

  agriculture-12-00319




agriculture-12-00319







Agriculture 2022, 12(3), 319; doi:10.3390/agriculture12030319




Article



Design and Testing of Reverse-Rotating Soil-Taking-Type Hole-Forming Device of Pot Seedling Transplanting Machine for Rapeseed



Wei Quan 1,2, Mingliang Wu 1,*, Zhenwei Dai 1[image: Orcid], Haifeng Luo 1 and Fanggang Shi 1





1



College of Mechanical and Electrical, Hunan Agricultural University, Changsha 410128, China






2



College of Orient Science & Technology, Hunan Agricultural University, Changsha 410128, China









*



Correspondence: mlwu@hunau.edu.cn







Academic Editors: Mustafa Ucgul and Chung-Liang Chang



Received: 5 December 2021 / Accepted: 20 February 2022 / Published: 22 February 2022



Abstract

:

To address the problem whereby the size of the hole formed by the existing hole-forming device of hole-punching transplanters is significantly inconsistent with the theoretical size as it is impacted by the inserting and lifting methods, a scheme for eliminating the forward speed of the whole machine by the horizontal linear velocity of reverse rotation of the hole-forming mechanism is proposed to vertically insert and lift the hole-forming device in accordance with the working characteristics of hole-punching transplanting and the agronomic requirements of rapeseed transplanting. In addition, a novel type of reverse-rotating soil-taking-type hole-forming device for the pot seedling transplanting machine for rapeseed was developed. A test bench for the hole-forming device was set and its effectiveness was verified in the soil bin. It was found, from the test results, that, when the forward speed of the hole-forming device was between 0.25 m/s and 0.45 m/s, the average qualified rates of hole forming of the device were 95.2%, 94.0% and 93.3%, respectively; the average change rates of the hole size were 2.3%, 2.9% and 5.5%, respectively; and the average error between the theoretical value of effective depth and the experimental value was between 2.0% and 5.6%. The average angle between the hole-forming stage trajectory of the hole opener and the horizontal direction at different forward speeds was higher than 88.0°; the coefficient of variation was between 0.16% and 0.64%; the perpendicularity of the hole-forming operation was high; the change rates of soil porosity of the hole wall were between 8.2% and 9.3%; and the average soil heave degrees at the hole mouth after the completion of the hole-forming operation were 3.9%, 4.1% and 4.2%, respectively. The average soil stability rates of the hole wall were 91.9%, 91.2% and 91.0%, respectively. The different performances of the hole-forming device were confirmed to meet the requirements of rapeseed pot seedling transplanting. This study can provide a reference for the structural improvement and optimization of the hole-punching transplanter for rapeseed pot seedlings.
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1. Introduction


Rapeseed, a vital oil crop worldwide, has been found as the major source of plant edible oil and forage protein; the rapeseed planting area and the rapeseed demand are increasing on a year-to-year basis [1,2,3]. There have been two main modes of rapeseed planting, including direct seeding and transplanting; conventional manual planting can no longer satisfy the needs of large-scale rapeseed planting and the rational utilization of mechanized production is critical to developing the rapeseed planting industry [4,5,6]. As indicated by relevant studies, mechanized rapeseed transplanting is capable of alleviating crop stubble contradiction, as well as expanding the planting area, which acts as a vital planting mode for developing the rapeseed industry [7,8,9,10,11].



In accordance with different planting principles, scholars worldwide have separated the mechanized pot seedling transplanter into three categories, including seedling-ditching channel-type transplanters, duckbill-type transplanters and hole-punching-type transplanters [12,13,14,15]. The damage rate of seedlings is high and the uprightness of seedlings cannot be ensured when using the seedling-ditching channel-type transplanter. The duckbill-type transplanter raises more rigorous requirements on seedling age and shape; the feeding speed of seedlings should be appropriate and the transplanting speed is limited. Although the hole-punching-type transplanter raises certain requirements on soil texture and moisture content, its operation is less affected by the previous crop straw and weeds and low requirements are raised on transplanting seedlings; the operation mode to form holes first and subsequently release seedlings can ensure the uprightness of pot seedlings and rapid transplanting operation can be achieved under this mode, so the hole-punching transplanter has broad scientific research prospects [16,17,18,19,20].



At present, the essential part of a hole-punching transplanter is the hole-forming device, which primarily falls into two types in accordance with the hole-forming method, including the soil-extruding type and the soil-taking type [18,19,21,22,23,24,25,26]. The Rain-flo semi-automatic hole-forming transplanter manufactured by Buckeye Tractor Co in the United States uses a hole-forming shovel distributed on the outer edge of the water wheel to form holes in the soil by forcing soil extrusion; then, the pot seedlings are directly put into the planting holes manually. Both bare seedlings and pot seedlings can be transplanted. However, the hole-forming process brings a great disturbance to the soil and the transplanting speed is easily affected by the artificial proficiency. The transplanting mechanisms of handheld, semi-automatic and automatic onion transplanters were previously summarized and analyzed and the wheel-type, rotary-type and linkage-type planting mechanisms were compared and analyzed. However, planting mechanisms adopt the rotary extrusion method to complete soil inserting, which results in large hole size and reduced soil porosity of the hole wall, thus having an effect on the perpendicularity of seedlings and air permeability in the formed holes [26]. Chen simulated and tested the hole-forming device of a buckwheat planter by applying discrete element software and multi-body dynamics software; the relevant parameters of the vital components (including duckbill and duckbill spring) were obtained and the bench test was performed to calculate the best spring wire diameter and rotational speed of seeding wheel. However, the soil disturbance around the hole and the soil porosity of the hole wall were significantly affected, since the rotary extrusion-type soil-inserting method was applied in the hole-forming device [27]. Han designed a rotary soil-taking hole-digging device for the semi-automatic watermelon pot seedling transplanter and its accessories; the designed device could satisfy the requirements of transplanting, whereas the size of the formed holes was overly large, since the hole-forming device showed a certain inclination angle with the soil level when put into the soil and excavated [28]. Quan conducted an optimization analysis on the vertical soil extruding-type and vertical soil-taking-type hole-forming devices. Based on the comparison of the porosity of the hole wall and the soil return coefficient of the section within the hole, the soil-taking type was confirmed as a relatively optimal hole-forming method and the size of the formed holes was found to be similar to the theoretical size. However, the device had to be initiated and stopped by traction power to vertically take soil and form holes and it had low operation efficiency [29]. In brief, some progress has been made in hole-punching and transplantation technology and equipment [30,31,32,33,34], while the existing hole-forming devices are primarily prone to a significant difference between the size of the formed hole and the theoretical size; due to problems in the inserting and lifting operation modes, the soil porosity of the hole wall decrease greatly, thus affecting the growth environment of pot seedlings and subsequently affecting the yield of crops [29,35,36,37].



