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Abstract: With the continuous improvement of agricultural mechanization, soil compaction becomes more and more serious.  

Serious soil compaction has been considered as an important negative factor affecting crop growth and yield.  The 

measurement of soil compactness is a common method to measure the soil compaction level.  In order to solve the problems of 

discontinuous sampling, time-consuming and poor real-time soil compactness measurement, a real-time measurement method 

of soil compactness based on fertilizing shovel was proposed, and the mathematical model between fertilizing shovel arm 

deformation and soil compactness was established.  Based on the interaction mechanism between fertilizing shovel and soil, 

through the force analysis of fertilizing shovel, it was found that the deformation of fertilizing shovel arm was positively 

correlated with the sum of soil compactness (SSC) within the range of tillage depth.  In order to verify the theoretical analysis 

results and the detection accuracy of strain gauge, the static bench test was carried out.  The test results showed that the strain 

gauge signal for measuring the deformation of the fertilizing shovel arm was significantly correlated with the applied force.  

The fitting curve of the linear correlation coefficient was 0.999, the maximum detection error was 0.68 kg, and the detecting 

accuracy was within the tolerance of 0.57%.  Through field orthogonal experiments with four working depths and four 

compaction levels, a mathematical model of the strain gauge signal and the SSC within the range of tillage depth was 

established.  The experiment showed that compared with the other three depths, the linear correlation coefficient at the tillage 

depth of 5 cm (TD5) was the lowest, and the slope of the fitting curve was obviously different from the other three depths, so 

the 5 cm data were excluded when modeling.  The model between mean signal value and mean SSC within the range of tillage 

depth was established based on the data of sampling points with tillage depths of 7.5 cm (TD7.5), 10 cm (TD10), and 12.5 cm 

(TD12.5).  The linear correlation coefficient (R2) of the model between mean signal value and mean SSC which eliminated   

5 cm data was 0.980 and the root mean square error (RMSE) was 143.57 kPa.  Compared with the linear model before 

averaging, the R2 was improved by 8.65%, and the RMSE was reduced by 52.39%.  This system can realize the real-time and 

continuous measurement of soil compactness and provide data support for follow-up intelligent agricultural operations. 
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1  Introduction

 

The soil may be crushed by the tires of agricultural machinery 

used in agricultural production operations, especially with the 
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application and development of large machinery such as 

high-power tractors, combine harvesters, wide planters, etc.  The 

compaction phenomenon could be increasingly serious, and once 

the soil compaction was formed, it will cause lasting damage[1-3].  

Soil compactness is an important physical property of soil.  It 

refers to the compaction degree of soil particles and is also known 

as soil hardness or soil penetration resistance.  Serious soil 

compaction will cause difficulties in seed germination and 

emergence, and the growth of crop roots will be blocked, leading to 

crop yield reduction[4,5].  Soil compactness is not only related to 

the growth and development of crops but also related to the 

performance and energy consumption of agricultural machinery.  

Plowing or planting operations on compacted soil require more 

energy[6].  Therefore, the determination of soil compactness can 

provide data support and have an important guiding significance 

for the sustainable management and subsequent agricultural 

production of farmland[7]. 

It is difficult to directly measure the soil compactness in the 

farmland, so the soil compactness was generally acquired by 

measuring the cone index[8].  The American Society of 

Agricultural and Biological Engineers (ASABE) systematically 
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defined the soil cone index instrument and its operating method[9].  

Cone index (CI) was defined as the quotient value of cone head 

resistance and cone head bottom area, which can characterize the 

depth of soil tillage layer and tillage resistance[10,11].  At present, 

there were two measurement methods of cone index[12].  One was 

the vertical cone penetrometer, which manually or mechanically 

penetrated the cone probe into the soil layer[13,14].  After years of 

development, the vertical cone penetrometer has made great 

breakthroughs and progress and is developing in the direction of 

diversification and compounding.  The cone penetrometers 

frequently used were mostly handheld, mainly including the 

electronic cone index meter SC900 manufactured by Spectrum 

(USA) and the TJSD750 cone index meter by Top Company 

(China), which can simultaneously display soil compactness and 

measuring depth[15,16].  But it was difficult for the hand-held cone 

penetrometer to keep the constant speed of vertical penetration, 

which affected the measurement accuracy[17].  In order to solve 

this problem, some scholars developed a hydraulic or electric cone 

penetrometer, which used the motor or hydraulic system to drive 

the cone head into the soil at a constant speed, improving the 

measurement accuracy[18-21].  However, with the development of 

precision agriculture applications, there were higher requirements 

for real-time measurement.  Both manual and mechanical cone 

penetrometers adopted point-by-point sampling measurement.  

