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Determination of volumetric soil water content (VSWC) is essential in many 
fields such as agriculture, hydrology, and ecology, etc. Currently, there are several 
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(TDR), capacitance probe methods, etc.  In this research, ground penetrating radar 
(GPR) was used to determine VSWC of a loamy soil at experimental field in the 
center of learning network for the region, Chulalongkorn University, Changwat 
Saraburi, Thailand. The GPR was set up in the ground wave fixed offset method with 
400 and 900 MHz central frequency antennas, which have transmitter and receiver 
offsets of 1.00 m and 0.405 m, respectively. By estimate the relative dielectric 
permittivity of soils, these values were converted to VSWC by Topp’s equation. The 
results of VSWC calculated from soil samples at different depths (10, 20 and 30 cm) 
were used as the references. Besides, there were three experiments to see how GPR 
can detect variation of VSWC with times. The results revealed that GPR 400 MHz has 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

 Knowledge about determining soil water content in root zone, which is in 
term of vadose zone or unsaturated zone, is important in many fields including soil 
science, hydrology, ecology, etc. because they provide the data of spatial distribution 
of water at land subsurface. Example in hydrology, soil water content has a 
relationship with water cycle system that is a part of infiltration at land surface and 
land-atmosphere interaction (Entekhabi et al., 1996), and also needed in order to 
improve discharge prediction in hydrological model of small-scales basin (Pauwels et 
al., 2001). In agriculture, soil water data is needed for irrigation planning. Much or less 
water has influence for crop yields, so accurate irrigation planning is important for 
limited agricultural field. Besides, there is an application of determining soil water 
content that influences the infiltration in sub-asphalt soil of pavement layers (Grote 
et al., 2005). So, an accurate soil water content estimation is important and still has 
been researching. 

 There are many methods for determining soil water content. Gravimetric is a 
basic point measurement method which is simple but time consuming, and invasive 
sampling, so many methods were created in order to reduce those disadvantages. 
Each methods have different resolution of measurement and observation scale, e.g. 
for large scale, remote sensing is an admirable surveying method. Either air borne or 
space borne can observe in large scale but low depth of investigation. For small to 
field scale, point-measurement sensors are conventional methods such as neutron 
probe, time domain reflectrometry (TDR), capacitance probe. By the development of 
petrophysics, a relationship of soil dielectric constant and volumetric soil water 
content (VSWC) makes more accurate in-situ soil moisture measurement (Topp et al., 
1980). Although they provide accurate spatial soil moisture information, they are 
invasive sampling, and not suitable in large scale measurements because of tedious 



 

 

2 

and time-consuming, and sometimes need a permanent installation for monitoring. 
So, geophysical methods are offered a non-invasive measurement with faster than 
conventional sensors. These methods are; such as resistivity (Samouelian et al., 
2005), electromagnetic induction (Doolittle and Brevik, 2014), or using 
electromagnetic wave (EMW) such as ground penetrating radar (GPR) technique which 
has been developing for last decades. 

 GPR is a geophysical method which uses high-frequency EMW. Transmitter 
antenna (Tx) of GPR send an EMW signal into mediums with different properties, then 
signal reflects or refracts to receiver antenna (Rx) and will be analyzed. One property 
of medium that is significant for effecting GPR signals is the dielectric permittivity. 
Liquid water has the dielectric permittivity, as a function of temperature; about 80 at 
20ºC while air has 1, and dry loamy soil is about 4 to 6, so the large contrast of 
dielectric constant of water and other geologic materials results the appropriate 
technique for measuring the VSWC by EMW, i.e. GPR. However, the accurate 
estimation of VSWC is required the appropriate petrophysical relationship between 
VSWC and dielectric permittivity of soil. 

The configurations of GPR surveying are also important because of the 
different accuracy and resolution that depends on frequency of signals, ray paths, 
soil conditions, advantage of technology, etc (Jol, 2009). Suitable surveying technique 
and data processing is required for accuracy VSWC estimating to provide high quality 
data as conventional methods. 

1.2 Research Objectives 

1. Determining of VSWC in the center of learning network for the region, 
Chulalongkorn University, Changwat Saraburi, and compared with time variation. 

 2. Developing appropriate data acquisition, processing and interpretation 
methods of GPR for determining VSWC.  

 3. Evaluating a capability of using GPR for determining VSWC compared with a 
direct method. 
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1.3 Scope of the Study 

 This research aims for determining VSWC with GPR of study area in the center 
of learning network for the region, Chulalongkorn University, Changwat Saraburi. The 
results will be compared with conventional measurement for developing appropriate 
data acquisition, processing and interpretation methods of GPR for using in other 
study area. 

1.4 Benefits 

 1. VSWC of study area in the center of learning network for the region, 
Chulalongkorn University, Changwat Saraburi, that compared with different time. 

 2. An appropriate data acquisition, processing and interpretation methods of 
GPR for determining VSWC. 

 3. A capability of using GPR for determining VSWC compared with a direct 
method. 

 

 

 

 

 

 

 

 



 
 

 

CHAPTER 2 
LITERATURE REVIEW 

2.1 Conventional Method 

There are many methods for determining soil water content which have 
advantages for each objective and conditions. In small scale, gravimetric is a 
conventional point-measurement method that is a dry soil weighting, baked with 105 
to 110°C for 24 hr (or until definitely dry). Then compared it with the weight of fresh 
soil, and calculated for soil water content as equation below. 

   s

w
m

m

m
θ

      (2.1) 

 which θm is gravimetric soil water content (dimensionless) 
  mw is mass of soil water (g) 
  ms is mass of dry soil (g) 

Gravimetric soil water content can be converted to VSWC with 

   w

b
mV
ρ

ρ
θθ 

      (2.2) 

 which θV is volumetric soil water content (dimensionless) 
  ρb is bulk density of dry soil (g.cm-3) 
  ρw is density of water (g.cm-3) 

The accurate value of bulk density of dry soil and density of water are very 
important for the correct conversion. That is needed a carefully undisturbed 
sampling. 

 This method is simple, accurate but tedious, time-consuming, invasive 
sampling and point-measurement. By using physics principle, many sensors were 
developed to be easy to use by putting their probe in to measurement point. For 
example, neutron probe, using radioactive principle, sends neutrons to react with 
hydrogen atom of soil water, and count for reaction events. TDR, using 
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electromagnetic principle, propagates a high-frequency electromagnetic pulse along 
probes into soil for detecting amplitude that changed with time from reflection 
events (Robinson et al., 2003). Capacitance sensor, like capacitor in electrical circuit, 
has probe that is like plate of capacitor and soil is like dielectric material, i.e. the 
different of soil’s dielectric constant makes different of electrical capacity (Francesca 
et al., 2010).  

Both TDR and capacitance sensor are dependent on the dielectric constant of 
medium around the probes that be converted to VSWC by petrophysical 
relationship. In 1980, Topp determined relationship between VSWC and relative 
dielectric permittivity of various mineral soil textures ranging from clay to sandy 
loam. By using TDR to measure the dielectric constant of soil samples, the most 
common equation was proposed to 

   
2

22436

1035

ε10922ε1055ε1034θ









.

