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Abstract 
 

Accurate measurements of Soil Water Content (SWC) with applicable and relevant support are essential in many fields of earth and 

soil engineering research. Ground Penetrating Radar (GPR) is a geophysical tool that measures and provides accurate results for deter-

mination of the SWC. To prove the accuracy of SWC measurement using GPR, a field survey was performed in peat soil. This paper 

presents a fieldwork survey with the aim of assessing the SWC measurement using GPR. The survey work was conducted at Johor 

Bharu using different antenna frequencies (250 and 700 MHz). Five profiles, which is 5m by 5m in length, were scanned along an east-

west direction with a common offset at an equal spacing of 1m.  To measure the SWC using GPR, the researchers used the velocity 

from the GPR’s signal from the receiving antenna to the soil. Statistical analysis was carried out based on the dielectric permittivity 

and SWC. Schaap’s equation and Roth’s equation were used to distinguish the relative dielectric permittivity of the soil to SWC. The 

results of this study show the linear function,  for the measured SWC. The validation graph shows that at a frequency of 250 MHz, 

the depth of penetration was greater compared to the frequency of 750 MHz. These results, suggest that a higher frequency will give 

higher resolution but lower depth penetration.  

 
Keywords: Soil Water Content; Petrophysical Relationship; Ground Penetrating Radar; Antenna Frequencies; Geophysical Tool; Dielectric Permit-

tivity. 

 

1. Introduction 

Soil water (moisture) content is generally defined as the amount of 

water contained in the unsaturated soil zone (1). It is one of the pa-

rameters and vital factors in the quality control of peat soil, espe-

cially in agriculture and climate studies. Without water, plants can-

not absorb the nutrients in the soil, which causes the quality of the 

plants to decrease. In addition, often less attention is paid to peat 

soil, for which the risk and impact increase as the water content is 

diminishing and becoming a limited and widely exploited resource 

that is unequally distributed in space and time(2). Therefore, 

knowledge about the water content in peat soil is needed. Being able 

to accurately determine the Soil Water Content (SWC) is important 

for the characterization of peat soil and has boosted the develop-

ment of SWC methods. These methods can be categorized as either 

direct or indirect. Drilling with sampling is one of the direct meth-

ods for the estimation of the SWC; however, it is inefficient, de-

structive and discontinuous. Hence, other methods are used to de-

termine SWC, such as the gravimetric method, which is considered 

to be the standard/approved method. Nevertheless, the method is 

time-consuming and destructive. Several researchers (3-9) have 

claimed that some of the SWC estimation methods use physical 

properties, such as electrical resistance, temperature, capacitance, 

dielectric permittivity or spectrometry. Even though the methods 

are efficient, they are relatively expensive, which limits their wide-

spread application. The use of in-direct methods was introduced in 

the past as the conventional methods are invasive, time-consuming, 

labor-intensive and destructive(10). Table 1.1 shows a comparison 

of the direct methods (Gravimetric, Neutron probe, TDR, 

Capacitance, Tensiometer) and in-direct methods (Gamma ray, Re-

mote sensing, Capacitance sensor, Pressure plate and GPR) which 

have been categorized into approach/tools, accuracy and measured 

parameters. Because of the limitations of the direct methods, the 

electromagnetic (EM) approach has been tested and approved in 

soil science and hydrogeophysics; such approaches include Ground 

Penetrating Radar (GPR), (11-14) and Electromagnetic Induction 

(EMI) (15-17). Besides, Direct Current (DC) method (18, 19) is no 

exception for SWC estimation. GPR is a strategic way to estimate 

the SWC, as it is a non-invasive tool that produces high-resolution 

extended profiling of an area and can yield much data and infor-

mation compared to the conventional method for SWC estimation 

in peat soil.  

 
Table 1.1: Comparison of Direct Methods and Indirect Methods 

Approach/Tools Accuracy  Measured parameter 

Gravimetric High Mass  

Neutron Probe High Volumetric   

Time Domain Reflectometry 

(TDR) 