When intensive sampling was carried out in large-scale site 

environment, the workload will be huge, and only the soil strength 

of discrete depths can be determined, which cannot meet the needs 

of precision agriculture development[22].  

Therefore, scholars have proposed measurement methods 

based on horizontal probe penetrometers to realize the real-time 

dynamic and continuous measurement of soil compactness.  

Hemmat et al.[23,24] developed an integrated soil mechanical 

resistance sensor that can measure variation in soil strength in a  

30 cm depth profile.  The experiment results showed that the 

linear correlation coefficient between the measured value of the 

horizontal penetrometer and cone index was 0.75.  Topakci et al.[7] 

designed a similar horizontal cone penetrometer.  It can draw a 

soil resistance map with a soil depth of 40 cm on the spot by using 

the ArcGIS Kriging method.  Alihamsyah et al.[25] developed two 

new horizontally operated penetrometers, a prismatic tip, and a 

tapered tip.  The penetration resistance measured by two kinds of 

horizontal penetrometers had a good correlation with the 

penetration resistance measured by the Delmi penetrometer, the 

correlation coefficient was 0.742-0.988.  Sun et al.[26,27] took the 

lead in using simplified impedance measurement technology to 

develop a combined horizontal penetrometer, which can 

simultaneously measure soil moisture content and soil firmness.  

And this penetrometer was enough sensitive to the spatial 

variability of soil compaction.  Based on the principle of strain 

gauge force measurement, Liu et al.[28] developed a new embedded 

horizontal penetration soil compaction sensor.  The cone head at 

the front of the cone penetrated into the soil and transmitted the soil 

resistance to the pressure sensor, which can effectively reflect the 

soil compaction.  Zhao et al.[29] also designed a test system with 

tractor traction which can rapidly and continuously measure the 

farmland soil resistance.  The tillage Resistance Index (TRI) value 

detected by the system can also reflect the soil compaction.  All of 

the above studies showed that there was no significant correlation 

between the values measured by the horizontal penetrometer and 

the soil cone index (CI) at shallow operating depths.  The 

relationship between the measured values of the horizontal 

penetrometer and the soil cone index (CI) was also related to the 

form of soil damage.  The vertical penetrometer produced 

compressive damage to the soil.  When the depth was shallow, the 

horizontal penetrometer will cause brittle damage to the soil, and 

the relationship between the two measurement methods was not 

significant.  With the increase of the measuring depth, the soil 

brittle damage mode will change to the compression damage mode, 

which was consistent with the vertical penetrometer damage mode.  

The relationship between the two measurement methods became 

significantly correlated[23-24].  Therefore, the depth measured by 

the current horizontal penetrometer was generally greater than   

30 cm, but the soil damage was serious after the measurement, 

which was not conducive to subsequent agricultural production.  

So, some scholars have chosen to measure the average soil 

compactness conditions in the depth range.  Jia et al.[30] had used a 

displacement sensor to measure the expansion and contraction of 

the spokes of the press wheel and established a mathematical model 

between the sensor signal and the soil compactness.  Experiments 

had shown that the spokes’ expansion and contraction have a 

significant quadratic relationship with the average soil compactness 

of 0-20 cm, and the correlation coefficient was 99.8%.  This 

provides us with a new method of measurement, which has 

important guiding significance for the decision-making of 

subsequent production operations.  

In this study, in order to solve the problems that the existing 

soil compactness detection device had low detection accuracy, 

widespread soil damage, and could not directly carry out 

subsequent sowing operations after detection, a real-time 

measurement method of soil compactness was proposed based on 

fertilizing shovel to evaluate the overall soil compactness level 

within the tillage depth range, and realize the real-time dynamic 

measurement of soil compactness.  Based on theoretical analysis, 

a model between the signal of the strain gauge and the sum of soil 

compactness (SSC) within the range of tillage depth was 

established by linear fitting method.  And the model was 

evaluated by linear correlation coefficient (R2) and root mean 

square error (RMSE).  

2  Materials and methods 

2.1  Fertilizing shovel 

The fertilizing shovel (Figure 1) mainly comprises a core 

ploughshare furrow opener and a fertilizer guiding pipe.  The core 

ploughshare furrow opener is a key component of the fertilizing 

shovel.  And it is an acute-angle opener with a simple structure, 

good soil-entry performance, and a flat bottom of the trench.  