... rrr  (2.3) 

 which θ is volumetric soil water content (dimensionless) 
  εr is relative dielectric permittivity of soil (dimensionless) 

These sensors are handily and non-invasive but the probe size (i.e., in order 
to few decimeters) result to the small volume of measurement (i.e., cm3), so they 
are point-measurement like gravimetric. In large scale, remote sensing, both air borne 
and space borne, use EMW in the band of radio wave, infrared and visible light. The 
advantage is large scale surveying in small time but has low resolution data and be 
simply disturbed. So, alternative method has researched for last decade to reduce 
those disadvantages, i.e. GPR, which suits for small to field scale and has acceptable 
accuracy for estimating VSWC with larger volumes of soil sampling (i.e., dm3 to m3) 
than standard point measurement (e.g., (Galagedara et al., 2005; Grote et al., 2003; 
Hubbard et al., 2002; Huisman et al., 2003; Weihermuller et al., 2007). 

2.2 Ground Penetrating Radar  

GPR is a geophysical method which uses high-frequency EMW in radar range 
(microwave band of radio spectrum). It was designed for the shallow subsurface 
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investigation such as earth, construction, roads, etc. GPR is a time-domain 
geophysical technique which can illustrate a three dimensional image of the 
subsurface and can estimate an accurate depth of subsurface objects. 

GPR equipment generally consists of antennas, electronics device, and 
recording device. The operation of GPR system can be shown as a diagram in figure 
2.1. GPR transmitted a wave that is composed of multiple frequencies in finite time 
duration (i.e., a pulse of EMW energy). Transmitting antenna (Tx) propagate a pulse of 
wave into subsurface with a particular amplitude and velocity. EMW is radiated 
through medium with spherical wavefront spreading. Some electrical properties of 
medium have significant affected to the energy (amplitude and velocity) of EMW, i.e. 
the dielectric permittivity. With different velocity, the signals are arrived to receiving 
antenna (Rx) at different times. So, Rx records a changing of signal amplitude and 
travel time of pulse. 

 
Figure 2.1 Diagram of the operation of GPR system  

(Modified from (Allred et al., 2008). 

The dielectric permittivity or dielectric constant is directly related to the 
velocity of EMW propagated in medium by the following relationship. 

0ε

εm

m

c
v 

      (2.1) 

 which vm is velocity of EMW through any material (m.s-1) 
  c is speed of light in free space (299,792,458 m.s-1) 

εm is the dielectric permittivity of the material (Farads.m-1) 
ε0 is the dielectric permittivity in free space  

(8.85 × 10-12 Farads.m-1) 



 

 

7 

The ratio of the dielectric permittivity of the material to the dielectric 
permittivity of free space is called the relative dielectric permittivity 

   0ε

ε
ε m

r 

      (2.2) 

 which εr is relative dielectric permittivity of the material (dimensionless) 
εm is the dielectric permittivity of the material (Farads.m-1) 
ε0 is the dielectric permittivity in free space  

(8.85 × 10-12 Farads.m-1) 

The range of values of relative dielectric permittivity is from 1 for air, about 
16 for average soil, and about 81 for water, as table 2.1. The high dielectric constant 
of water, caused by the polarization of the water molecule, dominates to the 
affecting of reducing the velocity of EMW. The large contrast of dielectric constant of 
water and other geologic materials results the appropriate technique for measuring 
the VSWC by EMW, i.e. GPR. 

EMW traveled from Tx with some different paths to Rx. The first signal arrived 
to Rx is the wave travels directly through the air because the velocity of EMW in air is 
greater than any material, i.e. called air wave (figure 2.2). The second signal is the 
pulse that travels through the material along subsurface, i.e. called ground wave, 
which is slower than air wave because of the dielectric permittivity of materials. The 
Later are the waves that reflected and refracted at the surface layer of different 
materials. 

Rx records pulses over a period of time called a trace that includes all of ray 
paths, as shown in figure 2.3. Color or gray scale can be applied to the amplitude 
values for investigating that is called a scan. 

 

 



 

 

8 

Table 2.1 The relative dielectric permittivity of materials and radiowave velocities 
(Reynolds, 2011). 

Material εr v (mm.ns-1) 

Air 1 300 
Water (fresh) 81 33 
Sand (dry) 3 - 6 122 - 173 
Sand (wet) 10 - 32 53 - 95 

Silt (unsaturated) 2.5 - 5 134 - 190 
Silt (saturated) 22 - 30 55 - 64 

Clay (dry) 2 - 5 134 - 212 
Clay (wet) 8 - 40 47 - 106 

Agricultural Land 15 77 
Average Soil 16 75 

Granite 5 - 8 106 - 120 
Basalt (wet) 8 106 
Concrete 4 - 30 55 - 150 
Asphalt 3 - 5 134 - 173 

PVC, Epoxy, Polyesters 3 173 

 
Figure 2.2 Ray paths of EMW travel from Tx to Rx along two layers of soil with 

contrast dielectric constants (Modified from (Huisman et al., 2003). 
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 (a)    (b)    (c) 

Figure 2.3 (a) a single trace. (b) multiple traces along the survey distance.  
(c) multiple traces with gray scale applied. 

Graphs between travel time of wave and antenna separation are shown in 
figure 2.4 which (a) is signal display and (b) is schematic display. Figure 2.4 (b) shows 
that air wave come to Rx earlier than ground wave because it propagates in air, and 
both waves have straight line graph with different slope. Reflected wave is shown as 
hyperbola which does not use in this research.  

To estimate the VSWC from GPR data, variable such as travel time, speed, 
amplitude of GPR signal are calculated to find the relative dielectric permittivity of 
soil, and then convert it to VSWC by using Topp’s equation. There are many 
configurations of surveying with different advantages and conditions depend on each 
of variation, including: frequency, such as 100 450 or 900 MHz. The depth 
penetration of GPR signal depends on its frequency. In general, higher frequency 
gives higher resolution of data but lower depth of penetration.  

Configuration of equipment affects speed of surveying and results. Many 
researchers used ground wave with different configuration depends on soil type and 
their instruments, such as on-ground surveying (Grote et al., 2003; Huisman et al., 
2002), off-ground surveying (Ardekani, 2013; Weihermuller et al., 2007), or borehole 
surveying (Wijewardana and Galagedara, 2010), etc. In 2003, Huisman et al. reviewed 
four methods of GPR estimating VSWC namely 1) reflected wave, 2) ground wave, 3) 
transmitted wave, 4) surface reflection coefficient. Choosing appropriate methods 
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depends on the survey objectives. There were many hypothesis, for example, 
consideration on time variation of VSWC (Grote et al., 2005), horizontal or vertical 
spatial variation (Grote et al., 2010; Grote et al., 2003; Huisman et al., 2002; 
Weihermuller et al., 2007), soil type or climate influence (Steelman and Endres, 
2009), drainage and irrigation influence (Galagedara et al., 2003; Galagedara et al., 
2005; Wijewardana and Galagedara, 2010), etc. 