High Volumetric  

Capacitance  Volumetric  

Tensiometer High Soil Water Potential 

Gamma Ray Low Volumetric  

Remote Sensing Low Soil Surface Moisture 

Capacitance Sensor High Volumetric  

Pressure Plate Low Soil Water Potential 

GPR High Volumetric  

Note: is water content 
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Knowledge of GPR is an important practical aspect to undertake the 

estimation of the SWC. Understanding how the energy is transmit-

ted and received by the particular GPR antenna can be useful and 

facilitate improved signal processing. This geophysical tool uses ra-

dar pulses to image the subsurface. Unlike other conventional tools 

(20) for SWC estimation, (21) defined that, GPR is a non- destruc-

tive instrument that uses electromagnetic (EM) energy where the 

signals is detect and reflect from the subsurface. In addition, due to 

the good penetration (22) and resolution(20), GPR can be used for 

a variety of applications, such as agriculture, engineering, investi-

gating archaeological sites, and hydrological purposes, especially 

when related to peat soil. In scanning peat soils, GPR plays an im-

portant role in estimating the SWC as it is the survey device for the 

imaging and characterizing of the internal structure of peat soil. Alt-

hough peat soil has very complex (23) and unpredictable physical 

properties, GPR’s potential for detecting and estimating the SWC 

for peat soil is proven in the literature(24). GPR is a high-resolution 

geophysical tool that consists of a transmitter, receiver and antenna 

frequency. Fig 1 shows the components of the GPR. The GPR reli-

ability and capability is strongly depend on the central frequency. It 

has been previously noted that, as the frequency of GPR antenna 

increases, the image (resolution) becomes sharper. However, con-

versely, the penetration of the signal diminishes. Hence, the choice 

of the antenna frequency for a GPR survey is a key factor in terms 

of its performance for the detection and estimation of the subsurface 

features. 

1.1. GPR Principles 

Ground Penetrating Radar (GPR) is a geophysical method that uses 

electromagnetic wave (EM) energy at frequencies of 50 – 1500 

MHz for subsurface detection (25). It consists of an impulse gener-

ator that sends a signal of fixed voltage and frequency spectrum to 

a transmitting antenna. Figure 1 shows the components of a GPR 

system. The antenna is a very important part as it is from here that 

the radar signal is transmitted and received. The parts of GPR an-

tenna consist of transmitter and receiver. The transmitter functions 

for signal propagation while receiver functions for signal detection. 

Timing units is the heart of GPR that synchronizing the transmitter 

and receiver. The component that controls the overall operation is 

the control unit that relays the receiver data to the data storage and 

display unit. A portion of energy is lost to the air when the antenna 

of the GPR directs EM energy into the subsurface. As the EM waves 

propagate through the air, they can encounter the subsurface with 

different dielectric permittivities, which causes part of the signal to 

be reflected to the receiver. (26) proved that, using the lower fre-

quency of GPR antenna (e.g., 100 MHz) was more effective, which 

has a longer wavelength but lower resolution, and useful for locat-

ing the water table depth and identifying small features up to a depth 

of 5 m, but that it becomes less effective for depths up to 20 m. The 

amplitude becomes decreases when the ratio between the thickness 

of the transition zone and the wavelength is greater than 0.3  and 

the water table reflection cannot be detected (27, 28).  

 
Fig. 1: Components of GPR 

 

The GPR system is based on the transmission and reflection of the 

EM waves in the soil (29). The GPR uses the seismic reflection 

method, which provides high and better resolution because it emits 

EM energy (30). The reliability of the GPR system strongly de-

pends on the antenna frequencies. Some of the energy signal is dis-

persed and absorbed by the soil when the antenna transmits the EM 

energy into the ground, and some is reflected back to the antenna 

when the radiated energy collides with an interface. (31) claimed 

that the antenna of the GPR is the significant factor in survey meas-

urements as it determines the resolution and depth of penetration. 

A high frequency leads to high resolution and high attenuation, but 

low depth penetration compared to a low frequency. The selection 

of the antenna frequency is determined by the desired resolution 

and the achievable depth penetration. (32) mentioned that it is better 

to trade the resolution for depth, as high resolution can hinder the 

detection of the target. Table 1.2 shows the guideline for a few of 

GPR center frequency values. The guideline can be used to deter-

mine the best frequency for the measurement.  

Meanwhile, the computed parameters are time travel and amplitude 

of the reflected EM energy. These parameters depend on the elec-

trical and EM energy, such as permittivity, the conductivity of the 

material, and the magnetic permeability of the medium (32). The 

EM waves and dielectric permittivity are influenced by the SWC. 

