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 This study aims to develop a data collection system for measuring soil 

electrical conductivity (EC) in Paddy Fields using the Wenner measurement 

principle, with one electrode configuration based on the Veris 3100 

measuring machine, and a second electrode configuration with fixed 

electrodes. The result is a system that measures soil EC using the fixed 

electrode configuration for more stable results compared to the coulter 

electrode configuration on the Veris 3100. This system comprises three main 

components: a 7-inch industrial touchscreen monitor used for real-time 

monitoring and storing collected data on external memory, a controller that 

provides reverse direct current (DC) power supply to the electrodes and 

measures voltage and current parameters on the electrodes, two mechanical 

configurations including six electrodes in contact with the soil. The system is 

developed to operate best after soil preparation and before seed sowing. The 

collected data is processed and compared to actual measurements using an 

artificial neural network (ANN), resulting in an R2=0.7449, equivalent to 

linear regression. The system has been successfully installed and operated on 

a handheld tractor and tested in Paddy Fields on the outskirts of Can Tho 

City, Vietnam. 
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1. INTRODUCTION 

Rice is considered the most important staple crop in many Asian countries, playing a crucial role in 

ensuring food security and exports in countries like Vietnam [1]. In the Vietnam Mekong Delta (VMD) 

region, which is known for its vast floodplains, a significant portion of agricultural land is dedicated to rice 

cultivation, contributing to approximately 85% of the annual rice export volume. However, these agricultural 

lands are often fragmented, vulnerable, and heavily impacted by climate change and saline intrusion [2]–[6]. 

The adoption of modern technologies in rice production is still in its infancy, with most farming practices 

relying on traditional methods and individual experiences based on recommendations from agricultural 

extension services or farming cooperatives [7]. Studies on the use of soil electrical conductivity (EC) indices 

in this area have been conducted [8]–[13]. However, most of these studies utilize laboratory-based analysis 

methods and the lack of instruments can measure EC automatically in this area. 

Soil EC is an index of soil salinity and specific soil properties, it serves as a tool for monitoring 

fertilizer in precision agriculture [14]–[19]. In a survey of studies conducted by Corwin [20] in 2019 on the 

apparent electrical conductivity of soil (ECa) based on 470 relevant documents, various soil properties were 

directly measured in the field, including salinity-encompassing total dissolved solids, dissolved solids, 
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inorganic carbon (C), calcium carbonate (CaCO3), and nutrients (237 studies); water content-including 

macropore porosity, groundwater depth, and irrigation channel permeability (105 studies); structural 

attributes-including sand, clay, depth to clay or sand layer, soil layer, soil surface depth, depth to bedrock, 

saturation ratio, soil type, and mapping units (133 studies). Soil EC is not always directly related to crop 

yield, however, mapping Soil EC can explain yield variations at different locations in the field [21]. 

Additionally, due to the impacts of global climate change and rising sea levels on agriculture worldwide, as 

recommended by the Soil Science Society of America. The agricultural land in the VMD region is currently 

severely affected by saline intrusion. Soil EC is also used as an effective tool for managing soil salinity in 

agricultural lands [15], [22]–[27]. 

Most studies using the Veris 3100 system [28], [29] have been effectively conducted in arid and 

semi-arid regions on wheat, maize, and soybean crops. Some studies have been carried out in rice fields 

during the post-harvest and pre-tillage stages [30], [31]. The Veris 3100 system [32], comprising six coulters, 

is used to map EC according to two coulter configurations. Its technical specifications are presented in  

Table 1. The center coulters, spaced approximately 30 cm apart, are used to measure soil resistance at depths 

of 0-30 cm, while the outer coulters, spaced approximately 90 cm apart, are used to measure resistance at 

depths of 0-90 cm. A prerequisite for the system to operate effectively is that the coulters must be submerged 

approximately 6 cm deep in stable soil [30], [33]. Due to its significant weight, there is currently no evidence 

of this system operating effectively on the soft soils of rice fields. So, there is a need for a suitable soil EC 

measurement system that can be effective in soft soil conditions for rice cultivation in the VMD region. 