Accordingly, based on the agronomic requirements of rapeseed pot seedling transplanting and combined with the operating characteristics of the hole-punching transplanter, this study designed a type of continuous operation of the reverse-rotating soil-taking-type hole-forming device. Based on the method to eliminate the forward speed of the whole machine by endowing the hole-forming mechanism with the horizontal linear velocity of reverse rotation, the hole-forming device could realize vertical inserting and lifting. Holes meeting the design requirements could be generated by combining the actions of collecting and discharging soil of the hole-forming device. The hole-forming method used in this study slightly affected the soil porosity of the hole wall of the formed hole, while reducing the disturbance to the soil. Moreover, the shape size of the formed hole was generally consistent with the theoretical size, thus facilitating the growth of pot seedlings after transplanting. In this study, the effect of different advancing speeds on the hole-forming effect was investigated and the changes in hole size, soil disturbance and soil porosity of the hole wall before and after the formation of hole were studied. This study can present a novel idea for the design of hole-forming devices for rapeseed pot seedling transplanters and theoretically improve this design.




2. Materials and Methods


2.1. Agronomic and Technical Requirements


In general, the existing rapeseed seedling pots have a squared cone shape, with a top-side length of 35 or 50 mm and a bottom-side length of 25 mm, as well as a height of 40 or 45 mm. The planting density of rape transplanting is approximately 110,000 plants/hm2 and the planting depth is 30–60 mm [29,38,39]. Based on the agronomic requirements of dry land transplantation of rapeseed pot seedlings and the existing research results [29,40], soil taking was selected as the method of hole forming in this study and the shape of the hole-forming device was designed as a cylindrical table. The main technical parameters of the hole-forming device of the pot seedling transplanting machine for rapeseed were determined as shown in Table 1.




2.2. Overall Structure and Working Principle


The reverse-rotating soil-picking-type hole-forming device consisted of a hole-forming mechanism and a transmission system, the structure of which is shown in Figure 1. The main structure included a frame, a hole-forming mechanism (5 sets), a transmission system, a side plate (transparent in the 3D picture), a hole-forming cam and a putter cam. To be specific, the transmission system was largely composed of a chain and sprockets, a circular guideway, a slider, a motor, a transmission shaft, etc. The side plate was welded on the frame, the circular guideway was symmetrically fixed on the side plate and the slider was installed on the circular guideway. In addition, the hole-forming mechanism was fixed with the slider, capable of rotating around the circular guideway through the slider; the hole-forming cam and the putter cam were fixed in the frame through the transmission shaft. The retaining plate was installed inside the frame and in the same plane as the soil opener to prevent the taken soil from being thrown back into the formed hole.



When working, the soil bin tank pulled the hole-forming device at a uniform speed and the power of reverse rotation of the 5 sets of the hole-forming mechanism was inputted by the motor via the transmission shaft, the chains and sprocket and transmitted to the slider installed on the annular guide. Thus, the hole-forming mechanism fixed on the slider was driven to rotate and the linear speed of rotation of the hole-forming mechanism was equated with the forward speed of the hole-forming device. When the hole-forming mechanism entered the hole-forming stage, its speed was opposed to the forward speed of the whole machine and its size was equal. Thus, the hole-forming mechanism did not exhibit a horizontal speed relative to the soil surface at this stage. Then, under the joint action of the hole-forming cam and the putter cam, the soil opener in the hole-forming mechanism carried out the following actions: vertical soil inserting (with an open state of the soil opener); rotary soil taking (with a close state of the soil opener); vertical soil lifting (with a close state of the soil opener); and soil discharge and reset (the soil opener was first opened to the maximum angle to discharge soil and then reverted to the initial state). These operations were conducted according to the sequence as required by design, so as to form holes in the soil that met the design requirements. As shown in Figure 2, to intuitively understand the interaction between the key components of the hole-forming device, a three-dimensional schematic diagram of each working stage was drawn.




2.3. Design of the Hole-Forming Mechanism


2.3.1. Overall Structure


The hole-forming mechanism studied in this paper was an important part of the reverse rotary soil-picking-type hole-forming device. It included a small side plate, a linear guide rail, a putter of open and close, a putter of bearing, a putter of hole forming, a putter spring, a support side plate, a return spring, a soil opener and a bracket of the soil opener. The structure is shown in Figure 3.



The small side plate was fixed on the slider and the support side plate was fixed on the small side plate by the support axis. The linear guide rail and the putter of hole forming were installed on four linear bearings, respectively, which could achieve up-and-down reciprocating motions. The upper end of the putter of hole forming was installed with a putter bearing that always moved in the hole-forming chute; the linear bearing was fixed on the small side plate and the support side plate, respectively, while the bottom end of the linear guide rail was welded on the soil-opener bracket. The soil opener was installed on the soil-opener bracket by the bracket axis, the putter of open and close, the return spring and the putter spring, which could rotate around the bracket axis. Among them, the putter of open and close was installed in the soil-opener bracket by linear bearing; its upper end was always in contact with the outer contour of the putter cam under the action of the putter spring and the return spring; the lower end was always in contact with the inner wall of the soil opener through the roller. The putter spring was set on the putter of open and close in a compression state and the return spring was hung on the soil opener in a stretching state. The up-and-down motions of the putter of open and close in the linear bearing could make the soil opener close and open.