 
(a) 

 
(b) 

Figure 2.4 Display of EMW ray paths that propagate to Rx. (a) Signal display.  
(b) Schematic display (Modified from (Huisman et al., 2003). 
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 All four methods have some pros and cons. For reflected wave, detecting the 
reflection of wave from contrast medium with different dielectric constant to read 
time travel and calculate wave speed in each medium, and then convert to 
dielectric constant. It cannot valid for vertical heterogeneous medium because of 
variation of speed. Besides, configuration called multi offset use so much time. For 
transmitted wave, Tx and Rx are installed in boreholes and propagates wave through 
medium between them. Like reflected wave, time travel are used to calculated 
dielectric constant, and this method can build the tomographic by analyzed many 
results. Disadvantages are the effect of reflected and refracted wave which make 
hardly wave classified, and making borehole is very tedious and time consuming. For 
surface reflection coefficient, GPR are lifted above ground liked remote sensing, and 
detect changed amplitude from surface reflection. The instruments can attached to 
vehicle and mobile along field, but quality of signal will be reduced by rough 
surface. This research chooses ground wave technique which using time travel of 
ground wave to calculate the dielectric constant of the ground. Tx and Rx offset is 
fixed at constant separation, as shown if figure 2.5 (a). To find dielectric constant, 
time travel of air wave and ground wave, assumed that travel in straight line 
between antennas, are required as an input in the equation (2.4) of EMW velocity 
and dielectric constant (Weihermuller et al., 2007). 
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   (2.4) 

 which εSoil is relative dielectric permittivity of soil (dimensionless) 
  c is speed of light in free space (299,792,458 m.s-1) 
  tGW is ground wave travel time (s) 
  tAW is air wave travel time (s) 

x is travel displacement of air and ground wave that is equal to 
antenna separation (m) 

 Then dielectric constant will be converted to VSWC by an appropriate 
petrophysical relationship which can be determined by using the GPR field-
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calibration or by previous relationship. It’s not easy to perform an accuracy 
calibration at study area due to the amount of auxiliary measurement. Despite it may 
be the most accurate because of the specific of site. So, previous established 
petrophysical relationship is often used to estimate VSWC from GPR measurements; 
e.g., Topp’s equation (Galagedara et al., 2005; Weihermuller et al., 2007). 

 The main disadvantages in using ground wave are: 1) it attenuates faster than 
other waves (Du and Rummel, 1994). 2) It does not suit for soil with dominant silt 
and clay because of high electric conductivity that strongly attenuate EMW 
(Weihermuller et al., 2007). 3) The difficulty of observing the separation between 
ground wave and air wave. From figure 2.4 (b), air wave and ground wave are straight 
line with same origin. At short antenna separation, or in dry soil (ground wave 
velocity is fast), their signal may too close so that the interference is occurred and 
hard to identify (Grote et al., 2003; Hubbard et al., 2002). At large antenna separation, 
ringing effect of air wave may be appeared in the data. Consequently, proper 
antenna separation is important for this surveying technique. By using surveying 
called wide angle reflection and refraction (WARR), i.e. multi offset reflected wave 
method, Tx is fixed and Rx is moved away with signal transmitted every move, as 
shown in figure 2.5 (b), and the result shown in figure 2.4 (a). From this graph, 
properly antenna separation can be chosen. Besides, WARR can approximate an 
influent depth of GPR. Du (1996) suggested that the influent depth of GPR is about 
half of wavelength, as shown in equation below. 

   f

v
λ

       (2.5) 

 which λ is wavelength of ground wave (m) 
  v is speed of ground wave in soil (m.s-1) 
  f is central frequency of GPR (Hz or s-1) 

As seen that the wavelength is a function of ground wave speed which 
depends on dielectric permittivity of medium. So, the influent depth of GPR also 
depends on dielectric permittivity of soil (i.e. the amount of VSWC). 
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 In this research, ground wave fixed-offset (FO) technique is used with central 
frequency of 400 and 900 MHz compared to gravimetric and capacitance probe, and 
also consider in time variation of three events with different rainfall.  The interesting 
of this research is there are many researches in many countries but never happened 
in Thailand before. 

 
(a) 

 
(b) 

Figure 2.5 (a) FO acquisition, (b) WARR acquisition, where T is transmitter and R is 
receiver (Modified from Huisman et al., 2003). 



 
 

 

CHAPTER 3 
METHODOLOGY 

3.1 Study Area 

 The study area is located in the center of learning network for the region 
(CLNR), Chulalongkorn University, Changwat Saraburi, central of Thailand (Figure 3.1). 
The experimental field has dimension of 10 m width and 20 m length which align on 
north-south direction. The south-west corner is at latitude 14º 31´ 14.5´´ north and 
longitude 101º 2´ 7.1´´ east, and altitude is 43 m above mean sea level. Geography 
of the experimental field is foot hill plain which has hill at the east. The rocks in the 
area are volcanic rocks such as rhyolite, andesite and volcanic breccia (Department 
of Mineral Resource, 2007). Soil series is slope complex. Climate is tropical savanna 
with average temperature of 28 to 29ºC. Maximum rainfall has occurred on May to 
October. Land use is agriculture such as grass or corn. 

Before the experiment, there was 50 cm tall grass in the field that is not 
comfortable for GPR method. So, tractor was used to clear the grass about 1 day 
before the data aquisition. Then stretched ropes with sticks were used to create 11 
GPR lines, as illustrated in figure 3.2 and 3.3. There were 9 soil sampling points for 
determining the VSWC by gravimetric and capacitance sensor method. At each point, 
soil was sampled at each 10 cm depth to 30 cm. So, total soil samples are 27. 
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Figure 3.1 Blue rectangular shown a survey field in CLNR, Chulalongkorn University, 

Changwat Saraburi, Thailand. 
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Figure 3.2 Photo of survey field. Ropes stretched with sticks are survey guideline. 

 

 
Figure 3.3 Schematic of GPR survey lines and soil sampling points. 
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Each soil sampling point had 3 samples with different depth (10, 20, and 30 
cm). These samples were collected to estimate VSWC by conventional method. 
Some samples were sent to the Agricultural Production Science Research and 
Development Division, Department of Agriculture for soil texture classification using 
hydrometer method. Table 3.1 presents the percentage of sand, silt, and clay of soil 
at depth 10 20 and 30 cm. By using the standard of United States Department of 
Agriculture (USDA) as shown in figure 3.4, soil texture classification of all depth is a 
loamy soil which the sand particle decreases with depth, but silt and clay increase 
with depth. Density of soil is about 1.43 g.cm-3 which estimated from mass of dry soil 
divided by volume. Because of the limitation of apparatus, soil samples were 
disturbed collected. So the bulk density which used to converted gravimetric soil 
water content to VSWC as equation (2.2) would not be accurately determined.   

To see how GPR can detect variation of water content with times, three data 
acquisitions were conducted in different times in order to compare the derived water 
contents. The first experiment was on 29th July 2014 (rainy season), the second was 
on 23rd November 2014 (end of rainy season), and the third was on 10th February 
2015 (winter). Every experiment day has no rainfall, but total rainfall of one month 
prior to the data acquisition day was shown in table 3.2, measured at S.9 (5445) 
station, Amphoe KaengKhoi, Changwat Saraburi (Royal Irrigation Department, 2015). 

Table 3.1 Percentage of sand, silt, and clay of soil at depth 10 20 and 30 cm. 