 

 

Table 1. The configuration of the Veris 3100 system 
Features of soil sensor Specification 

Overall dimensions: implement Width: 92.5” (235 cm); 

Length: 96” (244 cm); 

Height: 35” (89 cm) 

Weight: basic implement without weight package 1200 lbs (544 kg) 

Minimum horsepower required: 30 hp (requirements will vary based on speed, terrain, and soil conditions) 
Coulter-electrode blade diameter: 17” (43 cm); thickness 4mm; with tapered roller bearings and cast-iron hubs 

Max. field speed 15 mph (25 km/h) 

2” ball coupler and safety chain 7,000 lb. rating (3173 kg) 

Maximum road speed 55 mph (25 km/h) 

 

 

Today, artificial neural networks (ANN) have been widely used in various fields. ANN 

demonstrates superior effectiveness compared to traditional methods when calibrating nonlinear systems 

[34]. A study conducted at A Central University-New Delhi calibrated a temperature sensor negative 

temperature coefficient using an ANN, achieving an accuracy after calibration of 95% [35]. In a study at 

Carnegie Mellon University-USA, an ANN was used to calibrate low-cost air sensors (CO, NO2, CO2, and 

O3), yielding calibration results with relative errors of approximately 14% for CO, 2% for CO2, 29% for 

NO2, and 15% for O3 [36]. 

The study aims to develop a tool for collecting soil EC data under rice cultivation conditions in the 

VMD. The soil layer at depths of 0-20 cm significantly impacts rice growth and development, with rice roots 

concentrated at depths of 0-10 cm. Therefore, the system needs to collect data in this soil layer for further 

research. The soil EC parameters are referenced with global positioning system (GPS) data to enable the 

system to operate in different areas. ANN is proposed to calibrate the values obtained from the fixed 

electrodes configuration and the HI88331 Hanna soil EC meter in nonlinear conditions due to soil 

heterogeneity, providing a solution for further research on rice crops when combined with other soil indices. 

 

 

2. MATERIAL AND METHODS 

2.1.  Development of structure 

2.1.1. Principles of resistivity measurement 

The four-electrode method discovered by Wenner [37] is still used in electrical resistivity surveys in 

the field of geophysics today. The method involves placing the electrodes a distance (a) apart and passing a 

current through two electrodes (A, B) while measuring the voltage drop across two different electrodes (M, 

N). The voltage difference ΔU1(V) is calculated from this measurement (Figure 1). At the same time, the 

voltage drop is measured at electrodes (K, H) to calculate ΔU2 (V). 
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Figure 1. Theoretical representation of the electrical resistance measurement 
 

 

Soil can be considered as a resistor, and in that case, the formula for soil resistance is calculated 

using (1). 

 

𝑅(Ω) =
∆𝑈

𝐼
 (1) 

 

Where I(A) is the current supplied into the soil at electrodes (A, B), ΔU1 (V) is the potential difference 

measured at points (M, N) to calculate the resistance at a depth of a (m), ΔU2 (V) is the potential difference 

measured at points (K, H) to calculate the resistance at a depth of 3a (m) (Figure 1). 

Soil resistivity is the resistance calculated per unit length between the two electrodes when the 

electrode diameter is less than 10 times the distance. The soil resistivity is calculated using (2) [37]. 

 

𝜌(Ω. 𝑚) =
4𝜋𝑎𝑅

𝐼+
2𝑎

√𝑎2+𝑏2
−

2𝑎

√𝑎2+𝑏2

=  2𝜋𝑎
∆𝑈(V)

𝐼(𝐴)
 (2) 

 

Or:  

 

𝜌(Ω. 𝑚) = 2𝜋𝑎𝑅 (3) 

 

When the distance b is greater than a, we have the formula: 𝜌(Ω. 𝑚) = 4𝜋𝑎𝑅  (4) 

 

When the distance b is smaller than a, we have the formula: 𝜌(Ω. 𝑚) = 2𝜋𝑎𝑅   (5) 

 

2.1.2. Mechanical fabrication 

Land preparation is the initial stage that plays a crucial role in rice cultivation; the rice yield in fields 

that are prepared is higher compared to those that are not [38]. The optimal depth for land preparation is 

typically around 17 to 20 cm, which is considered ideal and recommended for farmers. Working the soil at 

this depth improves productivity and reduces rice lodging [39], [40]. The majority of the rice root mass is 

concentrated within the 0 to 10 cm depth range, with root density decreasing significantly at greater depths 