2.3.2. Design of Soil Opener


The soil opener was a vital part of the hole-forming mechanism and the soil opener formed the planting hole in the soil by inserting the soil, taking the soil and lifting the soil. In addition, the shape of the hole would directly affect the quality of pot seedling transplanting. Figure 4 presents the schematic diagram of the conical table soil-taking soil opener designed in this study. The soil opener acted as the soil-touching part of the hole-forming device, so the design of its parameters significantly affected the quality of the shape of the formed holes; the cutting-edge section thickness was considered a main parameter affecting the soil-cutting resistance. In general, the thinner the cutting-edge section thickness, the smaller the soil cutting resistance was, whereas the soil opener was prone to deform and even collapse. Thus, the cutting-edge section thickness b was selected as 2 mm [28,41].



According to the previous research results [40], the bottom size l of the soil opener was selected as 35 mm. In accordance with the requirements of planting depth and the structural characteristics of the hole-forming mechanism, the height H0 of the soil opener was selected as 150 mm. If the angle of entry θ was overly large, the resistance of entry increased and the porosity of the soil in the hole wall was reduced. If the angle of entry θ was excessively small, it was not conducive to the stability of the soil in the hole wall. Based on the existing research results, the angle of entry θ was selected as 17° [29].




2.3.3. Movement Trajectory Analysis of Soil Opener


In this study, the movement trajectory of the soil opener comprised two parts, including the vertical inserting, vertical lifting and rotation process of the soil opener relative to the soil surface and the process of soil taking. Three-dimensional drawing software was applied for 3D modeling of the soil-forming device; the motion parameters of the respective component were defined in the mechanism of the application program and the linear speed of rotary motion of the soil opener was equal to the forward speed of the whole machine. The centers of the circle of the two adjacent shafts of the bracket of the soil opener were selected to track the trajectory (Figure 5). The movement track of a complete rotation consisting of b0–a0–b0–c0–d0–e0–f0 relative to the soil surface of the soil opener was determined and b1–a1–b1–c1–d1–e1–f1 was the movement track of the adjacent soil opener. To be specific, the corresponding sections b0a0 and a0b0 were found as the movement track of the soil opener in the soil-inserting and soil-lifting stage; the b0c0 section was found as the movement track of the soil discharging stage. The c0d0e0 and e0f0 sections were the track of the reset and return stage of the soil opener, respectively. The soil-opening depth H1 was 65 mm and the plant spacing L1 was 300 mm, thus meeting the requirements of rapeseed pot seedling planting.




2.3.4. Hole Contour and Shape Parametric Equations


The hole was formed by the interaction between the contour of the soil opener and the soil, thus confirming that the theoretical contour shape of the hole formed by the soil opener in the soil was the envelope of the movement track of the soil opener. According to Figure 6, the coordinate system of the soil-inserting and soil-taking process of the soil opener was built; the soil opener selected the O point as the center of the circle. After the maximum soil-inserting depth was reached, the soil opener rotated inward by a θ − θ1 angle for soil taking; the movement trajectories of points A, B, C and D constituted the theoretical contour of the hole; and the hole was represented by an envelope composed of D1-A1-O1-B1-C1. D1A1 and C1B1 were the movement trajectories of endpoints A and B and the movement trajectories of resistance surfaces DA and CB at the soil-inserting stage, while A1O1 and B1O1 were the movement trajectories formed by endpoints A and B at the soil-taking stage.



(1) The parameter equations of segment D1A1 and segment C1B1 of the hole side formed by the external contour of the soil opener contacting the soil at the vertical soil-inserting stage are written as


    {     y   D 1   A 1    = −  1  2 tan θ    (  2 x + l  )       y   C 1   B 1    =  1  2 tan θ    (  2 x − l  )          −  H 1  tan θ −  l 2  ≤ x < −  l 2       l 2  ≤ x <  H 1  tan θ +  l 2      



(1)







(2) At the soil-taking stage, A and B rotated around point O as the center of the circle till the soil opener was completely closed; the parameter equations of the bottom edges’ sections A1O1 and B1O1 of the hole are written as


    {     y   A 1   O 1    = −    R 2  −  x 2    +    R 2  −    l 2   4         y   B 1   O 1    = −    R 2  −  x 2    +    R 2  −    l 2   4            −  l 2  ≤ x < 0     0 ≤ x <  l 2      



(2)







Since the formation of a hole is the result of the interaction between the external contour of the soil opener and the soil, the theoretical shape of the hole acts as the envelope of the movement track of the soil opener in the soil [21,22]. Through two sets of Equations (1) and (2), the contour of the hole can be expressed in two parts. In the process of soil inserting and soil taking, the contour of the hole consists of segments DA and CB and the movement track of special points A and B, thus forming the hole with a large upper end and a small lower end, which contributes to the stability of the hole. The coordinates of the respective point on the curve could be directly calculated from the parameter equation of hole contour, by calculating the coordinates of the respective point; the shape of the hole was described and parameterized, helping understand the main factors of the size of the hole. According to Figure 6, the intersection points between the straight line at an arbitrary depth from the soil surface h1 (h1 ≤ H1) on contour lines D1A1 and C1B1 and the hole contour line were assumed to be m and n, respectively. Since the beaks on the left- and right-hand sides of the soil opener were symmetrical about axis-y and were vertically inserted into soil, the hole top size at h1 could be defined as


   l  m n   =  x n  −  x m  = 2  x n  = 2  (   H 1  −  h 1   )  tan θ + l  



(3)







By analyzing the mentioned parameter (Equation (3)), it could be seen that the soil-opening depth H1, soil entry angle θ and bottom size of the soil opener l were the vital factors of the size of hole top and hole bottom.





2.4. Design of Putter Cam and Hole-Forming Cam


To keep the bottom size and middle size of soil opener unchanged during the soil-inserting and soil-lifting stages and to ensure that the actions of soil inserting, soil taking, soil lifting, soil discharge and reset of the soil opener were coordinated to the sequential design requirements, the hole-forming cam, the putter cam and its affiliated components were designed. As shown in Figure 7, the putter cam and hole-forming cam were fixed in the side plate of the frame through the transmission shaft. Impacted by the putter spring, the guide roller fixedly connected with the putter of open and close always kept in contact with the outer contour surface of the putter cam (connecting the line of points A3, B3, C3, D3, E3, F3, G3, H3, O and I3); the putter bearing installed on the hole-forming putter always moved in the inner groove of the hole-forming cam (the movement trajectory of the putter bearing center was the line connecting points A2, B2, C2, D2, E2, F2, G2, H2 and I2).



