m. For this study, the proposed distance from antenna to soil
surface d is 0.30m since it is in the near-field radiating region and conveniently accessible for measurement.

Further, sample size determination requires the determination of effective aperture of the antenna, A.. The
effective aperture is determined by (12).
2
1= (12)
4
where 4 is wavelength and G is antenna gain. As provided by the manufacturer, antenna gain is 15dB. For the
frequency of 1.7GHz to 2.6GHz, effective aperture of the antenna 4., is determined to be from 304.465¢cm’ to
779.430cm’. Sample size container is built slightly larger than the calculated physical aperture to minimize
impractical data during measurement. Hence, radiated energy from the antenna is able to be transmitted to the
whole soil surface area so that the maximum energy from the soil could be reflected and captured by the antenna.

Figure 6. Base of the soil sample with antenna, soil sample and metal plate

The sample dimension is proposed with its height %, width w, and length /, as Scm, 60cm and 40cm, respectively.
The volume of soil, ¥, =h x w x [ is calculated as 12,000cm’. A metal sheet is placed at the bottom of the glass
container as a perfect reflector for maximum reflection during measurement, and it minimizes noise and
reflected signal from the floor and the surrounding. The setup which include all component as shown in Figure 6.

In free space measurement as in this study, multiple reflections are considered to be one of the main error
sources. This is clearly shown in the study of attenuation and phase shift measurements. Multiple reflections
occur within sample, and between antenna and sample (Geuzaine, 2005).

Several methods are applied to reduce the influence of multiple reflections. For multiple reflections within the
sample, it can be minimized by increasing the sample thickness so that the attenuation of material sample is
larger than 10 decibels (dB) (Kaatze, 2007). For multiples reflections between antenna and sample, several
methods were proposed. The first method involves increasing the separation of the antennas (De Kool, 2006),
but this will cause diffraction at the edge of the sample. For the second method, antenna or sample is moved
along the normal axis of the two antennas and the measured results are averaged (Hasar, 2009), but it involves
mounting equipment, complicated measurement methods and time consuming. The third method applies
averaging the attenuation over a frequency band, which is applied in this study.

5. Wave Modeling

It is essential to model wavel travel in the equipment setup, as wave propagation is an important characteristic to
be investigated as GPR travels in waveform. Wave travel affects interaction with materials and measurement,
especially in the field of GPR. In this study, the scenario of wave transmission and reflection is shown in Figure
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7. The incident wave radiates from the antenna propagates through several medium and reflects back. The figure
illustrates the phenomena of wave propagation in a multi-layer structure. The propagating wave is partially
reflected and transmitted at each interface between air-soil, soil-glass, glass-metal due to the different impedance
of the two medium.

[ Antenna |

N
Soil
| Metal |

Figure 7. Wave propagation model shows that the waves from the antenna propagates through air, soil, glass, and
metal

As wave travels through, part of the energy is reflected at the surface, transmitted and attenuated through the
sample. Assuming that there is no dispersion, power can be measured on both sides of the sample and attenuation
through the sample can be determined. This measurement is accurate if the reflections at the surface are small or
can be neglected.

Generally there are four methods of GPR measurements, including reflected wave velocity, ground wave velocity,
transmitted wave velocity between boreholes, surface reflection coefficient (Huisman, 2003). The first three
methods use travel time as a base for permittivity and soil moisture measurement. The difference of wave travel
time between dry soil and wet soil can determine the soil moisture content.

The last method of surface reflection coefficient or attenuation measurement is the most common method used in
wave propagation. In this method, possible sources of error are the reflections between the sample and the
surrounding medium. The magnitude of these errors can be reduced by standard calibration procedures. In this
study, attenuation method is selected to be the method for determining soil moisture for various soil samples.
The result obtained is accurate with minor errors across all soil samples.