[41]. However, the non-uniform soil structure in fields leads to varied rice growth patterns based on the 

spatial distribution of the area [42]. 

i) Electrode configuration based on the Veris 3100 device 

The mechanical part consists of 6 metal discs with a diameter of 40×0.3 cm, which are 

interconnected and insulated from the main rod through a shock-absorbing joint. The shock-absorbing joint 

helps to withstand strong impacts between the ground and the mechanical system. Additionally, with this 

mechanism, the discs have better contact with the ground when moving on uneven surfaces. Coulters 2 and 5 

are used for injecting electrical current into the soil. Coulters 1 and 6 are used to measure soil EC at a depth 

of 45 cm (expandable up to 90 cm), while Coulters 3 and 4 are used to measure EC at a shallow depth of  

15 cm (expandable up to 30 cm). The main rod is combined with a triangular iron frame that can be 

connected to different tractors at the connecting joint. There are tall supporting posts on the iron frame for 

installing GPS antennas. The overall dimensions of the system are length 135 cm, width 155 cm, height  

67 cm (excluding the GPS antenna), and it weighs 76 kg (Figure 2). At each coulter-electrode, additional 

Polyvinyl Chloride (PVC) plastic plates are installed to limit the depth of the coulter-electrodes when they 

come into contact with the ground. These plastic plates will prevent the coulter electrodes from sinking too 

deeply when moving on soft ground. 
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Figure 2. Design electrode system using coulter 

 

 

ii) The fixed electrode configuration 

The mechanical part consists of 6 semi-cylindrical electrodes with a height of 8 cm (circular discs of 

30 cm diameter) mounted on a wooden board measuring 400×1200 mm, with the electrode spacing 

adjustable as desired. The electrodes are fixed in height on the wooden board, which serves both as the EC 

sensor and a device that can be used to flatten the field surface during soil preparation. An insulating layer is 

applied to ensure that only the two metal faces of the electrodes come into contact with the soil during 

operation, reducing interference for the sensor to operate in wet soil conditions (Figure 3). 
 

 

 
 

Figure 3. The fixed electrodes when mounted on the wooden board 

 

 

2.1.3. Data acquisition 

The block diagram of the data acquisition system functions by supplying power to the coulter and 

collecting voltage values at the remaining coulter. The GPS coordinates and conductivity data are calculated 

on the controller, and the human-machine interface (HMI) display receives values from the controller and 

stores them in external memory. There are two data storage options, including automatic sampling with a 

sampling interval of 1 second and manual sampling when operating the button on the HMI. The entire system 

is powered by a 12 V battery (Figure 4). 

 

2.1.4. The global positioning system data acquisition system 

The GPS receiver module supports RS-485 communication and has the following specifications: 

power supply +5 to +30 V, current consumption of 100 mA, 56-channel receiver, manufacturer's accuracy of 

2.5 m, reverse polarity protection, dimensions of 117×72×35 mm, and operating temperature range from -40 

to +85 °C. During actual operation, the coordinate update takes up to 5 seconds. Therefore, after collecting 

GPS data, it is formatted in the National Marine Electronics Association (NMEA) and then converted to 

coordinate format (x, y). The vehicle moves in a rectangular shape in the rice field, but samples are only 

taken in the forward direction with a sampling rate of 1 second. For point-to-point measurement, an average 

of about 3 data samples is taken, with a measurement time at each point ranging from 5 to 10 seconds to 

ensure that the GPS coordinates are updated. 
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Figure 4. The block diagram of the data acquisition 

 

 

2.1.5. Calibration 

Before using the tractor for field measurements, the coulter-electrodes are calibrated in water. Due 

to the salinity of the water in the field, which is influenced by seawater containing NaCl, salt is used in this 

calibration process to match real-life conditions. Quantitative salt in small bags 2 g by Ohaus bench scale 

(USA) with error 10 mg. Because the fixed electrodes are partially cut from circular disks, this calibration 

step is not performed. 