Line segments A3B3C3D3 and A2B2C2D2 refer to the hole-forming stage of the soil opener, where point A3 represents the initial position of the hole-forming stage and segment A2B2 refers to the soil-inserting stage of the soil opener. At this stage, the hole-forming putter moved down at a certain speed to drive the soil opener into the soil vertically. At the same time, the putter of open and close moved down at the same speed in segment A3B3 to ensure that the bottom end of the soil opener was always open in the process of soil inserting and the size of the bottom end remained unchanged. The segment B2C2 refers to the soil-collecting stage of the soil opener; relative to the soil surface, the horizontal and vertical velocities of the soil opener were zero at this stage (the soil opener had reached the maximum soil-inserting depth), the putter of open and close moved upward along the contour line of segment B3C3 and the soil opener rotated inward with the bracket axis as the rotation center to complete soil taking under the joint action of the putter of open and close, the return spring and the putter spring. The segment C2D2 refers to the soil-lifting stage of the soil opener and the segment C3D3 represents the movement track of the guide roller on the putter of open and close. At this stage, the hole-forming putter and the putter of open and close moved upward at the same speed to ensure that the soil opener always conducted vertical soil lifting in a closed state. The segment E3F3 refers to the soil discharge stage of the soil opener. At this stage, the soil opener did not produce soil inserting or soil lifting under the action of the contour of the groove in segment E2F2. Under the action of the external contour of segment E3F3, the putter of open and close moved along the direction of soil inserting to the maximum displacement, so that the soil opener rotated outward to the maximum angle with the bracket axis as the rotation center to complete soil discharge. The discharged soil was thrown onto the retaining plate under the action of the forward speed of the machine and the rotary speed of the soil opener, thus sliding to the periphery of the formed hole. Segments F3G3H3OI3A3 and F2G2H2I2A2 represent the movement tracks of the guide roller and the putter of hole forming in the return stage of the soil opener.



2.4.1. Parametric Equations of Putter Cam


Three-dimensional drawing software was adopted to express the movement track of the guide roller on the upper end of the putter of open and close of the soil opener; given the movement of the respective stage of the soil opener, the hole-forming mechanism was covered around the slewing guide, the center of the guide roller of the respective two putters of open and close was connected with a curve and the curve Ii formed was the central contour curve of the putter cam. Subsequently, the limit contour curve of the putter cam was generated in accordance with the size of the guide roller. The coordinate system was established (Figure 7). Axis-x coincides with the line between Point F3 and O and axis-y passes through the far-left end of the putter cam, tangent to the arc H3OA3. The abscissas of limit points A3, B3, C3, D3, E3 and G3 are expressed as x2~x6, respectively; that of F3 as x8; that of H3 and I3 as x1; and that of O as 0. The ordinates of limit points G3 and H3 are expressed as y1~y2; those of D3, E3, I3 and A3 as y5~y6; those of C3 and B3 as y8~y9; and those of O and F3 as 0, respectively. The interpolation method was adopted to work out the parameter equations of the respective step of the putter cam [19].



A3B3 step:


   y = −   75   107   x +   386   107       206 ≤ x < 313   



(4)







B3C3 step:


   y =  7  34   x −   9773   68       313 ≤ x < 381   



(5)







C3D3 step:


   y =   75   107   x −   50938   107       381 ≤ x < 488   



(6)







D3E3F3 step:


    {    y = − 134       (  y − 47  )  2  +   (  x − 605  )  2  =  180 2          488 ≤ x < 600     600 ≤ x < 779     



(7)







F3G3H3 step:


    {     y 2  +   (  x − 600  )  2  =  179 2      y =   31   452   x +   62308   452           600 < x ≤ 779     148 < x ≤ 600     



(8)







H3OI3A3 step:


    {     y 2  +   (  x − 148  )  2  =  148 2      y = − 148         0 ≤ x ≤ 148     148 < x < 206     



(9)








2.4.2. Parametric Equations of the Hole-Forming Cam


According to the coordinate system shown (Figure 7), the abscissas of limit points A2, B2, C2, D2, E2, F2 and G2 are expressed as x2~x7; and those of H2 and I2 as x1, respectively. The ordinates of limit points G2 and H2 as y3; I2, A2, D2 and E2 are expressed as y4; those of C2 and B2 as y7; and those of O and F2 as 0, respectively. The interpolation method was adopted to work out the parameter equations of the respective step of the putter cam [19].



A2B2 step:


   y = −   75   107   x +   6783   107       206 ≤ x < 313   



(10)







B2C2 step:


   y = − 156     313 ≤ x < 381   



(11)







C2D2 step:


   y =   75   107   x −   45267   107       381 ≤ x < 488   



(12)







D2E2F2G2H2 step:


    {    y = − 81      y 2  +   (  x − 600  )  2  =  81 2      y = 81         488 ≤ x < 600     600 ≤ x < 681     148 ≤ x < 600     



(13)







H2I2A2 step:


    {     y 2  +   (  x − 148  )  2  =  81 2      y = − 81         67 ≤ x < 148     148 ≤ x < 206     



(14)







To ensure the rationality of the external contour curve of the putter cam and the inner groove curve of the hole-forming cam, the pressure angle between the putter of open and close and the putter cam at the hole-forming stage of the soil opener was examined. According to Figure 7, the putter of open and close in section B3C3 moved upward as it was impacted by the putter spring, so there was no self-locking phenomenon at this stage. According to the obtained contour parameter equation of the putter cam, the included angle between the section A3B3 of the contour curve of the putter cam and the horizontal direction, and the included angle between the section C3D3 of the contour curve of the putter cam and the horizontal direction were 35°. In other words, the pressure angle between the inner groove curve of the hole-forming cam and the putter of hole forming was 35° when the putter bearing moved in sections A2B2 and C2D2, which was within a reasonable range [42].