6. Experimental Results

The data were collected from measurement using VNA with a sweep frequency of 1.7GHz to 2.6GHz. In the
experiment, the relationship between measured soil moisture and reflection coefficient was investigated. For
each soil sample, the soil moisture was increased while the soil volume of 12,000cm’ kept constant throughout
the study. The mass of sandy, clay and loamy soil were 15.6kg, 14.4kg, and 9.6kg, respectively. Generally,
compact soil restricts root growth and this depends on the type of soil. The effect of compact soil is far
reaching that it restricts tree height (Zhao, 20100). As a guide, the bulk density for plant optimum growth is less
than 1.6g/cm® (USDA, 2008). Bulk density is calculated based on the mass measured and displayed in Table 4.

Table 4. Bulk density of three soil samples with various bulk density.

No Soil Mass Bulk Density ~ Ideal Bulk Density for Plant Bulk Density that Restricts Root
Sample (kg) (kg/m®) Growth (g/cm’) Growth (g/cm’)
1 Sand 15.6 1.3 <1.60 >1.80
2 Clay 14.4 1.2 <1.10 >1.47
3 Loamy 9.6 0.8 <1.40 >1.65

Referring to Table 4, plant grows well in all soil types with bulk density of less than 1.6g/cm’. However, root
growth is restriced when bulk density is beyond 1.8g/cm’, 1.47g/cm’, and 1.65g/cm’ in sand, clay and loamy
respectively.

As the soil sample is prepared, the experiment is performed in steps. For every step, 250cm’ of water is added to
the soil sample and water volume percentage is calculated. Return loss is measured from the VNA and
normalized return loss is determined. Result is displayed in Table 5.
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Table 5. Measured return loss and normalized return loss with reference to step 0.

No Water Total Volumetric Return Loss, Direct Return Loss, Normalized
Volume Volume Moisture (%) (dB) (dB)
(cm?) (cm?) Sand  Clay Loamy Sand Clay Loamy
0 0 0 0 7.88 7.86 7.84 N/A N/A N/A
1 250 12250 0.02 11.85 1452 13.97 3.97 6.64  6.09
2 500 12500 0.04 1225 1481 12.64 4.37 693 4.76
3 750 12750 0.06 11.57 1396 12.28 3.69 6.08 4.39
4 1000 13000 0.08 11.76 1299 11.92 3.88 5.11 4.04
5 1250 13250 0.09 1239 1276 11.77 4,51 488 3.89
6 1500 13500 0.11 12.38 13.20 11.61 4.50 5.31 3.73
7 1750 13750 0.13 12.12  13.67 11.50 4.24 579 3.6l
8 2000 14000 0.14 1229 13.76  11.36 4.41 5.88 348
9 2250 14250 0.16 12.35 13.74 11.08 4.47 5.86  3.20
10 2500 14500 0.17 12.13  13.64 1091 4.25 575  3.03
11 2750 14750 0.19 11.76  13.15 10.82 3.87 527 294
12 3000 15000 0.20 11.54 1273 10.73 3.66 485 2.84
13 3250 15250 0.21 11.33 1244 10.72 3.45 456 2.84
14 3500 15500 0.23 10.79 1235 10.59 2.90 447 271
15 3750 15750 0.24 10.14 1240 1042 2.25 452 2.53
16 4000 16000 0.25 9.65 12.53  10.39 1.76 465 2.50

The result of the dry soil sample is shown at first data, which is No. 0 of Table 5, and this result is the reference
for all other normalized results. For step No. 1, 250cm’ of water were added to the soil sample and the return
loss is measured from VNA. The result of No 1 is deducted from No 0 and this is the normalized result.
Normalized result only accounts for the changes in soil moisture with all other variables such as air to sample
distance, cable and antenna impedance being constant.

7. Results Analysis

In the analysis, Topp and Hallikainen equations are used and compared with the results by using the previous
approaches which is the soil moisture estimation path. The volume of water is used as an input to the equations
to calculate soil permittivity. Equation (3) is used to determine reflection coefficient, and the coefficient is used
to determine return loss. The theoretical values obtained are shown in Table 6.