The Hanna HI98331 conductivity meter, which has a measurement range of 0 to 4 mS/cm, has been 

calibrated using the recommended standard solution from the manufacturer. It has then been compared to the 

results obtained using the coulter-electrodes system in a homogeneous water environment, with salt being 

used to vary the conductivity of the solution. The coulter-electrodes are fixed on a horizontal axis and can be 

adjusted to the desired height. After each change in the conductivity of the solution, the EC values at depths 

of 2.5, 6.5, 10.5, and 14.5 cm of the coulter-electrodes are recorded (Figure 5). 

 

 

 
 

Figure 5. Measuring EC in water 

 

 

2.2.  Experimental setup 

The experiment was arranged in the field on an area of 1.4 ha at latitude 10°01’27.2”N, longitude 

105°34’45.1”E, and another area 0.4 ha at latitude 10°01’35.4”N, 105°37’11.6”E in Thoi Lai district of Can 

Tho city, Vietnam. For the coulter configuration, four coulter electrodes with a spacing of 15 cm between 

electrodes (minimum spacing), along with four fixed electrodes with a spacing of 10 cm between electrodes 

are used. Initially, the coulter electrodes are pulled across the field in a predetermined straight line at a speed 

of approximately 3 km/h, continuously sampling at a rate of 1 s intervals. The experiment is repeated with the 

coulter electrodes replaced by fixed electrodes. Afterward, the fixed points were measured using Hanna 

equipment, and the data collected from the fixed electrodes were reprocessed. The results of this process 

were calibrated using ANN. 
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2.3.  Structure of artificial neural network 

In this study, the ANN toolbox integrated into the MATLAB R2017 software was used to calibrate 

the measurement results. The measurements from the Hanna HI98331 device were considered as the 

reference values. The ANN consists of three main components (Figure 6); i) Input layer: provides the 

necessary data to the network. The number of neurons in the input layer corresponds to the number of input 

parameters provided to the network, and these input parameters are assumed to be in vector form; ii) Hidden 

layer: contains hidden neurons that connect input values to output values. A neural network can have one or 

multiple hidden layers that are primarily responsible for processing the neurons in the input layer and passing 

information to the neurons in the output layer. These neurons adapt to the classification and recognition of 

the relationship between input and output parameters; and iii) output layer: contains output neurons that 

transfer the output information from the ANN to the user. An ANN can be constructed to have multiple 

output parameters. 
 

 

 
 

Figure 6. Structure of ANN 

 

 

In this study, the following basic parameters were used in the neural network (NN) toolbox: the 

Levenberg-Marquardt algorithm was used for training and testing the data. The mathematical model of the 

ANN propagates straight [43], [44]. 

 

𝑦(𝑢) = 𝑓(∑ 𝑤𝑖𝑢𝑖
𝑛
𝑖=1 ) (6) 

 

Where:  

𝑦(𝑢): output value according to variable u(k) 

𝑓: trigger function 

𝑤𝑖: the binding weight of the neural  

𝑢𝑖: input value 

The network training process is the essence of an ANN operation management, multilayer 

networking, and reverse propagation training used in the MATLAB toolbox works as follows: 

Step 1: the input parameter is entered into the neural in the input layer. 

 

𝑎0 = 𝑢 (7) 

 

Step 2: at the ith hidden layer neural. 

 

𝑧𝑖𝑛𝑗 = 𝑏0𝑗 + ∑ 𝑢𝑖𝑣𝑖𝑗
𝑛
𝑖=1  (8) 

Step 3: the trigger function will be used to convert the received value into an output value. 

 

𝑧𝑗 = 𝑓(𝑧𝑖𝑛𝑗) (9) 

 

Next, the output value of the latent layer neural j is transmitted to the next layer neural similar to the method 

from the input layer to the hidden layer. 

 

𝑦𝑖𝑛𝑘 = 𝑤0𝑘 +  ∑ 𝑧𝑗𝑤𝑖𝑘
𝑝
𝑖=1  (10) 
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The trigger function is further used to calculate the output value at the next neural. The end of this stage will 

move to the process of reverse propagation. 

Step 4: in the input class, each input subset value is accompanied by the actual value and calculates the 

corresponding error value (activation function – J). 

 

𝐽 = 𝑡𝑘 − 𝑦𝑘 (11) 

 

Step 5: the derivative of the activation function J is just found according to the weight between the hidden 

class, the output class, and the weight of the input class, the hidden class. 