 

Depth (cm) Sand (%) Silt (%) Clay (%) Texture Picture 

10 49.00 34.80 16.20 Loam 

 

20 42.00 38.80 19.20 Loam 
 

30 40.00 39.80 20.20 Loam 
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Figure 3.4 Soil classifications of 3 depth samples on the USDA  

soil texture classification triangle (red, green, blue dots).  
All three samples were plotted in the loamy soil type. 

Table 3.2 Total rainfall for one month before experiment day, measured at S.9 
(5445) station, Amphoe KaengKhoi, Changwat Saraburi (Royal Irrigation Department 
2015). 

Duration Total Rainfall (mm) 
29th June to 29th July 2014 107.4 

22nd October to 23rd November 2014 94.6 
9th January to 10th February 2015 0 



 

 

19 

3.2 Materials and Methods 

3.2.1 Ground Penetrating Radar System 

 This research uses GSSI system with ground coupled antenna. This type of 
antenna contains both Tx and Rx within the same box and the housing or shield can 
be effectively protect noise from environment. Central frequency of 400 and 900 
MHz are used which each frequency has two boxes because antenna separation of 
ground wave fixed offset technique is greater than GPR housing. So the front box is 
set to be Rx only, and the back is Tx only.  To find properly antenna separation, 
results of WARR are required and will be explained in next chapter.  

After getting the appropriate antenna separation from WARR data analysis, 
sledge was built by connecting two plastic boxes with wooden sticks, as shown in 
figure 3.5. There is towline in front of sledge and connect with distance calibrated 
survey-wheel in the back. At the front and back of the edges of sledge, the two 
curved PVC were installed to be a bumper. The plastic boxes should be firmly 
attached to the ground for reducing the effect of air and; making signal to be stable. 
Try to avoid using metal instruments because of the disturbance of signal. Wood, 
plastic and PVC have small dielectric constant approximately about 2 to 6 for wood, 
2 to 3 for plastic, and 3 for PVC, so they are less disturbance. 

 
Figure 3.5 GPR 400 MHz on sledge. The separation of the Tx and Rx is 1 meter. 

Software used for data collecting is SIR 20 with survey wheel data collection 
mode. Survey wheel at the back of sledge is used to calibrate distance by electronics 
device, e.g. encoder. When the wheel start rotating, Tx is trigged and send EMW 
pulse continually along the distance until the wheel stop. This research set the 
number of scan per distance about 100 scans per meter. Antenna on sledge in FO 
method was towed along eleven survey lines with walking speed (approximately 1.5 
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m.s-1), as shown in figure 3.6. Then the data would be analyzed for the air wave and 
ground wave by processing software called RADAN 6.6. 

 
Figure 3.6 GPR with FO method was towed along survey line for data collecting. 

3.2.2 Gravimetric and Capacitance Probe  

The results of GPR data were compared with gravimetric results of nine 
sampling points, and also capacitance probe. Soil samples were collected every 10 
cm depth by hand auger immediately after GPR surveying. Because of the limitation 
of facilities, soil samples were disturbed collected and contained in plastic container 
for gravimetric in laboratory. But before that, the capacitance probe was inserted in 
the soil sample for estimating the VSWC right after collected with the auger, as figure 
3.7. 

Capacitance probe used in this study is EC-5 model. The probe is two prongs 
with dimension of 8.9 cm × 1.8 cm, connected to the ProCheck handheld reader of 
Decagon Devices (Figure 3.8) with manufacturer’s calibration which has an accuracy 
at least 3% VSWC. 
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(a)     (b) 

Figure 3.7 (a) Soil samples were collected by hand auger.  
(b) Using capacitance probe. 

 
Figure 3.8 EC-5 sensor probe and ProCheck handheld reader  

(Decagon Devices, 2015). 

Every 27 soil samples were brought to laboratory to estimate VSWC by 
gravimetric technique. First of all, the soil samples were weight to find mass of wet 
soil. Then be baked in the oven (figure 3.9) with temperature of 105ºC for 24 hrs. 
After cool down, they were weight again to find mass of dry soil. Gravimetric soil 
water content can be calculated by equation (2.1) and then converted them to 
VSWC by equation (2.1). The bulk density of soil is about 1.43 g.cm-3, and the density 
of water is about 1 g.cm-3.  
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   (a)        (b)             (c) 

Figure 3.9 Materials and apparatus used for gravimetric. (a) 27 of soil samples.  
(b) Scientific weighting scale. (b) Oven. 

 

 

 

 

 

 

 

 

 



 
 

 

CHAPTER 4 
RESULTS 

4.1 Wide Angle Reflection and Refraction 

 Antenna separation is a key for ground wave fixed-offset technique because 
air wave and ground wave will be accurately identified. By using WARR, Tx is fixed at 
midpoint of study area and discretely moves Rx. For 400 and 900 MHz, moving 
distance of Rx is 2 cm and 1 cm respectively, and total distance is 4 and 2 m. 

 The result of WARR is shown in figure 4.1. For GPR 400 MHz (figure 4.1a), red 
rectangular shows the position of ground wave that clearly separated from air wave, 
which has antenna separation about 50 to 80 cm. In this study, antenna separation at 
70 cm was selected, and then combined with size of GPR housing about 30 cm that 
is the nearest distance of two GPR boxes (Notice that signal line of air wave and 
ground wave do not convergent to origin). So a separation between Tx and Rx is 100 
cm. For GPR 900 MHz (figure 4.1b), antenna separation of 8 cm was used. When 
combined with GPR housing about 32.5 cm, the final distance is 40.5 cm.   

 Besides, the results from WARR can be used to calculate the ground wave 
velocity and used to find the influent depth from equation 2.5. The approximately 
ground wave velocity of both frequency is 6.45 × 107 m.s-1. So, the influent depth of 
GPR 400 MHz and 900 MHz is about 0.08 m and 0.04 m, respectively. 
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(a)                                         (b) 

Figure 4.1 The results from WARR, red rectangular shown proper antenna  
separation that ground wave (blue line) separates from air wave (green line).  

(a) The result of GPR 400 MHz. (b) The result of GPR 900 MHz. 

4.2 GPR Data Processing for Calculating VSWC 

 The example results, from 900 MHz, are shown in figure 4.2a is a gray scale 
display of signal, and figure 4.2b shows wiggle display that is the continually of signal 
traces. Green line is signal of air wave, and blue line is signal of ground wave. 
Different of travel time at each distance is required as an input to equation (2.4). By 
using EZ Tracker command in RADAN 6.6, the highest amplitude of interested signal 
(i.e. picked by researcher) will be identified, shown as dot lines in figure 4.3. Because 
the pulses of EMW of GPR are sent in a rate of about 100 scan per meter, each 
survey line contain many GPR sampling points. So, estimating VSWC by GPR contain 
many points of data and it can be acquired faster than conventional point-
measurement methods. EZ Tracker is set up to track signal every 10 cm, so there are 
possibly 2,200 VSWC data at one survey. 
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(a) 

 
(b) 

Figure 4.2 Signal from GPR 900 MHz with (a) gray scale display and (b) wiggle display. 
Green line shows amplitude of airwave and blue line shows ground wave. 
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(a) 

 

 
(b) 

Figure 4.3 Example of signal before and after process by EZ Tracker command.  
(a) is an example of GPR 400 MHz and (b) is an example of GPR 900 MHz. 
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4.3 The Results of VSWC 

4.3.1 The First Experiment (29th July 2014) 

The first experiment (29th July 2014) was performed at the rainy season. The 
results of gravimetric by %VSWC [cm3.cm-3], shown in table 4.1, at depth 10 cm is 
about 28.87 to 32.98 (Average is 30.30), at depth 20 cm is about 25.28 to 35.07 
(Average is 29.63), and at depth 30 cm is about 23.68 to 34.46 (Average is 30.10). The 
raw data of weight is shown in the appendix. The tendency of VSWC with depth is 
not seem to be any pattern. 