When the fertilizing shovel is working, its front edge and 

symmetrically curved surface make the soil rise along the curved 

surface, and throw stubble, surface dry soil clods, and weeds to 

both sides.  The structure parameters are as follows: penetrating 

angle α = 39°, clearance angle ε = 4°, chamfer angle γ = 35°, 

ploughshare height h=155 mm, ploughshare width B = 50 mm, 

shovel arm length L=700 mm, maximum tillage depth 15 cm. 

2.2  Mechanical analysis of fertilizing shovel 

As shown in Figure 2a, the fertilizing shovel was equivalent to 

a cantilever beam in operation.  The tip of the fertilizing shovel 

was subjected to the resistance of the soil.  Taking the tillage 

depth of 10 cm as an example, the force analysis of the fertilizing 

shovel was carried out to calculate the deformation of the strain 

gauge’s sticking position. 
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Figure 1  Schematic diagram of measuring device 

 
a. Force analysis of fertilizing shovel b. Cross section of 

fertilizing shovel arm 

Note: l is the distance between the action point of the resultant force and the 

sticking position of the strain gauge, m; P0 is the soil compactness at depth of   

0 cm, kPa; P2.5 is the soil compactness at depth of 2.5 cm, kPa; P5 is the soil 

compactness at depth of 5 cm, kPa; P7.5 is the soil compactness at depth of    

7.5 cm, kPa; P10 is the soil compactness at depth of 10 cm, kPa.  H is the width 

of fertilizer shovel arm, m; h is the inside width of cross section of fertilizer 

shovel arm, m; A is the external length of cross section of fertilizer shovel arm, 

m; a is the inside length of cross section of fertilizer shovel arm, m. 

Figure 2  Force analysis of fertilizing shovel and cross section 

dimension parameters of fertilizing shovel arm 
 

The bending moment of cross section at the sticking position 

of strain gauge was shown in Equation (1). 
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where, M is the bending moment of the cross section at the sticking 

position of the strain gauge, kN·m; P0 is the soil compactness at 

depth of 0 cm, kPa; P2.5 is the soil compactness at depth of 2.5 cm, 

kPa; P5 is the soil compactness at depth of 5 cm, kPa; P7.5 is the 

soil compactness at depth of 7.5 cm, kPa; P10 is the soil 

compactness at depth of 10 cm, kPa; B is the width of fertilizer 

shovel, m; l is the distance between the action point of the resultant 

force and the sticking position of the strain gauge, m. 

The shape and size parameters of the cross section of the 

fertilizing shovel arm were shown in Figure 2b, and the moment of 

inertia of the cross section on the z-axis can be calculated according 

to Equation (2). 
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where, IZ is the moment of inertia of the cross section on the z-axis, 

m4; H is the width of fertilizer shovel arm, m; h is the inside width 

of cross section of fertilizer shovel arm, m; A is the external length 

of cross section of fertilizer shovel arm, m; a is the inside length of 

cross section of fertilizer shovel arm, m. 

The maximum stresses of the cross section and the strain of the 

fertilizing shovel at the sticking position were given by Equations 

(3) and (4).  
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where, σmax is the maximum stress of the cross section of the 

fertilizing shovel at the sticking position, kPa; ymax is the farthest 

distance from the z-axis in the cross section, m; ε10 is the strain at 

the sticking position of the strain gauge when the depth of tillage is 

10 cm; E is the elasticity modulus, GPa; P10sum is the SSC within  

10 cm of tillage depth, kPa. 

It can be seen from Equation (4) that the strain measured by 

the strain gauge is related to the soil compactness at 0-10 cm, the 

sticking position of the strain gauge, and the position of the stress 

point.  The soil compactness of the deeper part of the soil was 

greater than that of the shallow part.  When the tillage depth was 

10 cm, the position of the stress point should be within the range of 

5-10 cm.  But under different soil conditions, the values of P0, P2.5, 

P5, P7.5, P10 were different.  And the stress points may be 

inconsistent, so it can assume that the stress point was at the 

position of 7.5 cm into the soil (the error of stress point position 

was within ±2.5 cm which can be ignored).  If the sticking 

position of the strain gauge was farther from the shovel tip, the 

deformation on the surface of the shovel arm will become larger 

and easier to be detected.  So the strain gauge was pasted below 

the fixed position.  

When the sticking positions of the strain gauge and the stress 

point were determined, the strain measured by the strain gauge was 

related to the soil compactness at 0-10 cm. 