 

∆𝑤𝑗𝑘 =
𝜕𝐽

𝜕𝑤𝑗𝑘
 (12) 

 

∆𝑣𝑖𝑗 =
𝜕𝐽

𝜕𝑣𝑖𝑗
 (13) 

 

Step 6: continues, the link weighting is updated again. 

 

𝑤𝑗𝑘(𝑛𝑒𝑤) = 𝑤𝑗𝑘(𝑜𝑙𝑑) + 𝛼∆𝑤𝑗𝑘 (14) 

 

𝑣𝑖𝑗(𝑛𝑒𝑤) = 𝑣𝑖𝑗(𝑜𝑙𝑑) + 𝛼∆𝑣𝑖𝑗  (15) 

 

After collecting field data, the two fields were divided into two main subsets: i) Subset 1 (training 

data) consisted of 232 pairs of EC measurement values from the fixed electrodes and Hana device. Among 

these, 70% of the data, corresponding to 162 input samples, was used to train the network. Cross-validation 

accounted for 15% of the data, corresponding to 35 input sample sets, and was used to check for overfitting. 

Network testing accounted for the remaining 15% of the data, corresponding to 35 input sample sets, and was 

used to assess the network's effectiveness during and after training; ii) Subset 2 (testing data) consisted of 

117 input sample values and 117 corresponding EC measurement values from the Hanna device. It aimed to 

assess the reliability of the newly trained network and enable the prediction of EC values for different 

locations. 

Overfitting refers to when a model becomes too tightly fit to the training data, which can result in 

significant consequences if there is noise present in the training dataset. It means that the model does not 

generalize well to data outside the training set. Overfitting especially occurs when the training data is small 

or when the model is overly complex. 

Validation is a technique where a small subset is taken from the training data set, and the model is 

evaluated on this subset. This subset is referred to as the validation set, while the remaining part of the 

original training set becomes the new training set for the model. The results of the network training process 

show the mean squared error (MSE) and correlation coefficient (R) for three subsets derived from subset 1, 

which are the training data set error, cross-validation error, and network testing error.  

After the training process, the 117 input sample values in subset 2 are tested and compared with the 

corresponding 117 measured values. The R-squared coefficient is used to evaluate the estimation results from 

the model and the measured values from the actual device in Excel software. The linear regression equation 

from subset 1 will be established as a basis for comparison with the estimated results from the ANN. 

 

 

3. RESULTS AND DISCUSSION  

3.1.  Mechanical system and operation 

After being manufactured, the mechanical system is connected to a Yanmar 494 tractor and operated 

before plowing. Figure 7 shows the system in the field prior to and during land preparation. In paddy fields 

after harvesting, there is a minimum of 20 cm or more of remaining rice stubble [45], combined with dry and 

hard soil, therefore, the coulter-electrodes cannot make contact with the soil (Figure 7(a)). In this case, 

neither of the two electrode configurations can conduct measurements. 

The soil becomes softer after water is introduced into the field for 1 to 2 days and plowing is carried 

out, followed by drainage before seed sowing. A hand tractor is used during the land preparation phase 

(Figure 7(b)), and the measurement is performed immediately after field drainage and before seed sowing 

(Figure 7(c)). The depth of the coulter electrodes is kept stable at certain positions thanks to limiting plastic 

plates; however, in waterlogged areas, these plates no longer limit the depth effectively, resulting in 

significantly large measurement errors. Fixed electrodes become highly efficient for measurements in this 

environment (Figure 8). 
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(a) (b) (c) 

 

Figure 7. Operating the system in the field prior to and during land preparation (a) installed in tractor 

Yanmar-494, (b) hand tractor for a small farm, and (c) structure of soil EC sensor 

 

 

 
 

Figure 8. Soil EC results from two methods 

 

 

3.2.  Calibration results in a water environment 

Fresh water was contained in a 120-litre cylindrical plastic tank. Salt was added to adjust the EC 

value of the water. The salinity of saltwater increases by 16.7 ppm, corresponding to its EC increasing by 

0.047 mS/cm. The obtained results show that when using measurement discs with good linearity and 

correlation with values obtained from the Hanna device. Especially, with an electrode distance of 10 cm 

combined with an electrode depth adjustment of 10.5 cm, a high EC value is obtained, equivalent to twice the 

value obtained from the Hanna device (Figure 9). This result is consistent with previously published results 

using the Wenner [37] measurement method and serves as the basis for establishing the depth limit for 

measurements in the soil environment. 