2.5. Number of the Hole-Forming Mechanism


In accordance with the requirements of rapeseed agronomy, the hole distance of pot seedlings was determined as 300 mm; n hole-forming mechanisms had an even distribution on the guide rail of the rotary system. In the hole-forming operation, there might be interference between two adjacent hole-forming mechanisms; thus, when the soil-lifting stage of the previous hole-forming mechanism was completed, the adjacent hole-forming mechanism had just entered the soil-inserting stage. In this design, the sprocket model was selected as 10A; based on the pitch of the corresponding chain, the number of the hole-forming mechanism n should satisfy the following equation:


   {     L 1  =  n 1  ⋅ p      n 2  ⋅  L 1  =  S 1       S 1  = π ⋅ D + 2  L 2       L 2  ≥  L 1  +  L 3       



(15)




where L1 denotes the center distance between the respective hole-forming mechanisms, which is the distance between the formed holes (mm); n1 represents the number of chain pitches between the symmetrical centers of two adjacent hole-forming mechanisms; p expresses the chain pitch (mm); n2 represents the number of hole-forming mechanisms (number); S1 denotes the chain length (mm); D expresses the diameter of the sprocket graduation circle (mm); L2 represents the center distance between the two sprockets (mm); and L3 denotes the length of the slider (mm).



Since the slider should be in a horizontal position at the beginning of the hole-forming stage, the size of the slider was known as L3 = 100 mm, the center distance between the respective hole-forming mechanism was designed to be 300 mm and the diameter of the circular arc section of the annular guide rail and the sprocket indexing circle D was 192 mm. Since the hole-forming mechanism should have a uniform distribution on the annular guide rail, given Formula (15), n2 was 5, sprocket center distance L2 was 452.4 mm, chain length S1 was 1508 mm and n1 was 19.




2.6. Soil Bin Test Condition and Equipment


2.6.1. Test Condition and Equipment


To verify the accuracy of the mentioned design method and the reliability of the hole-forming device, a test bench of the hole-forming device was set for soil bin test, which was performed in the digital soil bin of the Agricultural Mechanization Engineering Training Center of Hunan Agricultural University (Figure 8). In general, the soil was clay loam. The testing equipment consisted of a soil trough tractor, a reverse rotary soil-picking-type hole-forming device, a laser pen (it was installed on the hole opener), a stopwatch (used to determine the frequency of hole forming), a firmness tester (used to determine soil firmness), an electronic scale, an aluminum box (used to determine soil water content and soil porosity), a steel ruler, a tape, a tool knife, a soil bulk density tester, a hole shape mapper, coordinate paper, etc.




2.6.2. Test Method


Before the test, the soil in the soil tank was compacted by the pressing roller, watered by the sprinkler system and tilled by the rotary cultivator. The soil water content at 0–150 mm reached 19.2% on average and soil firmness was 195 kPa. The hole-forming device moved forward at 0.25, 0.35 and 0.45 m/s under the traction of the soil bin car (the rotary linear velocity of the hole-forming mechanism was regulated to be equal to the forward velocity, so the frequency of hole forming was 50, 70 and 90 hole/min, satisfying the frequency requirements of rapeseed pot seedling transplanting); since the speed of the soil trough tractor was unstable during starting and stopping, the middle 15 m within 20 m of the operation of the soil trough tractor was taken as the test area for each test. The test was repeated for three times and data results were taken as the average values and parameters (e.g., hole-opening diameter, effective depth, hole distance, qualified number of holes, soil porosity of the hole wall and soil disturbance amount of the hole wall), determined for the respective tests.



(1) The shape and size of holes



As shown in Figure 9, the center distance of two adjacent holes was set as the hole distance. During the test, the center distance of all adjacent holes within 15 m was determined (l1, l2, l3) and the mean value was taken as the hole distance of this test. The size of the maximum distance was measured between two points on the contour line of the end face of the hole along the forward direction of the whole machine X1; the size of the maximum distance was measured between two points on the contour line of the hole face perpendicular to the forward direction of the whole machine Y1; (X1 + Y1)/2 expresses the average value of the two, which was taken as the hole opening diameter of a single hole. During the test, the opening diameter of all holes within 15 m was measured and the average value was adopted as the diameter of formed holes. Its vertical height (h) was measured as the effective depth along the upper-end face of the formed hole until the minimum end-face size within the hole was equal to    2    b2. During the test, the effective depth of all holes within 15 m was measured and the average value was adopted as the effective depth of the hole.



Qualified holes: If the hole opening diameter exceeded    2    a2 and the effective depth of the hole h was not less than the height of the pot seedling matrix c, the hole qualified. Based on the analysis and calculation of different parameters measured in the field, the performance parameters of the hole-forming device were obtained as follows: qualified rate of hole forming Q, change rate of hole size k [19].



Qualified rate of hole forming Q (%):


  Q =    N  h g    N  × 100 %  



(16)







In the equation, Nhg and N represent the number of qualifying holes and the actual number of formed holes within the measured distance, respectively.



Change rate of hole size k (%):


  k =    |   D 0  −  d 0   |     d 0    × 100 %  



(17)







In the equation, D0 represents the hole-opening diameter of actual holes (mm) and d0 represents the hole opening diameter of theoretical holes (mm).



(2) Perpendicularity of hole-forming operation



The glass plate was vertically inserted into the soil bin in accordance with the forward direction of the machine and the coordinate paper was evenly attached to the glass plate, as shown in Figure 10. These two processes had the aim to ensure that the laser pen installed on the respective soil opener frame could be irradiated to the coordinate paper and leave a laser point when the corresponding hole-forming mechanism entered the hole-forming stage. The laser spot followed the inserting and lifting action of the soil opener to leave a movement track on the coordinate paper; after photographing the laser point’s movement track using the continuous capture function of SLR camera, we extracted the laser point’s contour from the shooting images using Photoshop software and processed its gray scale. Then, the coordinate values of the laser points in each shooting image were read using the coordinate paper and the obtained coordinate values were input into Excel software. The linear regression of each coordinate point was carried out and the fitting straight line of the movement track of the laser points was obtained, corresponding to the movement tracks of the inserting and lifting process of the soil opener; the angle between the two fitting straight lines and the horizontal coordinate axis could reflect the perpendicularity of the soil opener during the hole-forming process. The five sets of soil openers carried out the hole-forming operation at different forward speeds and the hole-forming operation was repeated three times. The perpendicularity of the hole-forming operation of each set of soil openers was measured and the average value was taken.