 
Table 1.2: Guideline for GPR Centre Frequency Values 

Depth (m) Centre Frequency (MHz) 

1.0 500 

5.0 100 

10.0 50 

50.0 10 

2. Materials and Methods 

2.1. Experimental Setup 

This study was conducted on the Universiti Teknologi Malaysia 

(UTM) campus at Johor Bharu, which is covered with an oil palm 

plantation. The area is covered with peat soil. The survey was done 

using longitudinal and transversal movement to find the correlation 

of the signal. The length profiles were scanned in an east-west di-

rection with a common offset at an equal spacing of 1m. A 5.0 m 

by 5.0 m survey grid, perpendicular to the direction was set up in 

the site area (Figure 2). The GPR survey lines were installed and 

used for scanning along the fixed ropes. The fixed ropes were in-

stalled and set up temporarily at the starting and ending points of 

the marked survey lines to facilitate accurate repeatability of the 

survey area. The interval between the lines was 1.0m. A fixed rope 

was used to guide the GPR during scanning, to ensure the repeata-

bility of the locations and intervals of the survey lines. Figure 3 

shows the GPR fieldwork survey of the study area. The fieldwork 

survey involved scanning over the oil palm plantation area. The 

scanning was conducted using the GPR Detector Duo, radar acqui-

sition unit known as IDS DAD Fast Wave GPR with a dual fre-

quency (250MHz and 700MHz). This work is an experimental re-

search designed to estimate the soil water content in peat soil. The 

study area was surveyed before the fieldwork began. The lines were 

marked with a fixed rope, and the calibration of the GPR scanning 

was done before the actual scanning began. The scanning began in 

an east-west direction to obtain the signal repeatability of the survey 

area.  
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Fig. 2: Schematic diagram for survey measurements 

 

 
Fig. 3: GPR Fieldwork Survey 

2.2. GPR Instrument and Survey 

The instrument used was a Ground Penetrating Radar (GPR) with 

dual frequency (IDS Detector Duo with 250 and 750 MHz), and the 

test beds were filled with peat soil. The GPR was used to undertake 

the survey to extract the parameters of the soil in terms of the SWC 

and dielectric permittivity. The GPR scanning displayed the deep 

and shallow channels on the screen of the tough book.  Researchers 

have claimed that the higher the frequency, lead to improve the res-

olution, but less depth penetration. The figure shows the IDS De-

tector Duo. Five profiles, each 1m in length, were scanned along 

the east-west direction with a common offset at an equal spacing of 

1m. The velocity can be computed from the travel time to the target 

at a known depth. The computed velocity can then be used to esti-

mate the dielectric permittivity using a mathematical formula for 

high radar frequencies in soils that have low electrical conductiv-

ity(33). 

 

            (2.1) 

 

where  is the dielectric permittivity and c is the airwave velocity 

( ). However, the velocity can be frequency dependent, 

especially at lower frequencies and in complicated soils like peat. 

Hence, the empirical equation given in (2.1) cannot be applied. For 

low frequencies, the dielectric permittivity of unsaturated soil is wa-

ter content dependent (34), albeit other factors, such as the temper-

ature and soil surface area, may contribute to the GPR results. The 

water content highly influences the dielectric permittivity of the soil, 

and, hence, variations in the amount of water in the soil change the 

soil dielectric constant. Accordingly, the petrophysical model can 

be used by either using the existing equations (reference) or devel-

oping a model. 

2.3. Petrophysical Relationships 

The GPR used the transmission and reflection of frequency (1MHz 

– 1GHz) of the electromagnetic waves within the subsurface. This 

non-invasive tool measures the travel time from the transmitter to 

the receiver antenna through the topmost layer of the soil, which 

correlates to the dielectric permittivity of the soil water content 

measurement. However, obtaining an estimate of the water content 

of the soil requires an appropriate petrophysical relationship be-

tween the dielectric permittivity and the water content. Researchers 

have discussed in detail in many previous studies the issues con-

cerning the instruments, large-scale, and small-scale. Some meth-

ods, such as the capacitance probe, use a different approach; after 

measuring the capacitance, it is then converted to dielectric permit-

tivity. From a previous study, it can be seen that the information 

concerning the dielectric permittivity plays an important role as it 

can be computed to estimate the water content. Dielectric permit-

tivity is the most common electrical property used to measure the 

SWC. Several empirical equations have been proposed by research-

ers(35, 36)  to estimate the water content in soil, such as the Topp’s 

equation(27), Richard’s equation, Genuchten parameters(28) and 

Roth’s equation. However, only a few researchers have developed 

the equation to estimate the water content as well as the dielectric 

permittivity in respect of an organic soil such as peat (35). Estima-

tion of the SWC from the previous model can be categorized into 

one parameter or two parameters. One parameter is defined as 

where it only involves the dielectric permittivity and water content, 

whereas two parameters include other parameters, such as the bulk 

density or porosity. For example, using the Topp’s equation, the 

model is: 

 

       (2.2) 

 

where  is the dielectric permittivity and  is the water content of 

the soil. This measurement uses the TDR at a frequency of 1 to 1000 

MHz for several mineral soils. Topp used a polynomial fitting to 

obtain the -  relationship model.(36) produced another equation 

for determination of the SWC which is still used by researchers. 