2.3  Soil compactness measurement device and method 

As shown in Figure 1, the soil compactness measurement 

device mainly includes fertilizing shovel, fixed frame, 

Wheatstone-bridge strain gauge (BF1K-3EB, China), 5 V lithium 

battery (5 V, 12600 mA, China), a small signal differential 

amplifier (AD620, China), data acquisition card (MPS-010602, 

China), PC laptop (DELL, USA).  

The resistance value of the Wheatstone-bridge strain gauge is 

(1000±3) Ω, which is composed of four perpendicular resistors.  

The 502 glue was used to adhere the strain gauge to the upper end 

of the fertilizing shovel arm which had been polished in advance.  

The strain gauge outputted millivolt signal by detecting the 

deformation of fertilizing shovel arm, and the output voltage was 

amplified from millivolt to 0-5 V signal by a differential amplifier.  

The data acquisition card was connected to the upper computer 

laptop through USB, and had 16 channels of 0-10 V single ended 

analog signal input.  When the amplified signal was connected to 

the analog signal interface of the acquisition card, the signal 

recording software based on LabVIEW can be used to collect the 

amplified signal.  The acquisition frequency can be selected, up to 

1000 Hz.  The collected signal was saved in .txt format and 

imported into excel.  The SSC within the range of tillage depth 

was calculated through the model calibrated in advance 

2.4  Accuracy test of measurement device 

From Equation (4) and the above analysis, it can be seen that 

the soil compactness within the range of tillage depth can be 

calculated by detecting the deformation of the fertilizing shovel 

arm.  The deformation of fertilizing shovel arm was small, so the 

Wheatstone-bridge strain gauge sensitive to small deformation was 

selected to detect the deformation of fertilizing shovel arm.  The 

deformation detected by the Wheatstone-bridge strain gauge was 

taken as the basis for evaluating the SSC within the range of tillage 
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depth.  The detection accuracy of the measurement device must be 

ensured.  When the depth was set at 10 cm, the resistance of the 

fertilizing shovel was replaced by the hanging weight.  From 0 to 

103.6 kg, with an interval of 10 kg, three bench tests of loading and 

unloading were carried out, and the amplified strain gauge signal 

was collected with the data acquisition card, as shown in Figure 3a.  

It can be seen that the relationship between the strain gauge signal 

and applied force was a linear positive correlation, and the linear 

correlation coefficient was as high as 0.999 (Figure 3b), which was 

consistent with the theoretical analysis results. 
 

 
a. Bench test of measurement device 

 
b. Results of the bench test 

Figure 3  Bench test of measurement device and its results 
 

Subsequently, a similar method was implemented but the 

above growing gradually hanging weight was replaced with 

different values, and the detecting accuracy of the measurement 

device was examined by comparing calculated force based on the 

above-mentioned relationship with actual force, illustrated in 

Figure 4.  Through three replications, it turned out that the 

detecting accuracy of the measurement device was within the 

tolerance of 0.57% and the maximum detection error was 0.68 kg. 

 
Figure 4  Discrepancy between the real and calculated forces 

 

2.5  Model calibration experiment 

2.5.1  Experiment arrangement 

In order to establish a model between the SSC and the 

deformation signal of the fertilizing shovel arm, a model calibration 

experiment was carried out at a forward speed of 8 km/h.  Four 

tillage depth levels and four compaction levels were set.  The 

working depth of the fertilizing shovel was 0-15 cm.  And 

according to the different fertilizer requirements of each growth 

period of maize, base fertilizer (fertilizing depth: 14-15 cm), 

topdressing (fertilizing depth: 8-10 cm) and seed fertilizer 

(fertilizing depth: 4-5 cm)[31,32], the four tillage depths of 5 cm 

(TD5), 7.5 cm (TD7.5), 10 cm (TD10) and 12.5 cm (TD12.5) were 

selected.  The different soil compaction times (1 time (SCT1), 3 

times (SCT3), 5 times (SCT5), and 10 times (SCT10)) were 

selected as four compaction levels.  After 5 compaction times, the 

hardness variation of the soil was relatively small, so compaction 

10 times was selected as the fourth compaction level.  The test 

parameters are listed in Table 1. 
 