Table 6. Normalized return loss in comparison with theoretical value of Topp and Hallikainen.

No Water Volume Volumetric  Permittivity (g°) Return Loss, Calculated (dB)
(cm®) Moisture T Hallikainen T Hallikainen
(%) PP Tgand Clay Loamy PP "gand Clay Loamy
1 250 0.02 328 299 299 299 10.80 11.47 1148 11.47
2 500 0.04 3.63 321 320 321 10.13 1095 10.97 10.95
3 750 0.06 4.07 351 349 351 945 1034 1037 10.35
4 1000 0.08 457 388 3.86 3.87 881 972 9.76 9.73
5 1250 0.09 5.14 431 428 430 822 9.13 9.6 09.14
6 1500 0.11 576 479 475 478 7.71 858 861 8.58
7 1750 0.13 642 531 527 530 725 8.07 811 8.08
8 2000 0.14 7.11 588 583 587 685 7.62 7.65 7.63
9 2250 0.16 7.84 648 643 647 649 721 724 722
10 2500 0.17 858 7.11 7.06 7.10 6.18 685 6.88  6.86
11 2750 0.19 934 776 771 7.5 590 653 655 653
12 3000 0.20 10.12 844 838 843 565 623 626 624
13 3250 0.21 10.90 9.14 9.08 9.13 543 597 599 597
14 3500 0.23 11.69 9.85 9.79 9.84 523 573 575 574
15 3750 0.24 1249 10.58 10.52 10.57 505 552 554 552
16 4000 0.25 13.28 11.32 1126 1131 489 532 534 533
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The measured return loss was plotted with the corresponding theoretical value from Topp and Hallikainen value,
as shown in Figure 8. Prefix M in the legend reprersents measured data.

1400
12,00

10.00

— Topp

o
=]
o

Hallikainen

6.00 [ == + *M- Sand

Return Loss, RL (dB)

200 +

0.00 +
Volumetric Moisture,

ﬁﬁﬁﬁﬁﬁﬁﬁ 488 8,(%

Figure 8. Plot of graph for normalized return loss in comparison with Topp and Hallikainen theoretical values.

From Figure 8, it is shows that return loss decreases as water content increases. Topp and Hallikainen equations
generally agree with each other within a range of 10%. The measurement of the soil, in particular loamy soil
follows the curve but at a lower return loss. This is due to the different composition of soil that was used. The
measurements of the three types of soil are shown in the polynomial equations (13) — (15). In these equations,
return loss is expressed in terms of volumetric moisture. For example, in (13), return loss of sand, RLg,,, is
expressed in terms of volumetric moisture, . This notation is followed by the subsequent equations.

RLywa=-819.6 ' +2163 ,—129.5 ,+4.224 (13)
RLy,=-821 [ +339.5 [-4759 ,+7.702 (14)
RLjpamy=-530.1 ' +2702 7 -51.88 ,+6.759 (15)

In order to observe the agreement between theoretical and measurement, the errors against theoretical value of
Topp and Hallikainen are calculated using (16). Error percentage is summarized in Table 7.

Error (%) = Measured — Actual X100 (16)
Actual

Table 7. Error percentage of Topp and Hallikainen theoretical values with measured data

Error with Topp (%) Error with Hallikainen (%)
Sand Clay Loamy Sand Clay Loamy

Volumetric Moisture (%)