The equation is as follows:  

 

             (2.3) 

Other researchers have formed various equations for estimating the 

SWC of organic soils. Over the years, researchers have focused on 

organic soil as it is different to other soils. Hence, the model is dif-

ferent. For example, Topp’s equation is not suitable for organic soil 

as it tends to deviate from it (37), as was also reported by(38). The 

difference between the dielectric permittivity and the water content 

in organic soil compared to the mineral soil is due to the difference 

in the bulk density and surface area(39). (35)  used a miniprobe and 

TDR to form equations for mineral soil and organic soil. The equa-

tions are as follows: 

Mineral Soil: 

             (2.4) 

  

Organic Soil: 
                              

             (2.5) 

 

 (35) also found that the error estimation for mineral soil is 

0.015cm3cm-3, while for an organic soil it is 0.035m3m-3. Other re-

searchers (40, 41) also provide an SWC model. (40) used a mixing 

model equation and TDR measurements to form an equation. The 

equation is as follows: 

 

         (2.6) 

 



818 International Journal of Engineering & Technology 

 

(41) chose a different approach to(40), and formed a model for or-

ganic soil. These researchers used 505 measurements from an or-

ganic forest using TDR measurements. The equation is as follows: 

 

         (2.7) 

 

(42) derived a third order polynomial empirical relationship, w, 

which defines the volumetric water content (VWC) and dielectric 

permittivity(43). 

 

             (2.8) 

 

Other researchers developed an equation with two parameters using 

either bulk density or porosity. For example, (44) formed equations 

using the porosity parameters. 

 

    (2.9) 

 
                         

           (2.10) 

 

where  is the permittivity for ice (3.2),  is the permittivity for 

water (80), and  for rock (0.5). The first equation is applied where 

, while the second equation is applied where . From 

the above equations for SWC, it can be concluded that the dielectric 

permittivity is a vital component in the SWC model. 

In this paper, the petrophysical relationship, Roth’s equation and 

Schaap’s equation were chosen to retrieve the value of the SWC. 

These empirical equations were chosen based on the suitability of 

the soil. In addition, these relationships provide reliable estimates 

of the SWC which does not need the use of detailed of soil textural 

information such as porosity, bulk density and others. The use of 

these relationships indicate the value of water content for a range of 

soil moisture and textural properties. Other researchers (45) used 

GPR to determine the velocity of the EM waves through the sub-

surface. By using the velocity from the electromagnetic waves, the 

dielectric constant can be calculated. The dielectric constant is then 

derived to determine the water content using an empirical equation, 

such as Topp’s equation, or multiple formulae to describe the rela-

tionships between the dielectric permittivity and the hydrologic pa-

rameter. Figure 4. depicts the flowchart of the study in which all the 

related procedures and phases are indicated. The figure provides an 

overview of the phase on the data collection process. As evidenced 

in the flowchart, the study is designed and conducted in five phases: 

Field survey measurements (Data collection), basic processing, ra-

dargram standardization, geometric matching/checking, and the 

petrophysical relationships.  Data collection involves GPR scan-

ning of the peat soil. The acquired radargram images were pro-

cessed based on certain techniques, such as subtract mean (dewow), 

static correction, gain functions, and background removal to re-

move the unnecessary signals. The parameters involved in the GPR 

scanning were time/depth conversion, and the velocity and dielec-

tric permittivity of the soil. Then, using the appropriate petrophysi-

cal relationship, the value of the SWC was retrieved. A few petro-

physical relationships have been developed by previous researchers 

for all types of soil to estimate the value of the water content. How-

ever, only a few empirical relationships exist that are suitable for 

organic soil, especially for peat soil. Hence, in this study, Roth’s 

equation and Schaap’s equation were chosen for converting the di-

electric permittivity to the SWC. 