Table 1  Test parameters and levels 

Level 1 2 3 4 

Tillage depth/cm 5.0 7.5 10.0 12.5 

Soil compaction times 1 3 5 10 
 

From Equation (4), the relationship between strain and soil 

compactness at TD5, TD7.5, and TD12.5 can be obtained.  It was 

assumed that the stress points are 2.5 cm away from the tip of the 

shovel, the strains were shown in Equations (5)-(7), respectively. 

max max
5 0 2.5 5 5sum9 9

25 1 1 25

10 2 2 10z z

lBy lBy
P P P P

E I E I


 
    

    
   (5) 

max max
7.5 0 2.5 5 7.5 7.5sum9 9

25 1 1 25

10 2 2 10z z

lBy lBy
P P P P P

E I E I


 
     

    
 

(6) 

max
12.5 0 2.5 5 7.5 10 12.59

max
12.5sum9

25 1 1

10 2 2

25
     

10

z

z

lBy
P P P P P P

E I

lBy
P

E I


 

      
   


 

  

 (7) 

where, P12.5 is the soil compactness at depth of 12.5 cm, kPa; ε5, ε7.5 

and ε12.5 are the deformation at the sticking point of the strain 

gauge for TD5, TD7.5, and TD12.5, respectively; P5sum, P7.5sum, and 

P12.5sum are respectively the total level of soil compactness within 

the range of tillage depth for TD5, TD7.5, and TD12.5, kPa. 

After the test, the strain gauge signal collected by the data 

acquisition card and the soil compactness data collected by the 

manual were compared and analyzed to obtain the relationship 

function between the two.  Thus, the model between the two was 

established. 

2.5.2  One-to-one correspondence of sampling position between 

manual and data acquisition card 

During the experiment, due to the fluctuation of the tractor's 

driving speed, it was difficult to achieve a one-to-one 

correspondence of the sampling position between the data 

acquisition card and the manual.  There was a certain position 

error between the two which led to the experimenting error.  In 

order to solve this problem, in the test area, reflection strips were 

set up every 20 cm, and the soil compactness information of the 

position of the reflection strip was manually collected.  The laser 

sensor was fixed on the frame of the three-point suspension 

machine.  Also, the signal of the laser sensor and the strain gauge 

were collected together by the data acquisition card.  When the 

laser light emitted by the laser sensor is swept through the 

reflective strips, the signal of the laser sensor will have a falling 

edge.  According to the above method, the strain gauge signal 

sampled by the data acquisition card and the manual sampling were 

in the same position, which reduced the error caused by the 

uncertain position between the two.  However, because of the 

natural sunlight, the laser sensor receiver could not receive the 

signal reflected by the reflector when the sunlight shone on the 

laser sensor, which might easily cause the failure of the laser sensor.  

Therefore, a laser sensor was installed at each end of the rack to 
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avoid the influence caused by the failure of one of them.  

The width of the reflection strip was 5 cm.  If the sampling 

frequency was too low, the data acquisition card may not be able to 

collect the falling edge signal of the laser sensor.  Therefore, if the 

speed of the tractor was 8 km/h, Equations (8) and (9) can be used 

to calculate the minimum sampling frequency.  
2

25 10
2.25 10  s

8 / 3.6

s
t

v




                (8) 
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1 1
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where, t is the time between the fertilizing shovel passing through 

the adjacent reflection strip, s; s is the width of the reflective strip, 

m; v is the tractor speed, m/s; f is the minimum sampling frequency, 

Hz. 

According to the minimum sampling frequency of 44.44 HZ, 

the sampling frequency of the data acquisition card was selected as 

100 HZ.  Before the experiment, a preliminary experiment was 

carried out in the no-tillage field to verify the accuracy of the 

one-to-one correspondence method.  The test results were shown 

in Figure 5.  It can be seen that when the laser sensor swept the 

reflector, the data acquisition card can collect the sudden variation 

of the signal at the sampling frequency of 300 Hz.  But the width 

between the adjacent falling edges was inconsistent, which indicated 

that the working speed did fluctuate in the forward process. 

 
Figure 5  Laser sensor signal collected by data acquisition card 

 

2.5.3  Experiment conditions 

The model calibration experiments were implemented in Hebei 

Province.  The soil texture was sandy loam, and the total test area 

was 60 m10 m.  Before the beginning of the experiment, the 

soil was treated with rotary tillage.  Firstly, a rotary tiller was used 

to break the soil into small particles.  Secondly, the soil was left in 

the air for two days to make the soil settle naturally.  Thirdly, the 

soil was compacted by a roller with a width of 1.5 m, which met 

the experiment requirements.  As shown in Figure 6, the 

fertilizing shovel was pulled forward by the three-point suspension 

at a constant speed of 8 km/h. 