 

 

 
 

Figure 9. The influence of electrode depth on measurement results 
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3.3.  Data acquisition and processing results 

The data acquisition time with a sampling cycle of 1 second and a distance of 700 m took a total of 

15 minutes with 837 data sampling points. Meanwhile, the Veris system collected data with approximately 

1,800 points in 30 [46]. The training process was performed by using a first hidden layer and gradually 

increasing the number of neurons until the output error value was acceptable but not exceeding 100. Then, 

the number of neurons in the next layer was increased. This process was repeated and the result with the best 

error value according to the desired outcome was selected. The training process stopped when the validation 

error increased within six iterations, occurring at the 14th iteration. There were no significant errors at epoch 

8, where the best validation performance occurred. The results showed that the MSE=0.0031715 (Figure 10). 
 

 

 
 

Figure 10. Training results of the ANN 
 

 

Output tracking of targets is very good for training, testing, and validation, with an R=0.9318 for 

overall response (Figure 11). After passing the input values through the ANN network, the results have a 

good correlation with the data collected from real life, 𝑅2 = 0.7449. The estimated results obtained after 

inputting 117 values from subset 2 into the linear regression equation derived from subset 1 are equivalent to 

the estimated values from the ANN. This indicates that using the soil conductivity measurement system with 

fixed electrodes is highly reliable and can be applied for further research in the future. 
 
 

 
 

Figure 11. The results of comparing estimated data after training, regression equations, and measurement 

values from the Hanna device 

 

 

3.3.  Discussion 

Measuring soil EC using the fixed electrode method in soft soil environments has yielded quite 

impressive results. This measurement approach can be utilized for further studies on soil properties. 

However, the timeframe for conducting measurements is very short, from land preparation to seed sowing, 

necessitating specific seasonal plans for broader implementation. Although the coulter electrode method for 

measuring soil EC is limited in soft soil environments, it has proven to be effective in numerous studies in 

dry soil conditions. Therefore, further research is needed in different soil conditions to obtain a more 

comprehensive understanding. 

Although the system has been calibrated and tested successfully with good results in rice cultivation 

fields, the Hanna measuring device is limited to a range of 0 to 4 mS/cm, so it cannot be used to test 
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environments with higher water EC. During the operation of the system, the authors did not have much data 

on soil properties in the area, so further research is needed on the correlation between soil EC and other 

indicators. During operation, the GPS data collection device has an update time of about 5 seconds, which 

can cause difficulties in data processing when operating in larger areas. Soil EC measurements referenced 

with GPS coordinates will be used for mapping in future studies. When the correlation between the measured 

value and the benchmark value does not follow a simple mathematical function, the use of ANN with a 

learning mechanism, allows this nonlinear relationship to be determined. 

 

 

4. CONCLUSION 

Through field experiments measuring soil EC in rice cultivation conditions in the VMD region, two 

electrode configurations, a coulter electrode, and fixed electrodes, were tested. The system performed best 

when using the fixed electrode configuration. To achieve optimal results with the Wenner electrode 

configuration, it is crucial to standardize the depth of penetration for both configurations. In dry soil 

conditions, depth is controlled through fixed-depth tillage, conversely, in wet soil conditions, the 

heterogeneous soil structure is more pronounced, requiring precise depth control for the electrodes' 

penetration into the soil to obtain better measurement results. 

Mapping soil EC has been proven to not only be used for monitoring soil salinity in agricultural land 

but also as an effective tool for precision farming. The data acquisition system has been connected and 

operated with tractors in rice fields. The best time to operate in the rice fields is during the post-tillage and 

pre-seeding stages because the soil is softer, ensuring good contact between the electrode and the soil without 

data loss. The field collection process provided information on soil EC in the rice fields, with 837 points 

collected in about 15 minutes. The estimated soil EC results after training through a neural network obtain 

the R2=0.7449. With this method, further research can be conducted on the physical properties, chemical 

properties, and salinity of soil under rice cultivation conditions in the VMD region. Studies on measuring soil 

salinity and soil properties spatially across the field will be conducted in future studies 
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