 

 
Fig. 4: Flowchart of the study 

3. Results 

Using an appropriate equation, the GPR data were analyzed using 

two equations (i.e., Roth’s equation and Schaap’s equation) to esti-

mate the water content of the peat soil as well as the dielectric per-

mittivity. The number of output files selected was 512 samples per 

scan. To obtain the best results, when processing the data, any kind 

of interference (noise) needs to be removed. The subtract mean fil-

ter, gain functions, dewow, and background removal were applied 

to remove the noise. After filtering and processing, the color of the 

radargrams was transformed making the layers more visible. Figure 

5 depicts the interpretation of the processed radargrams using 

250MHz and 700MHz antenna frequencies indicating the potential 

moisture content. The diagrams show a clear difference between the 

two types of data (250MHz and 700MHz). The depth of penetration 

of the 250MHz antenna of GPR was deeper even though the reso-

lution was lower than that of the 700MHz antenna.  Consequently, 

in the present case in peat soil area, the results between 250MHz 

and 700MHz showed clearly different, where the lower frequency 

(250MHz) shows deeper penetration which the potential moisture 

content of the soil can be identified in deeper layer.  

Appropriate and suitable petrophysical relationship is needed to 

convert the dielectric permittivity information into the volumetric 

water content. For this study, Roth’s equation and Schaap’s equa-

tion were used to determine the value of the volumetric water con-

tent for 250MHz and 700MHz. The GPR provides information 

about the velocity that can be used to convert the value to dielectric 

permittivity. The velocity was recorded as V (mns-1), which was 

extracted from the radargram information and used together with 

the t-values to compute the depth. For each hyperbola, the velocity 

was converted to dielectric permittivity, and then converted to wa-

ter content using the equations (Roth’s equation and Schaap’s equa-

tion). Fig 4 shows the validation graph of the water content between 

250MHz and 700 MHz; using both equations the correlation coef-

ficient for 250MHz (left) is 0.8869m3m-3 and for 700MHz (right) it 

is 0.4031m3m-3. The results show slightly greater differences be-

tween the correlations.  The antenna frequencies determine the 

depth of penetration and resolution of the soil with a consistent di-

electric permittivity. As mentioned by Hiroko (46), a higher fre-

quency leads to a higher resolution but lower depth penetration than 

a lower frequency. Fig 4. Shows the curves for Roth’s equation and 

Schaap’s equation, both of which use one parameter. Equations 

with one parameter only use the dielectric permittivity parameter to 

estimate the water content. 
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Fig. 5: Processed Radargrams profile for 250MHz and 700MHz 

 

Based on the graph, a comparison between Roth’s equation and 

Schaap’s equation was made to estimate the SWC of the peat soil. 

For the 250MHz frequency, the correlation is slightly greater be-

tween the equations; Schaap’s equation shows 0.9928m3m-3 and 

Roth’s equation shows 0.8313 m3m-3. Meanwhile, for the 700MHz 

frequency, the correlation coefficient for Schaap’s equation is 

0.9529 m3m-3, and, for Roth’s equation, it is 0.5529 m3m-3. 

Schaap’s equation shows a higher correlation for both frequencies 

compared to Roth’s equation. The difference between the values of 

the correlation for these equations could be due to the petrophysical 

experiment to develop these equations. As mentioned by (47), 

Schaap’s equation was based on 505 measurements from an organic 

forest sample experiment using Time Domain Reflectometry 

(TDR), while seven organic soils were used to develop Roth’s equa-

tion (47). Even though it is not certain whether Roth’s or Schaap’s 

equation is more reliable at high or low water content, the lack of 

correlation between these equations at high/low water content 

should be treated with caution. 

 
Fig. 6: Validation graph of the water content (Roth’s equation) versus the 

water content (Schaap’s equation) for 700 MHz (a) and 250 MHz (b) and 
the validation graph of the water content versus the dielectric permittivity in 

terms of the performance of Roth’s equation and Schaap’s equation between 

250 MHz (c) and 700 MHz(d) 

 

4. Conclusion 

In this research, the performance of different frequencies was stud-

ied and applied to determine the SWC of peat soil. The study was 

carried out on peat soil using the GPR IDS Detector Duo to retrieve 

the velocity from the radargram profiles. The velocity was then con-

verted to dielectric permittivity using an an appropriate equation. 

Roth and Schaap’s equations were chosen to estimate the water con-

tent of peat soil for 250MHz and 700MHz. The correlation for 

250MHz between Roth’s equation and Schaap’s equation 

demonstrates that GPR provides deeper penetration compared to 

higher antenna frequencies (700MHz) but is lower in resolution. 

Meanwhile, the performance of both equations was tested to obtain 

the trends of the equation for estimating the SWC estimation. 

Schaap’s equation shows a better correlation compared to Roth’s 

equation for peat soil.  
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