 
1. Tractor  2. Data acquisition card  3. Differential amplifier  4. Fertilizing shovel  5. Wheatstone-bridge strain gauge  6. Three-point suspension and frame   

7. Compacted soil  8. Laser sensor  9: Reflection strips  10. Laptop 
Figure 6  Components used in the experiments 

 

As shown in Figure 7, each test area was mainly divided into 

three parts: acceleration area (5 m), test area (4 m), and 

deceleration area (5 m).  Before the start of the experiment, 

reflection strips were set up every 20 cm next to the test area, and 

the tillage depth was adjusted to the specified tillage depth through 

a three-point suspension mechanism (Figure 8a).  And at the 

position where the reflection strips were set up, the soil compactness  

 
Figure 7  Experimental plot division 

data were collected manually every 20 cm by using the soil 

compactness meter.  Each experimental plot had 20 sampling 

points. Specific operation was shown in Figure 8b, recording 

vertically seven values with an interval of 2.5 cm for 0-15 cm soil 

layer for each selected detecting point.  After the test, the soil 

compactness data was exported through the software of the soil 

compactness meter.  
 

  
a. Tillage depth adjustment b. Manual sampling 

 

Figure 8  Preparation before the experiment 
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3  Results and discussion 

3.1  Relationship between signal value of the strain gauge and 

soil compactness measured manually at different depths 

Linear fitting was carried out between the signal value of the 

strain gauge and the SSC within the range of tillage depth.  And 

the linear fitting relationships at different depths were shown in 

Figure 9.  At the condition of SCT1, SCT3, and SCT5, compared 

to SCT10, the data of the sampling points were more concentrated.  

This is because the number of compaction of SCT10 was 10 times, 

and the soil compactness was much greater than the other three 

levels. 

 
a. TD5  b. TD7.5 

 
c. TD10  d. TD12.5 

 

Note: TD5 means the tillage depth of 5 cm; TD7.5 means the tillage depth of 7.5 cm; TD10 means the tillage depth of 10 cm; TD12.5 means the tillage depth of 12.5 cm. 
Figure 9  Relationship between signal value and manual measurement of soil compactness at different depths 

 

In addition, for TD7.5, TD10, and TD12.5, the fitting R2 were 

0.918, 0.913, and 0.890, respectively, which were much higher than 

0.785 of TD5.  At TD5, the data points were more discrete.  And 

under the condition of SCT1, SCT3, and SCT5, there was little 

difference in soil compactness at different compaction levels for 

TD5, and the SSC within the range of tillage depth was less than 

500.  That’s probably because the SSC of tillage depth 5 cm was 

calculated by the soil compactness values of the three depths (P0, 

P2.5, and P5), as shown in Equation (5).  The resolution of the soil 

compactness meter is 35 kPa.  When the surface compactness was 

collected in the soft soil, the difference in the soil compactness was 

small[9,33,34].  The soil compactness meter cannot distinguish 

accurately and had some errors.  

In addition, as shown in Figure 9, the slopes of linear fitting 

curves at TD5, TD7.5, TD10, and TD12.5 were 2165.24, 1403.13, 

1325.54, and 1233.13, respectively, showing a decreasing trend.  

This may be due to the increase in the number of compactions, a 

deeper soil compactness growth rate less than the soil compactness 

of the surface soil[35].  When the compaction reached a certain 

degree, the surface soil was firmer than the deep soil, which led to 

the upward movement of the force point and the declining slope of 

the fitting curve.  For TD5, the slope was quite different from 

other tillage depths, and the fitting linear correlation coefficient 

was lower than the other three tillage depths.  Therefore, when 

establishing the model between the SSC and the signal value of the 

strain gauge, the sampling point data with TD5 was eliminated. 

3.2  Model establishment 

The SSC within the range of tillage depth and the signal value 

of the strain gauge were modeled based on all sampling points.  

The fitting results are shown in Figure 10a.  The R2 was 0.875, 

and the RMSE was 322.12 kPa.  From Figure 10a, it was found 

that a part of the data at TD5 was offset from the fitted curve, 

which is consistent with the conclusion in Section 3.1.  It can be 

seen from Section 3.1 that the R2 was found to be low for TD5.  

When the model was established, the data with TD5 should be 

eliminated.  After eliminating the 5 cm data, the remaining 

sampling point data was used to refit the modeling.  The fitting 

results were shown in Figure 10b. 