 The results of EC-5 is less than half of gravimetric, i.e. at depth 10 cm is about 
13.07 to 20.79 (Average is 16.21), at depth 20 cm is about 12.28 to 17.47 (Average is 
14.76), and at depth 30 cm is about 13.35 to 20.79 (Average is 16.61). Like 
gravimetric, the trend of VSWC has no pattern with depth. 

 The results of GPR 400 MHz is about 18.16 to 39.78 (Average is 30.98), and 
GPR 900 MHz is about 12.82 to 19.74 (Average is 15.80), which can be illustrated as a 
color contour map in figure 4.4. Interpolated VSWC contour map was obtained by 
krigging technique with 10 cm grid. The range of VSWC is about 0% to 50% that is 
shown with the range of rainbow color from red (The driest; 0%) to purple (The 
wettest; 50%). For GPR 400 MHz, the tendency of VSWC has high at north-west (i.e. 
blue) and gradually decreases to south-east (i.e. green with some yellow). For GPR 
900 MHz, the result is rather different from GPR 400 MHz. First, VSWC value is about 
half of GPR 400 MHz which can be seen from map with orange and yellow color. 
Second, the pattern is quite different that has more dry area about the center of the 
field in north-south orientation. 
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400 MHz     900 MHz 

  

 
Figure 4.4 Contour maps of VSWC from GPR of the first experiment. 
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4.3.2 The Second Experiment (23rd November 2014) 

The second experiment (23rd November 2014) was performed at the end of 
rainy season that expecting of the higher VSWC than the first experiment. The results 
of gravimetric by %VSWC [cm3.cm-3], shown in table 4.2, at depth 10 cm is about 
26.52 to 34.16 (Average is 30.29), at depth 20 cm is about 26.82 to 34.35 (Average is 
31.37), and at depth 30 cm is about 26.32 to 38.00 (Average is 31.52). The tendency 
of VSWC with depth is not seem to be any pattern. 

 The results of EC-5 is about half of gravimetric, i.e. at depth 10 cm is about 
9.89 to 15.56 (Average is 12.41), at depth 20 cm is about 11.64 to 17.03 (Average is 
14.33), and at depth 30 cm is about 13.90 to 23.07 (Average is 18.15). Like 
gravimetric, the trend of VSWC has no pattern with depth. 

 The results of GPR 400 MHz is about 26.97 to 41.96 (Average is 34.82), and 
GPR 900 MHz is about 16.47 to 19.13 (Average is 18.04). Contour maps are shown in 
figure 4.5 which are quite different from the first experiment. For GPR 400 MHz, the 
tendency of VSWC has high at west area in north-south orientation (i.e. deep blue) 
and sharply decreases at east (i.e. green). For GPR 900 MHz, the VSWC is higher than 
the first but still lower than gravimetric and GPR 400 MHz. The pattern of moist area 
is also not similar to GPR 400 MHz. 
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Figure 4.5 Contour maps of VSWC from GPR of the second experiment. 
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4.3.3 The Third Experiment (10th February 2015) 

The third experiment (10th February 2015) was performed in the dry season 
that expecting of the lower VSWC than early experiments. The results of gravimetric 
by %VSWC [cm3.cm-3], shown in table 4.3, at depth 10 cm is about 6.75 to 15.53 
(Average is 10.58), at depth 20 cm is about 11.02 to 18.68 (Average is 13.51), and at 
depth 30 cm is about 12.00 to 21.38 (Average is 15.36). Now the tendency of VSWC is 
increase with depth. 

 The results of EC-5 are less than gravimetric, i.e. at depth 10 cm is about 6.58 
to 9.00 (Average is 7.74), at depth 20 cm is about 6.19 to 9.15 (Average is 7.82), and 
at depth 30 cm is about 6.07 to 9.23 (Average is 7.78). The trend of VSWC has no 
pattern with depth. 

 The results of GPR 400 MHz is about 14.95 to 23.49 (Average is 19.51), and 
GPR 900 MHz is about 13.65 to 17.85 (Average is 15.65). Contour maps are shown in 
figure 4.6. For GPR 400 MHz, the tendency of VSWC is low at north-west area (i.e. 
orange) high at east (i.e. yellow and green). For GPR 900 MHz, the VSWC is lower than 
early experiments but still lower than gravimetric and GPR 400 MHz. The pattern of 
VSWC is not clear and not similar to GPR 400 MHz. 
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Figure 4.6 Contour maps of VSWC from GPR of the third experiment. 

 

 

 

 



 
 

 

CHAPTER 5 
DISCUSSION 

5.1 Validation of GPR Method  

 The data of GPR at the same position as gravimetric, i.e. 9 sampling points 
with 3 different depths, will be analyzed by linear regression model and correlation. 
If they have good relation, the result of gravimetric which is used as reference 
compared with GPR should be the same. So, versus graph should be a 1:1 straight 
line with R squared value approach to 1. R squared is a number that indicated how 
well the data fit to the model. And if they have strong correlation, correlation value 
should be a positive and approached to 1. Correlation indicates the fluctuation of 
variables. A positive correlation indicates that the variables increase or decrease by 
each other, and a negative correlation indicates that one variable increases as the 
other decreases (which does not proper in this experiment). 

5.1.1 The Relation of the First Experiment (29th July 2014) 

The relations of gravimetric and EC-5 of all three depths have medium 
correlation (about 0.5 to 0.7), as shown in figure 5.1. The results from EC-5 are 
underestimated about half of gravimetric. So, the results of EC-5 in this first 
experiment are not valid to gravimetric. 

For VSWC of gravimetric compared with GPR 400 MHz, only at depth 10 cm 
has a good positive correlation about 0.732 (figure 5.2). For GPR 900 MHz (figure 5.3), 
all three depths have a negative correlation. 

Considering when GPR send EMW into subsurface, the wave passes through 
whole medium. So, the comparison between GPR and gravimetric data at each depth 
is not quite right, and should perform at average depth rather than at specific depth.   

 For average VSWC by gravimetric, GPR 400 MHz has better positive correlation 
than comparison to gravimetric at each depth but the value is still weak (figure 5.4), 
and GPR 900 MHz still has a negative correlation (figure 5.5). For all result, the best 
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relationship between GPR 400 MHz and gravimetric is at depth 10 cm, that is 
according to influent depth about 8 cm. GPR 900 MHz does not relate with 
gravimetric at any depths. 