(3) The soil porosity of the hole wall and soil disturbance amount



The soil porosity of the hole wall of the formed hole was measured using a self-made soil bulk density tester [29]. The bulk density tester consisted of a pressing handle and a self-made rectangular ring knife; the length, width and height of the inner cavity of the rectangular ring knife were 60 × 40 × 20 mm, as shown in Figure 11a. After the completion of the hole-forming operation, the surveyor pressed the soil bulk density tester down into the soil (the soil within 20 mm perpendicular to the direction of the hole wall) along the hole wall of the formed hole until the soil overflowed on the upper-end face of the rectangular ring knife; then, the excess soil on the upper and lower ends of the rectangular ring knife was cut with a tool knife and the soil in the ring knife was put into an aluminum box. The soil bulk density was calculated according to ρb = m/v, where m is the mass of dried soil in the aluminum box (g) and v is the volume of soil in the rectangular ring knife, that is, the volume of the rectangular ring knife inside the cavity (cm3). Then, the soil porosity of the hole wall was calculated by the soil porosity calculation formula.


  ε =  (  1 −    ρ b   /   ρ s     )  × 100 %  



(18)







In the equation, ε is the soil porosity of the hole wall (%); ρb is the soil bulk density (g/cm3); and ρs is the soil density (g/cm3).



According to the soil disturbance contour measurement method [43,44], the mapping process is shown in Figure 11b. The hole shape mapper was composed of a base, a paper rod and a coordinate paper and its length, width and height were 400 × 100 × 300 mm. The diameter of the paper rod was 4 mm, the length was 250 mm, the paper bars were arranged adjacent to each other and a coordinate paper with a square-edge length of 1 mm was fixed on the hole shape mapper to map the soil disturbance contour after the hole was formed. After the completion of the hole-forming operation, the hole shape mapper was placed right above the hole; the plane of the coordinate paper coincided with the center section of the hole and the paper rod slid downward under the action of gravity until its bottom contacted the soil. At this time, the top end of the paper rod formed the contour curve of the hole section and the soil surface on the coordinate paper and the position of the top end of the paper rod on the coordinate paper was marked by a marker. The coordinates of each marker point were read and the synthetic curve was fitted, which was the contour section curve of the inner wall of the hole.



The soil heave degree of the hole mouth and soil stability rate of the hole wall were taken as the evaluation indexes of the soil disturbance amount and their calculation formulas can be written as follows:


  P =    A L  − A  A    ×   100 %  



(19)






  δ =    A h   A    ×   100 %  



(20)




where P denotes the soil heave degree of the hole mouth (the smaller the p-value, the lower the soil heave degree of the hole mouth) (%); A and AL are the cross-sectional areas from the soil surface to the theoretical hole bottom before and after the hole forming, respectively (mm2); δ is the soil stability rate of the hole wall (the greater δ, the closer the cross-section area of the actual hole to the theoretical hole, the less the soil returned in the hole) (%); and Ah is the cross-sectional area from the soil surface to the actual hole bottom after the hole forming (mm2). A was determined by the relevant parameters of the soil opener and AL and Ah could be calculated by MATLAB software.






3. Results and Discussion


3.1. Analysis of Hole Size and Hole-Forming Quality


Table 2 shows the hole size and hole performance test results of the reverse-rotating soil-taking-type hole-forming device.



According to Table 2, when the forward velocities were 0.25, 0.35 and 0.45 m/s, the average values of the hole spacing of the adjacent two holes were 300.2, 299.1 and 298.3 mm, respectively, which met the design requirements. The change range of hole spacing at different forward speeds was small; the hole spacing was less affected by the forward speed and the slip rate had a slight effect on the hole-forming effect during the whole machine operation. When the forward speed increased from 0.25 m/s to 0.45 m/s, the average hole diameter was 75.7 mm, 76.2 mm and 78.1 mm, respectively, and the average change rates of hole size were 2.3%, 2.9% and 5.5%, respectively, thus indicating that the hole size at different speeds was not significantly different from the theoretical hole size. There was little clay in the closed soil-taking and vertical soil-lifting period of the soil opener and there was no soil scraping phenomenon in the rotation movement. However, with the increase in the forward speed, the change rate of the hole size tended to increase, thus indicating that the faster the speed of the machine (the faster the speed of the soil opener to insert in the soil, take the soil and lift the soil), the more obvious the extrusion and scraping of the soil during the hole-forming operation, which resulted in the collapse of a small part of the soil in the hole wall and the increase in the hole size. The average effective depths of each hole measured in the experiment at different forward speeds were 49.0 mm, 48.7 mm and 47.2 mm, respectively. The average error between the theoretical value of the effective depth and the experimental value was 2.0%, 2.6% and 5.6%, respectively. The above results were achieved because a small part of soil returned to the formed hole during the hole-forming process; the faster the forward speed was, the greater the error between the theoretical value and the experimental value of the effective depth and the more the soil reflux in the hole. Through the measurement and calculation of each test, it was concluded that when the forward speed was between 0.25 m/s and 0.45 m/s, the average qualified rate of forming holes was between 93.3% and 95.2%, indicating that the working stability of the whole machine was high and met the design requirements.




3.2. Results and Analysis of Perpendicularity of Hole-Forming Operation


In the process of the hole-forming experiment, the laser point images of one set of soil opener taken by the SLR camera are shown in Figure 10. After the hole-forming operation was completed, all the images were extracted and the gray scale was processed; the coordinate values of the laser points on the coordinate paper in each group of images were read and the linear regression of each point was conducted. The results are shown in Figure 12.



Figure 12 shows that the soil-inserting trajectory and the soil-lifting trajectory under different velocity conditions were basically vertical. It can be seen from Figure 12a,b that the angle between the soil-inserting trajectory of the soil opener and the x-axis was slightly less than 90° and the angle between the soil-lifting trajectory of the soil opener and the x-axis was slightly larger than 90°. When the hole-forming operation was carried out, the soil-inserting trajectory and the soil-lifting trajectory showed a “V”-type trend, indicating that, in the operation stage, the actual forward speed of the whole machine was slightly smaller than the rotary linear speed of the hole-forming mechanism. It can be seen from Table 3 that, when the forward speed of the machine was 0.25 m/s, 0.35 m/s and 0.45 m/s, respectively, the average angle between the trajectory of the soil opener during the soil-inserting stage and the horizontal direction was 88.4°, 88.0°and 88.1°, respectively, and the variation coefficients were 0.53, 0.16 and 0.40, respectively. The average angle between the trajectory of the soil opener during the soil-lifting stage and the horizontal direction was 88.7°, 88.5° and 88.1°, respectively, and the variation coefficients were 0.64, 0.54 and 0.47, respectively. The minimum value of the angle between the motion trajectory of the soil opener and the horizontal direction was higher than 88°, indicating that the perpendicularity of the soil opener during soil inserting and soil lifting was high under the actual working conditions [23]. The forward speed of the machine did not affect the perpendicularity of the hole-forming operation and the soil opener met the design requirements of the vertical soil inserting and lifting.