As shown in Figure 10b, the linear correlation coefficient of 

the model was 0.902 and the RMSE was 301.58 kPa.  Compared 

with the linear model before excluding the 5 cm data, the R2 was 

improved by 3.1%, and the RMSE was reduced by 6.4%.  It also 

reduced the degree of data dispersion.  But as shown in Table 2, 

the slope and intercept of the linear curve did vary slightly.  This 

could be due to seriously offset data which was only at the 

condition of SCT10 for TD5, and the offset sampling points were 

relatively small.  Although the R2 had been reduced, it had little 

effect on the slope and intercept of the overall fitted curve.  

Take the average of the signal value and SSC of all sampling 

points in each test plot to obtain the mean signal value and the 

mean SSC under different treatments, as shown in Table 3.  

According to the above, 5 cm data was eliminated and linear fitting 
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was performed for all remaining points.  The model of mean 

signal value and mean SSC of all sampling points (delete data of 

TD5) was shown in Equation (8). 

fP =1277.9fs−1422.4                (8) 

where, fp is the SSC within the range of tillage depth, kPa; fs is the 

amplified signal value of the strain gauge, V. 

 
a. All sampling points 

 
b. Delete data of TD5 

Figure 10  Model establishment between the SSC within the range 

of tillage depth and signal value of the strain gauge 
 

Table 2  Parameters of the two models 

Parameter All sampling point Delete data of TD5 

Slope 1239.5 1246.51 

Intercept −1311.61 −1363.96 

Linear correlation coefficient 0.875 0.902 

RMSE/kPa 322.12 301.58 
 

 

Table 3  Statistics of mean signal value and mean SSC of  

field experiment 

Tillage depth Soil compaction time Mean signal value/mV Mean SSC/kPa 

TD5 

SCT1 1118.07 43.75 

SCT3 1203.51 168.45 

SCT5 1391.39 287.14 

SCT10 1724.56 1439.52 

TD7.5 

SCT1 1189.68 153.50 

SCT3 1318.70 359.10 

SCT5 1521.01 517.76 

SCT10 2395.55 1929.55 

TD10 

SCT1 1417.80 315.29 

SCT3 1468.09 532.33 

SCT5 1650.55 662.05 

SCT10 3160.75 2654.76 

TD12.5 

SCT1 1536.97 545.05 

SCT3 1856.17 736.40 

SCT5 2227.97 1202.48 

SCT10 3515.29 3044.30 

Note: TD5 means the tillage depth of 5 cm; TD7.5 means the tillage depth of  

7.5 cm; TD10 means the tillage depth of 10 cm; TD12.5 means the tillage depth 

of 12.5 cm; SCT1 means soil compaction 1 time; SCT3 means soil compaction 3 

times; SCT5 means soil compaction 5 times; SCT10 means soil compaction 10 

times; SSC means the sum of soil compactness. 
 

As shown in Figure 11, the R2 between the mean signal value 

and the mean SSC was 0.980, which had a high correlation and 

significance.  And the RMSE was 143.57 kPa.  Compared with 

the linear model before averaging, the R2 was improved by 8.65%, 

and the RMSE was reduced by 52.39%.  This showed that the 

variable soil compactness can be detected by the strain gauge and 

soil compactness level can be characterized by detecting the 

deformation of the fertilizing shovel arm.  Therefore, the model 

between mean signal value and mean SSC of all sampling points 

(delete data of TD5) was taken as the final measurement model, 

which can improve the accuracy of measurement.  In the practical 

application in the field, 20 signal values were collected 

continuously and the average value of 20 signal values was taken to 

calculate the SSC by the above model.  Sun et al.[11,26] also made a 

linear fitting between the horizontal soil compactness value and the 

signal of the soil compactness meter at a depth of 15 cm, but the R2 

was only 51.3%.  This is because Sun et al. used a horizontal 

penetrometer to measure the soil compactness at the depth of 15 cm.  

According to the research of Hemmat et al.[12,23-24], the soil 

compactness measured by the horizontal penetrometer showed a 

high correlation when the depth was more than 25 cm, and there 

was no significant correlation when the depth was 15 cm.  

However, the model in this study showed a high linear fit, which 

was due to the selection of the study on the overall soil 

compactness level within the range of tillage depth.  Soil 

compactness was a synthetic index that characterized soil hardness 

and is closely related to soil resistance.  When the fertilizing 

shovel operated in the field, the deformation of the fertilizing 

shovel arm was linearly related to the ditching resistance of the 

fertilizing shovel[11,36,37], so there was a significant linear 

relationship between the two.  The establishment of the model can 

provide the basis for the follow-up work. 

 
Note: SSC: The sum of soil compactness. 