2.04 63.21 3853 43.62 6539 42.16 46.95
4.00 56.90 31.59 5298 60.15 36.76 56.54
5.88 60.95 35.68 53.51 6437 4131 57.59
7.69 55.97 42.01 54.10 60.18 4756 58.49
9.43 45.14 40.71 5272 50.65 46.66 57.47
11.11 41.62 31.05 51.60 47.63 38.14 56.58
12.73 41.50 20.19 50.14 47.56 2845 5531
14.29 35.63 14.17 49.20 4226 23.01 5443
15.79 3121 973  50.71 3820 1891 55.72
17.24 3124 6.89 5094 38.09 16.16 55.83
18.64 3435 1075 5024  40.73 19.43  55.08
20.00 3534 1420 49.72 4145 2230 54.47
21.31 36.55 16.10 47.70 4236 2378 52.49
22.58 4453 14.63 48.19 4944 22,19 5278
23.81 55.39 10.66 49.88 59.20 1829 54.16
25.00 63.96 493 48.82 6693 1275 53.03
Min 3121 493 43.62 38.09 1275 46.95
Max 63.96 42.01 54.10 6693 4756 58.49
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In Table 7, it shows that clay has the smallest error 4.93% to 42.01% when compared to Topp theoretical values;
and 12.75% to 47.56% when compared to Hallikainen theoretical values. Sand has the largest error in
comparison to both Topp and Hallikainen values, which are 31.21% to 63.96%, and 38.09% to 66.93%
respectively.

Practical approach is developed to measure volumetric moisture in realistic environment where composition of
the soil is unknown. In this scenario, further work is conducted to develop a General Equation that encompasses
all soil types. Return Loss, RL is plot against Volumetric Moisture, , for measured data on loamy, sand and
clay. General Equation is formulated based on the best-fit curve on the measured data as shown in Figure 9 and
(17). In this equation, return loss of General Equation, RLg., g, is expressed in terms of volumetric moisture, .

RLgeyg,=-723.5 /' +2753 [-3747 ,+6.228 (17)

©  Mesaured Data

_ R ——  Ganeral Equation
y=- 12355 + 21632 . 37 4% + 6.228
fe [e)

Retumn Loss, RL (dB)
-

1

L L ' '
0 005 01 015 02 025
Volumetric Maisture, &, (%)

Figure 9. General Equation is formed with the data plots from individual measured data of clay, loamy, and
sand.

8. A Novel Optimization and Verification

Further study is conducted to optimize theoretical Topp and Hallikainen curves into the General Equation. In our
novel ideas, a general Equation, Topp curve and Hallikainen curve are formed as cubic polynomial equations as
shown in (18) - (20).

y=ax’+bxX’+cex+d (18)
RL7yp=29 J+50 J—41 ,+12 (19)
RLigattitainen = 0.02 ' =038 =30 ,+12 (20)

where a, b, ¢, and d are the polynomial coefficients of corresponding equations. For example, polynomial
coefficient a, of Topp curve is 29, whereas polynomial coefficient b of Hallikainen curve is -0.38. RLz,,, and
RLy,y represents return loss of Topp curve and return loss of Hallikainen curve respectively, expressed in terms
of volumetric moisture, ,. In polynomial equation, polynomial coefficient determines the characteristics of the
curves. Optimization process begins from the source, which is the Topp curve or Hallikainen curve, and iterated
to General Equation (Kaltofen, 2006). Five iterations are performed to transform the theoretical curves into
General Equation. Each step of iteration is determined with progressive polynomial coefficient as shown in (21)
- (23).

am,TopP = (aGenEq - aTnpp j)( m (2 1)
n
3 2
ym|Topp = (aTopp + am,Topp)x + (bTopp + bm,Topp))C + (CTopp + Cm,Topp)x + (dTopp + dm,Topp) (22)
3 2
Yl tratt = (@t + @ trai)X” + (rtant + b, rai)X” + (Coran + o ta)* + (Atatt + Ao, Hant) (23)

where 7 is the total number of iterations and m represents each step of the iterations. In this optimization, there
are five iterations, thus » = 5 and m ranges from 1 to 5. Iterations in steps are essentially represented by y,,
which is defined by individual polynomial coefficient in m steps, where y,,| 1, are iterations for Topp curve and
Vml|man are iterations for Hallikainen currve. For example, first iteration of Topp curve with m = 1 is represented
by yilmpy With polynomial coefficients a;, b, ¢; and d,. The abbreviation a; 1, represents the first polynomial
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coefficient for optimization from Topp curve to General Equation. The first iteration is illustrated with (24) and
(25).