3.3. Analysis of the Soil Porosity of the Hole Wall and Soil Disturbance Effect


The contour of the soil disturbance hole shape section after the hole-forming operation at three forward speeds is shown in Figure 13. According to Formula (18), the soil porosity of the hole wall before and after hole-forming operation was calculated. According to the soil disturbance contour (Figure 13) and Equations (19) and (20), the soil heave degree of the hole mouth and the soil disturbance amount were calculated; the results are shown in Table 4.



Table 4 shows that, when the forward speeds were 0.25 m/s, 0.35 m/s and 0.45 m/s, the average soil porosity of the hole wall after the completion of the hole-forming operation was 48.4%, 48.3% and 47.8%, respectively; compared with before the hole-forming operation, the average change rates of soil porosity were 8.2%, 9.3% and 8.9%, respectively. With the increase in the forward speed, the soil porosity of the hole wall showed a downward trend. Although the soil porosity decreased, the change rate was not large and the soil porosity of the hole wall was within the range of agronomic requirements, which would not affect the growth of crops [45]. After the hole-forming operation, the mean soil heave degree of the hole mouth was 3.9%, 4.1% and 4.2% and the average soil stability rate of the hole wall was 91.9%, 91.2% and 91.0%, respectively. At different forward speeds, the soil around the formed hole was of low heave degree under the extrusion effect of the soil opener and the contour section of the actual formed hole was slightly different from the theoretical one. At the same time, it was also found that there was an insignificant difference in the soil porosity of the hole wall of the hole formed by the hole-forming device designed in this paper before and after the hole-forming operation and the hole-forming device had slight disturbance to the soil during the hole-forming operation.





4. Conclusions


1. A type of reverse-rotating soil-taking-type hole-forming device of pot seedling transplanting machine for rapeseed was designed based on the working characteristics of the hole-punching transplanter and the agronomy requirements of rapeseed transplanting. In this study, the design scheme of a reverse-rotating hole-forming mechanism is proposed. At the hole-forming stage, the vertical soil-inserting and -lifting actions of the soil opener were achieved by providing the speed equal to the forward speed of the whole machine and in the opposite direction; then, a series of holes were formed in the soil by combining the soil-taking and soil-discharging actions of the soil opener.



2. A hole-forming device test bench was built for the soil bin tests at different forward speeds. It was found from the test results that, when the hole-forming device advanced at the speeds of 0.25 m/s, 0.35 m/s and 0.45 m/s, the average qualified rates of hole forming of the device were 95.2%, 94.0% and 93.3% and the average change rates of the hole size were 2.3%, 2.9% and 5.5%, respectively. The average error between the theoretical value of effective depth and the experimental value was 2.0%, 2.6% and 5.6%. The average value of the angle between the trajectory of the soil opener at the hole-forming stage and the horizontal direction was between 88.0° and 88.7° and the variation coefficient was between 0.16% and 0.64%; the perpendicularity of the hole-forming operation was high. At different forward speeds, the average soil porosity of the hole wall after the completion of the hole-forming operation was 48.4%, 48.3% and 47.8%, respectively, while the change rates of soil porosity were 8.2%, 9.3% and 8.9%, respectively, compared with those before the hole-forming operation. The average soil heave degree at the hole mouth after the completion of the hole-forming operation was 3.9%, 4.1% and 4.2%, respectively, and the average soil stability rate of the hole wall was 91.9%, 91.2% and 91.0%, respectively.



3. In this paper, rapeseed seedlings could still have better verticality after being transplanted, so the soil porosity around the pot seedling was still high after operation, thus leading to high air permeability and water permeability for the growth of the pot seedlings. In subsequent research, the power transmission mode should be changed, the power of the rotary movement of the hole-forming mechanism should be inputted by the power output shaft of the tractor via the gearbox. In the future, a supporting mechanical seedling feeding device should be introduced to solve the problem whereby the machine can only achieve mechanical hole forming and then seedlings need to be fed manually. During the operation of hole forming, the change in the working parameters of the soil opener (e.g., the bottom size, soil entry angle, soil entry depth and soil entry speed of the soil opener) have effects on soil disturbance. At a subsequent stage, the above factors resulting in soil disturbance will be investigated in depth. Furthermore, the working parameters of the soil opener will be optimized to improve the qualified rate and quality of the hole.




5. Patents


Three patents have been applied for in China for Hole-Forming Device of Pot Seedling Transplanting Machine for Rapeseed in this manuscript (Patent No. ZL201910984983.X and Application Nos. CN202110794519.1, CN202110794523.8).
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Nomenclature




	b—Cutting-edge section thickness (mm).
	l—Bottom size of soil opener (mm).



	H0—Height of soil opener (mm).
	θ—Angle of entry (°).



	H1—Soil-opening depth (mm).
	L1—Center distance between two adjacent soil opener (mm).



	h1—Arbitrary depth from the soil surface (mm).
	lmn—Hole top size at h1 (mm).



	n1—Number of chain pitches between the symmetrical centers of two adjacent hole-forming mechanisms.
	p—Chain pitch (mm).



	n2—Number of hole-forming mechanisms.
	S1—Chain length (mm).



	D—Diameter of sprocket graduation circle (mm).
	L2—Center distance between the two sprockets (mm).



	L3—Length of slider (mm).
	a2—Side length of upper end face (mm).



	l1/l2/l3—Center distance between adjacent holes (mm).
	b2—Side length of lower end face (mm).



	X1—Points on the contour line of the end face of the hole along the forward direction of the whole machine (mm).
	c—Height of the pot seedling matrix (mm).