Gravimetric vs EC-5 

 
Y = 0.4009X + 23.80  R2 = 0.483499  Correlation = 0.695341 

 
Y = 0.8172X + 17.57  R2 = 0.253988  Correlation = 0.503972 

 
Y = 0.9468X + 14.37  R2 = 0.473826  Correlation = 0.68835 

Figure 5.1 Relation of gravimetric and EC-5 of the first experiments. 



 

 

38 

Gravimetric vs GPR 400 MHz 

 
Y = 0.5966X + 12.33  R2 = 0.536377  Correlation = 0.732377 

 
Y = 0.3851X + 18.03  R2 = 0.051996  Correlation = 0.228026 

 
Y = -0.8452X + 55.55  R2 = 0.208475  Correlation = -0.45659 

Figure 5.2 Relation of gravimetric and GPR 400 MHz of the first experiment. 
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Gravimetric vs GPR 900 MHz 

 
Y = -0.9523X + 45.69  R2 = 0.208475  Correlation = -0.37568 

 
Y = -0.6772X + 40.57  R2 = 0.016607  Correlation = -0.12887 

 
Y = -0.3004X + 78.64  R2 = 0.271888  Correlation = -0.52143 

Figure 5.3 Relation of gravimetric and GPR 900 MHz of the first experiment. 
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Average Gravimetric vs GPR 400 MHz 

 
Y = 0.5966X + 12.33  R2 = 0.536377  Correlation = 0.732377 

 
Y = 0.4908X + 15.18  R2 = 0.18756  Correlation = 0.433082 

 
Y = 0.04548X + 28.64  R2 = 0.002267011  Correlation = 0.047613 

Figure 5.4 Relation of gravimetric (average) and GPR 400 MHz of the first experiment. 
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Average Gravimetric vs GPR 900 MHz 

 
Y = -0.9523X + 45.69  R2 = 0.208475  Correlation = -0.37568 

 
Y = -0.8147X + 43.13  R2 = 0.05337  Correlation = -0.23102 

 
Y = -1.544X + 54.97  R2 = 0.270014  Correlation = -0.51963 

Figure 5.5 Relation of gravimetric (average) and GPR 900 MHz of the first experiment. 



 

 

42 

5.1.2 The Relation of the Second Experiment (23rd November 2014) 

The relations of gravimetric and EC-5 of 10 cm depth has low correlation, at 
20 cm depth has a negative correlation, and at 30 cm depth has medium positive 
correlation (about 0.6), as shown in figure 5.6. The results from EC-5 are 
underestimated as the first experiment. 

For the relation of average gravimetric versus GPR 400 MHz (figure 5.7), the 
result at 20 cm depth has medium correlation (about 0.7), but the average depth of 
10 cm and 30 cm have low correlation (about 0.3 and 0.5). So, the best relationship 
is at average depth of 20 cm that is not according to influent depth about 8 cm and 
the results of the first experiment that have the best positive correlation at 10 cm 
depth. For GPR 900 MHz (figure 5.8), all three depths have negative correlation that 
are not relate with gravimetric. 
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Gravimetric vs EC-5 

 
Y = 0.5305X + 23.71  R2 = 0.157170  Correlation = 0.396446 

 
Y = -0.429X + 37.52  R2 = 0.131551  Correlation = -0.362700 

 
Y = 0.8016X + 16.97  R2 = 0.413393  Correlation = 0.642956 

Figure 5.6 Relation of gravimetric and EC-5 of the second experiment. 
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Average Gravimetric vs GPR 400 MHz 

 
Y = 0.1336X + 25.64  R2 = 0.084726  Correlation = 0.291077 

 
Y = 0.2619X + 21.71  R2 = 0.510925  Correlation = 0.714790 

 
Y = 0.2057X + 23.9  R2 = 0.232723  Correlation = 0.482414 

Figure 5.7 Relation of gravimetric (average) and GPR 400 MHz of the second 
experiment. 
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Average Gravimetric vs GPR 900 MHz 

 
Y = -2.065X + 67.53  R2 = 0.640172  Correlation = -0.800108 

 
Y = -1.259X + 53.53  R2 = 0.373161  Correlation = -0.610869 

 
Y = -1.653X + 60.87  R2 = 0.475212  Correlation = -0.689356 

Figure 5.8 Relation of gravimetric (average) and GPR 900 MHz of the second 
experiment. 
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5.1.3 The Relation of the Third Experiment (10th February 2015) 

The relations of gravimetric and EC-5 of all three depth have better positive 
correlation than early experiments about medium-high correlation (about 0.4 - 0.8), 
as shown in figure 5.9. The best correlation is at 10 cm depth. But the results from 
EC-5 are still underestimated. 

For the relation of average gravimetric versus GPR 400 MHz (figure 5.10), all 
three depths have good positive correlation about 0.7 which 20 cm depth is the 
best. And again, it is not according to influent depth about 8 cm. For GPR 900 MHz 
(figure 5.11), all three depths are now turned to positive correlation but they are still 
weak correlation. 
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Gravimetric vs EC-5 

 
Y = 3.026X –12.85  R2 = 0.737617  Correlation = 0.858846 

 
Y = 1.141X + 4.585  R2 = 0.207684  Correlation = 0.455723 

 
Y = 2.583X – 4.736  R2 = 0.627257  Correlation = 0.791996 

Figure 5.9 Relation of gravimetric and EC-5 of the third experiment. 
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Average Gravimetric vs GPR 400 MHz 

 
Y = 0.5574X – 0.2977  R2 = 0.565049  Correlation = 0.751697 

 
Y = 0.5148X + 2.002  R2 = 0.575682  Correlation = 0.758737 

 
Y = 0.5164X + 3.075  R2 = 0.499249  Correlation = 0.706575 

Figure 5.10 Relation of gravimetric (average) and GPR 400 MHz of the third 
experiment. 
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Average Gravimetric vs GPR 900 MHz 

 
Y = 0.394X + 4.412  R2 = 0.04094  Correlation = 0.202336 

 
Y = 0.385X + 6.022  R2 = 0.046681  Correlation = 0.216059 

 
Y = 0.33X + 7.987  R2 = 0.029551  Correlation = 0.171903 

Figure 5.11 Relation of gravimetric (average) and GPR 900 MHz of the third 
experiment. 
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5.1.4 The Validation of All Experiments 

From all experiments, EC-5 and GPR have different relationship with 
gravimetric at different depth. Table 5.1 shows the correlation value and the 
percentage of RMSE of all results. Note that GPR is compared with gravimetric results 
at average depth, and bold values mean the best value of each experiment. 

Table 5.1 RMSE and correlation of all experiments. Note that GPR is compared with 
gravimetric results at average depth. Bold values mean the best value of each 
experiment. 