_(amﬁq—amwj (24)
al,Topp - f

y1|T0pp = (aTopp + al,Topp)x3 + (bTopp + b],Topp)xz + (CTopp + C],Topp)x + (dTopp + d],Topp) (25)
The polynomial coefficients b, ¢, and d are determined by the same method as shown in (24). Iterations 2, 3, 4
and 5 are determined using the same procedure. The process is repeated for iterations on Hallikainen curve with
(23). The optimization results are as shown in Figure 10 and 11. Referring to Figure 10 and Figure 11, iteration 5
becomes the General Equation. Hence optimization is completed. The process is repeated with Hallikainen curve
optimized to the General Equation.

12 T T T T
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"r — — lteration 1 ]
------- lteration 2
1or ~ Iteration 3 [
9l ~ —E— lteration 4 ||
& . Iteration 5
% 8 - ---&-- General Eq ||
[ : -
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- -
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T gl e, e g - I~
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3 Gx;])
20 0.05 0.1 0.15 0.2 0.25
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Figure 10. Topp curve optimized to General Equation
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Figure 11. Hallikainen curve optimized to General Equation

Equation (17) correlates return loss to volumetric moisture in general. This new model is a critical contribution
to the research, as the model undergoes validation process with different soil samples. A new soil type is
developed with mixed sand and loamy soil, and this new sample undergoes the consistent procedure for
volumetric moisture determination. Result from Figure 12 shows that volumetric moisture measurement is
within the range of new equation. General Equation is verified to operate with allowable error. Prefix M in the
legend represents measured data.
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Figure 12. The experiment is repeated with the new type of soil and the measured data is plot with the General

Equation

Further work had been performed with other new real soils. The performances of the return loss were measured
and compared to the General Equation. Referring to Table 8, it shows that new soil type agrees well with the
General Equation. From the soil with less than 21.31% volumetric moisture, the corresponding error is less than
7%. This verifies that the model works with other general soil types.

Table 8. Measurement of new soil type is compared with General Equation for errors and verification.

No Volumetric Return Loss of General Return Loss of Mixed Error Error
Moisture (%) Equation (dB) Soil (dB) (dB) (%)
1 2.04 5.57 5.89 0.32 5.72
2 4.00 5.12 5.02 0.10 1.92
3 5.88 4.83 4.65 0.18 3.74
4 7.69 4.65 451 0.14 2.96
5 9.43 4.54 4.26 0.28 6.06
6 11.11 4.47 423 0.24 5.44
7 12.73 4.43 413 0.29 6.64
8 14.29 4.38 4.14 0.24 5.51
9 15.79 4.33 4.06 0.27 6.16
10 17.24 4.24 4.13 0.11 2.57
11  18.64 4.12 4.00 0.12 2.92
12 20.00 3.96 3.93 0.03 0.80
13 21.31 3.74 3.70 0.04 1.05
14 22.58 347 3.68 0.20 5.87
15 23.81 3.15 3.62 0.47 14.96
16 25.00 2.76 3.73 0.97 35.11

Furthermore, the verified model is developed into a Graphical User Interface (GUI) with Matlab platform as in
Figure 13. In this GUI, the user inputs return loss indicated from GPR device and soil moisture is determined per
model. It cross references with the type of soil and determines bulk density. The bulk density is referred for the
suitability for agriculture activity (USDA, 2008).
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.....

The s0d structure i good and promotes plantation

Figure 13. GUI developed in Matlab platform with model of the General Equation

9. Conclusion

In this article, we have presented novel soil moisture determination method via microwave surface reflection.
The results from GPR measurement on clay, loamy and sand have been analyzed and the results are found in
good agreements with Topp and Hallikainen method. Optimization and verification are performed on the results
for model development. The results are further verified with a new soil type on the same procedure. Microwave
surface reflection method is useful for the researchers who wish to evaluate soil moisture using the same
parameters as discussed in this article. The novel feature that contributed is the development of the soil moisture
equation as an application of non-destructive technique for future engineering applications.
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