Figure 11  Linear fitting of mean signal and mean SSC of all 

sampling points (delete data of TD5) 
 

3.3  Comprehensive analysis 

The data of all sampling points were analyzed by analysis of 

variance (ANOVA) to determine the significance of compaction 

level, tillage depth, SSC within the range of tillage depth and their 

interaction on the signal value of the strain gauge, as well as 

determine the significance of compaction level, tillage depth and 

their interaction on the SSC within the range of tillage depth.  The 

analysis results are listed in Table 4. 
 

Table 4  ANOVA result of the contribution rate of each factor 

and interaction on signal value of the strain gauge and SSC 

Factor 
p-value of  

signal value 
Significance 

p-value of  

SSC 
Significance 

Soil compaction times (SCT) 0.000 *** 0.000 *** 

Tillage depth (TD) 0.000 *** 0.000 *** 

SSC 0.000 *** -- -- 

Compaction times×tillage 
depth 

0.175 ns 0.000 *** 

Compaction times×SSC 0.998 ns -- -- 

Tillage depth×SSC 0.614 ns -- -- 

Note: “***” means p≤0.001; “**” means p≤0.01; “*” means p≤0.05; “ns” means 

no significant difference at 95% confidence interval; “--” means no significance 

analysis.  ‘×’ in this table represents the interaction between two factors. 
 

The compaction times, tillage depth, and SSC had a significant 

effect on the signal value, but their interaction had no significant 
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effect on the signal value.  The relationship between the mean 

signal value and the mean SSC under different treatments was 

shown in Figure 12.  It can be clearly seen that the mean signal 

value of the strain gauge had increased with the increase of 

compaction level, tillage depth, and the mean SSC.  Serious soil 

compaction will increase the resistance of the fertilizing shovel, 

resulting in the greater deformation of the fertilizing shovel arm 

and the increase of the signal of the strain gauge. 

 
Figure 12  Mean signal value and mean SSC under different treatments 

 

Table 4 also showed that the compaction level, tillage depth, 

and their interaction had a significant effect on the SSC of the 

sampling points.  As shown in Figure 12, the mean SSC in each 

experimental plot increased with the increase of compaction level 

and tillage depth.  With the continuous compaction of soil, the 

degree of soil compaction increased, and the value of SSC also 

increased.  Under the same compaction level, it can be seen from 

Equations (4)-(7) that with the increase of tillage depth, the 

calculation of SSC was carried out with a deeper level of soil 

compactness superposition, resulting in the value of SSC of each 

sampling point increasing. 

4  Conclusions 

In this study, a new evaluation method of soil compactness 

level was proposed through the force analysis of the fertilizing 

shovel, and a real-time measuring device of soil compactness based 

on the deformation of the fertilizing shovel arm was developed, 

which can collect the signal of soil compactness continuously in 

real-time during the process of moving and solve the problems of 

time-consuming, discontinuous and poor real-time of the current 

soil compactness instrument.  A model between SSC within the 

range of tillage depth and the signal value of the strain gauge was 

established through field experiments and verified the accuracy of 

the method.  The supported conclusions can be drawn as follows: 

1) Based on the static bench test, it was found that the strain 

gauge signal for detecting the deformation of the fertilizing shovel 

arm was highly linearly related to the applied force, and the linear 

correlation coefficient (R2) was 0.999, which was consistent with 

the theoretical analysis results.  The detecting accuracy of the 

measurement device was within the tolerance of 0.57%, and the 

maximum detection error was 0.68 kg, which met the design 

requirements. 

2) Field experiments were carried out at a forward speed of   

8 km/h.  The 4 tillage depths (TD5, TD7.5, TD10, TD12.5) and 4 

soil compaction treatments (SCT1, SCT3, SCT5, SCT10) were set 

as the experiment parameters and levels, respectively.  The 

theoretical analysis results were verified, and the model of the 

strain gauge signal value and SSC within the range of tillage depth 

was established.  The experimental results showed that the R2 was 

poor when the tillage depth was 5 cm, and the slope of the fitting 

curve was quite different from the other three depths, so the 5 cm 

data was eliminated when modeling.  The linear correlation 

coefficient (R2) of the model between the mean signal value and 

mean SSC which eliminated 5 cm data was 0.980 and the root 

mean square error (RMSE) was 143.57 kPa.  Compared with the 

linear model before averaging, the R2 was improved by 8.65%, and 

the RMSE was reduced by 52.39%.  The results show that the 

variable soil compactness can be detected by the strain gauge and 

soil compactness level can be characterized by detecting the 

deformation of the fertilizing shovel arm.  Thus, the feasibility of 

the measuring method and device was verified. 
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