Experiment 
Gravimetric 
at depth 

 
Capacitance 
Probe: EC-5 

 GPR 400 MHz  GPR 900 MHz 

 %RMSE Correlation  %RMSE Correlation  %RMSE Correlation 

The First  
(20th Jul 
2014) 

10 cm  14.195 0.695341  1.173 0.732377  14.231 -0.37568 
20 cm  15.074 0.503972  1.936 0.433082  13.960 -0.23102 
30 cm  13.677 0.68835  2.284 0.047613  13.982 -0.51963 

The Second 
(23rd Nov 

2014) 

10 cm  18.013 0.396446  6.468 0.291077  12.596 -0.800108 
20 cm  17.345 -0.362700  5.451 0.714790  13.010 -0.610869 
30 cm  13.758 0.642956  5.617 0.482414  13.299 -0.689356 

The Third 
(10th Feb 

2015) 

10 cm  3.400 0.858846  9.190 0.751697  5.651 0.202336 
20 cm  6.013 0.455723  7.768 0.758737  4.275 0.216059 
30 cm  7.942 0.791996  6.770 0.706575  3.537 0.171903 

All results of EC-5 show that the third experiment (i.e. the driest) have the 
highest correlation and the lowest RMSE. The second experiment has lower 
correlation and higher RMSE than the first (which has slightly lower of moisture) at all 
depth. This can conclude that EC-5 has higher efficiency in drier area. Considering 
about depth, bold values of each experiment are scattered and not seem to be in 
any pattern. So, the relation about the depth does not obvious. As described before 
from section 3.2.2, the soil samples were disturbed collected so the results of EC-5 
would be significantly incorrect.  The assumption may be that; the contact between 
EC-5 and soil would be very poor.  Disturbed soil samples with loose compaction 
may create much air gap between probe and soil compared with the small size of 
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probes (i.e. about decimeter). This is a significant impact to decrease the dielectric 
constant of samples. Then, the measurement of VSWC is underestimated (Francesca 
et al., 2010). And this research used manufacturer’s calibration which can be poorly 
fitted to this site. Besides, disturb soil samples also dominated to the density of soil. 
Then the VSWC estimated from gravimetric water content (as equation (2.2)) would 
be moderately incorrect.  

The first result of GPR 400 MHz has the highest correlation and the lowest 
RMSE at average 10 cm depth. The second experiment has the best result at 20 cm 
depth. And the third has good relation at all depth which is the best correlation at 
average 20 cm and the lowest RMSE at average 30 cm. These can approximately 
conclude that GPR 400 MHz has well results at depth about 10 to 20 cm in wet 
condition, and can be more capable at deeper soil in dry condition. This can be 
described by the amount of moisture (e.g. rainfall) in soil that is affect to the 
propagation of EMW. In EMW principle, another significant variable beyond the 
dielectric permittivity is the electric conductivity. The electric conductivity of soil has 
much effect to attenuate the signal (i.e. energy) of EMW, especially in high frequency. 
Soil water content has many free ions that make wet soil to has higher of electric 
conductivity than dry soil, and higher of attenuation. So, the dry condition in the 
third experiment makes the deeper results. 

Some interesting is that the bold texts of GPR 400 MHz in table 5.1 are not at 
the same depth. From section 4.1, influence depth is proportional to wavelength of 
EMW in soil, i.e. velocity. So, different in VSWC (proportional to εr or velocity of soil) 
make different of influence depth. It could be calculated from WARR acquisition 
which is also given the information of antenna offset. This research used offset and 
influence depth data from the first experiment to use in later experiments. The 
results show that the highest of correlation of later experiments are at different 
depth. It means that the same configuration cannot be used in any different specific 
site. WARR acquisition is needed to perform at every different site of experiment 
before using FO method to receive the appropriate offset and influent depth 
expecting. So, the results of the first experiment are strong according to the influent 
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depth and have low RMSE. Besides, sledge should be modified to be able to change 
the offset. 

The first and second results of GPR 900 MHz are negative correlations which 
are not related to gravimetric method. The third experiment has better correlation 
with positive value but still weak. The reason should be same as GPR 400 MHz from 
electric conductivity issue. But the underestimate results of GPR 900 MHz may come 
from the miss-choosing of antenna offset. At close offset, the interference of air wave 
and ground wave may occur. Superposition of wave caused air wave appears later 
than it would and caused ground wave appears earlier (Grote et al., 2003). So the 
time different (i.e. input to equation (2.4)) is lower than it would be and makes the 
lower of VSWC.  

Beside of electric conductivity from rainfall, soil texture has significant to GPR 
surveying. Soil texture of study area is loamy soil with large amount of silt and clay 
which are not rather suitable for GPR surveying (Weihermuller et al., 2007). Because 
of pore water, electric conductivity of soil is high and makes the great attenuation of 
EMW. So, the soil texture is affect to all experiments. 

The conclusions are; 1) GPR 400 MHz has high correlation at dry condition at 
depth of 10 to 30 cm with VSWC about 10 to 15%. And at wet condition, the result is 
reasonable at depth 10 to 20 cm with VSWC around 30%. 2) GPR 900 MHz is not 
related to gravimetric method but the results are looked well in dry condition. 3) 
Capacitance probe EC-5 is not related to gravimetric method due to the misused and 
the limitation of experiment. 

5.2 Time Variation Monitoring 

The results of GPR of all experiments are illustrated as contour map of VSWC 
with the same color range scale and shown in figure 5.12. The first experiment, 
performed in rainy season, has VSWC about 18.16 to 39.73 (Average is 30.98) with the 
highest VSWC at north-west corner. The later experiments were used the same 
configuration of GPR as the first, i.e. same offset, to determine the changing of VSWC 
with time. The second experiment, performed in the end of rainy season, has higher 
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VSWC than the first experiment, about 24.72 to 48.54 (Average is 36.32). As seen that 
most area has blue color with the lower VSWC as green color in the east. The third 
experiment was performed in the dry season with zero rainfall for one month earlier 
and has the lowest VSWC about 10.83 to 27.88 (Average is 19.62). The west and the 
northwestern of the area have the medium water content and show in color of 
yellow and green. The driest area is at the north-west as shown in orange color. It is 
clearly seen that three experiments have different VSWC according to season and 
rainfall, so GPR 400 MHz can respond to the change of VSWC with time. 

 For GPR 900 MHz (figure 5.4.1), the first experiment has VSWC about 12.82 to 
19.74 (Average is 15.80), the second is 15.46 to 22.34 (Average is 17.98), and the third 
is 12.37 to 21.59 (Average is 16.06). All three experiments have VSWC lower than 
gravimetric and the distribution of VSWC has different pattern from the results of GPR 
400 MHz. From section 5.1.4, the results of GPR 900 MHz are not according to 
gravimetric method. So, GPR 900 MHz cannot be claimed to detect the variation of 
VSWC with time in this study. 
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Figure 5.12 Contour maps of average VSWC using GPR of three experiments.



 
 

 

CHAPTER 6 
CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

Determination of VSWC at the field scale of loamy soil in CLNR, 
Chulalongkorn University, Changwat Saraburi was determined by using GPR ground 
wave fixed-offset technique. It can be concluded that GPR method is appropriate for 
estimating VSWC due to the easy of data acquisition and processing. GPR 400 MHz 
has high correlation at dry condition at depth of 10 to 30 cm with VSWC about 10 to 
15%. And at wet condition, the result is reasonable at depth 10 to 20 cm with VSWC 
around 30%. GPR 900 MHz is not related to gravimetric method but the results are 
looked well in dry condition. Capacitance probe EC-5 is not related to gravimetric 
method due to the misused and the limitation of experiment.  

In the time monitoring of VSWC, the results of GPR 400 MHz in three 
experiments changed with time, but not for GPR 900 MHz. The GPR 400 MHz can be 
effectively used to determine VSWC at 10 to 20 cm at this site but GPR 900 MHz is 
not. This is probably due to the high amount of clay and silt content of soil that is 
limited the depth penetration of GPR signal.  This technique can be used in many 
types of soils but with different in GPR frequency and offset; but it need specialist for 
the operation and data processing. However this method needs to be study further 
in a larger scale in order to evaluate the effectiveness of the GPR technique in 
helping to determine VSWC in planning and managing agricultural field.  

6.2 Limitation 

The major limitation in this research is the disturbed soil sampling. Gravimetric 
method was used as reference for comparisons. It required an accurate data such as 
density of bulk soil that is needed some accurate specific apparatus. Disturbed soil 
sampling also impacted to capacitance probe measurement because of the poor 
contact between probe and soil. So, these are affected to the reliability of reference 
data. 
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 The another limitation is about the experiment field. It was hard to acquire 
the desired location in the boundary of University. So, the experiment field described 
in section 3.1 was used with some uncontrollable such as crop cover, field size, or 
soil type. 

6.3 Recommendation 

In the future research, it is necessary to have the additional investigation to 
solve the limitations. For instance, the appropriated soil sampling techniques are 
needed for quality controls. The larger experiment field with different soil types in 
many geographic areas may also need to study in order to accurately evaluate the 
effectives of GPR method. GPR data acquisition and configuration have to be 
improved for more accuracy and for the convenient of surveying such as using some 
gadget to faster the WARR acquisition or using adjustable sledge for the properly 
offset in FO method. Different GPR data acquisition might be used in the same field 
or scenario to compare for the best solution. Finding petrophysical relationship of 
specific area is challenged and interested for comparing to Topp’s equation.  
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APPENDIX A 
PRIMARY DATA 

Table A-1, A-2, and A-3 show the data of gravimetric method of all three 
experiments. After soil was collected in field surveying, they were brought to the 
laboratory of the department of geology, faculty of science, Chulalongkorn 
University. Soil samples were contained in the container for baking which were 
weighted for the mass of moist soil with container in gram. Before that, all of 
containers were weighted for the mass of container. Then soil samples were baked in 
the oven with temperature of 105ºC for 24 hrs. After cooled down, they were 
weighted again for the mass of dry soil with container. All of mass data would be 
calculated as a following equation which modified from equation (2.1). 

13

12θ
mm

mm

m

m

s

w
m






    (A-1) 

which θm is gravimetric soil water content (dimensionless) 
  mw is mass of soil water (g) 
  ms is mass of dry soil (g) 

m1 is mass of container (g) 
  m2 is mass of wet soil (g) 

m3 is mass of dry soil (g) 

The results of gravimetric soil water content would be converted to VSWC by 
equation (2.2) with the density of soil and water. Density of soil was evaluated from 
mass divided by volume of dry soil samples. The bulk density of dry soil is  1.43 
g.cm-3 and the density of water used an approximate value of 1 g.cm-3. All of soil 
water content data were multiplied by 100 to be a percentage.  
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APPENDIX B 
SECONDARY DATA 

Rainfall data is used from the nearest station from the experiment field about 
20 km at north, as shown in table B1. The station is Station S.9 Ban Pa (Code 5445), 
Amphoe KaengKhoi, Changwat Saraburi, Thailand. Which is in the organization of 
Hydrology Irrigation Center for Central Region, Office of Water Management and 
Hydrology, Royal Irrigation Department, Thailand. 
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Table B-1 The Daily Rainfall of Station S.9 Ban Pa (Code 5445), Amphoe KaengKhoi, 
Changwat Saraburi, Thailand in WaterYear: 2014 (April 2014 – March 2015). Three 
underlines in data are the data on the experiment days. 

Date 
Month 

Annual 
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar 

1 0.0 0.0 0.0 0.0 6.8 12.2 0.0 0.0 0.0 0.0 0.0 8.5 
 

2 0.0 0.0 0.0 0.0 0.0 28.3 17.8 0.0 0.0 0.0 0.0 0.0 
 

3 0.0 0.0 49.3 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 
 

4 0.0 0.0 0.0 0.0 0.0 4.1 0.0 41.2 0.0 0.0 0.0 0.0 
 

5 0.0 0.0 3.3 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

6 0.0 12.0 4.3 0.0 12.8 22.8 11.0 0.0 0.0 2.5 0.0 0.0 
 

7 0.0 0.0 0.0 0.0 56.2 0.0 0.0 0.0 0.0 5.0 0.0 0.0 
 

8 0.0 0.0 0.0 0.0 3.5 0.0 29.3 13.6 0.0 0.0 0.0 0.0 
 

9 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

10 0.0 0.0 0.0 0.0 0.0 0.0 25.2 0.0 0.0 0.0 0.0 10.5 
 

11 0.0 0.0 0.0 0.0 1.9 0.0 7.5 0.0 0.0 0.0 0.0 0.0 
 

12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

13 5.2 0.0 0.0 28.4 19.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

14 12.0 0.0 12.8 5.3 62.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

15 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

16 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

17 5.8 12.3 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

18 0.0 7.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

19 5.7 0.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

20 3.0 0.0 56.3 0.0 4.0 0.0 10.8 0.0 0.0 0.0 0.0 0.0 
 

21 0.0 0.0 0.0 0.0 0.0 5.8 11.7 0.0 0.0 0.0 0.0 25.8 
 

22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

23 0.0 0.0 0.0 0.0 3.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

24 0.0 0.0 0.0 37.2 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

25 0.0 0.0 27.5 0.0 0.0 7.2 15.3 0.0 0.0 0.0 0.0 15.2 
 

26 0.0 0.0 2.7 10.3 0.0 8.9 0.0 0.0 0.0 0.0 0.0 0.0 
 

27 0.0 53.5 0.0 0.0 0.0 0.0 0.0 45.8 0.0 0.0 0.0 5.8 
 

28 0.0 23.2 0.0 0.0 33.5 7.8 14.8 0.0 0.0 0.0 36.5 0.0 
 

29 13.5 0.0 20.7 0.0 1.5 24.8 0.0 0.0 0.0 0.0 
 

4.0 
 

30 0.0 31.8 5.5 5.3 5.3 3.8 9.7 0.0 0.0 0.0 
 

0.0 
 

31 
 

0.0 
 

0.0 0.0 
 

0.0 
 

0.0 0.0 
 

0.0 
 

Total 45.2 139.8 199.2 86.5 218.9 135.5 153.1 100.6 0.0 7.5 36.5 69.8 1,192.6 

Mean 1.5 4.5 6.6 2.8 7.1 4.5 4.9 3.4 0.0 0.2 1.3 2.3 
 

Rain/Day 6 6 13 5 15 12 10 3 0 2 1 6 79 

Max Rain/day 13.5 53.5 56.3 37.2 62.5 28.3 29.3 45.8 0.0 5.0 36.5 25.8 
 

Maximum 1 Day Rainfall = 62.5 mm [14 Aug 2014] 
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