	Y1—Two points on the contour line of the hole face perpendicular to the forward direction of the whole machine (mm).
	h—Effective depth of hole (mm).



	Q—Qualified rate of hole forming (%).
	Nhg—Number of qualified holes.



	N—Actual number of formed holes.
	k—Change rate of hole size (%).



	D0—Hole opening diameter of actual holes (mm);
	d0—Hole opening diameter of theoretical holes (mm);



	ε—Soil porosity of hole wall (%).
	ρb—Soil bulk density (g/cm3).



	ρs—Soil density (g/cm3).
	P—Soil heave degree of hole mouth.



	A—Cross-sectional area from the soil surface to the theoretical hole bottom before hole forming (%).
	AL—Cross-sectional area from the soil surface to the theoretical hole bottom after the hole forming (%).



	δ—Soil stability rate of hole wall (%).
	Ah—Cross-sectional area from the soil surface to the actual hole bottom after the hole forming (mm2).
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Figure 1. Structure diagram of reverse rotary soil-picking-type hole-forming device: 1—frame; 2—hole-forming mechanism; 3—chain and sprockets; 4—side plate; 5—motor; 6—ground wheel; 7—retaining plate; 8—transmission shaft; 9—hole-forming cam; 10—putter cam; 11—circular guideway; 12—slider. 
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Figure 2. Schematic diagram of the working process of the hole-forming mechanism. 
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Figure 3. Structure diagram of the hole-forming mechanism: 1—small side plate; 2—linear guide rail; 3—putter of hole forming; 4—putter of bearing; 5—putter of open and close; 6—putter spring; 7—support side plate; 8—slider; 9—return spring; 10—soil opener; 11—bracket of axis; 12—support axis. 
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Figure 4. Schematic diagram of soil opener. Note: b is cutting edge section thickness (mm); l is bottom size of soil opener (mm); H0 is height of conical-table-shaped soil opener (mm); H1 is soil-opening depth (mm); θ is penetration angle (°). 
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Figure 5. Movement trajectory of soil opener. Note: T is movement trajectory of soil opener; L0 represents the displacement of a soil opener in one cycle (mm); H1 is soil-opening depth (mm); L1 denotes the center distance between two adjacent soil opener, namely, the plant distance between formed holes (mm); S expresses the maximum vertical displacement of the soil opener (mm); r is the radius of motion of the soil opener (mm); Point b0 is the initial position of the soil opener. 
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Figure 6. Movement trajectory of soil opener in soil-inserting and soil-taking stage. Note: The solid line represents the soil-inserting stage of the soil opener. The dotted line illustrates the soil-taking stage of the soil opener. Point O denotes the center of rotation of the right and left beaks; R is the radius of rotation of the soil opener (mm); θ is the soil entry angle of soil opener (°); θ1 denotes the angle between the cross-section of the lateral wall and the vertical direction when the soil opener is closed (°); Points D, C, A and B represent the projection points in the direction of the vertical view of the soil opener in the highest position and the lowest position of the external contour surface contacting the soil when the soil opener reaches the lowest position; h1 is actual soil-opening depth of the soil opener (mm); H1 is theoretical soil-opening depth (mm); l is the bottom size of soil opener (mm). 
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Figure 7. Structure diagram of putter cam and hole-forming cam: 1—frame; 2—putter cam; 3—hole-forming cam; 4—putter spring; 5—putter of open and close; 6—guide roller; 7—putter bearing; 8—putter of hole forming. Note: A3, B3, C3, D3, E3, F3, G3, H3, O and I3 represent the limit points of outer contour of follower cam. (x2,y6), (x3,y9), (x4,y8), (x5,y5), (x6,y5), (x7,0), (x6,y1), (x1,y2), (0,0) and (x1,y6) represent the coordinate values of points A3, B3, C3, D3, E3, F3, G3, H3, O and I3. A2, B2, C2, D2, E2, F2, G2, H2 and I2 are the special points of the movement trajectory of the center of the putter bearing in the putter of hole forming. (x2,y4), (x3,y6), (x4,y5), (x5,y3), (x6,y3), (x7,0), (x6,y3), (x1,y3) and (x1,y4) are the coordinate values of points A2, B2, C2, D2, E2, F2, G2, H2 and I2, respectively. In order to keep the slider horizontal in the hole-forming stage, according to the overall size of the slider, the line segments I3A3 and D3E3 were designed as the buffer segments of the guide slider. 
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Figure 8. Hole-forming device and soil bin test: (a) soil bin test; (b) hole size measurement. 
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Figure 9. Schematic diagram of the determination of hole dimensions. 
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Figure 10. Physical experiment on movement trajectory of soil opener: (a) the original image of laser point; (b) the grayscale image of laser point. 
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Figure 11. Soil porosity and hole contour test: (a) soil bulk density tester; (b) hole shape mapper. 
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Figure 12. The penetration and unearthed movement trajectory of soil opener: (a) penetration movement trajectory of soil opener; (b) unearthed movement trajectory of soil opener. 
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Figure 13. The figure of hole section comparison at different speeds. 
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Table 1. Main technical parameters of the soil-taking-type hole-forming device.
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	Overall Dimensions

(mm)
	Hole-Forming

Method
	Transplant Row Number
	Hole-Forming Mechanism Number
	Distance between

Adjacent

Hole-Forming Mechanisms (mm)
	Maximum Transplant Depth (mm)





	L × W × H:

2130 × 1130 × 1340
	soil picking
	1
	5
	300
	80
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Table 2. Test results of hole size and hole-forming performance.
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	Test Number
	Forward Speed

(m/s)
	Hole Distance

(mm)
	Hole-Opening Diameter

(mm)
	Effective

Depth (mm)
	Qualified Number of Holes
	Qualified Rate of Hole (%)
	Change Rate of Hole Size (%)





	1
	0.25
	299.8
	76.3
	48.5
	47.0
	94.0
	3.1



	2
	0.25
	302.2
	75.2
	49.7
	47.0
	94.0
	1.6



	3
	0.25
	298.7
	75.7
	48.9
	49.0
	98.0
	2.3



	Average value
	0.25
	300.2
	75.7
	49.0
	47.6
	95.2
	2.3



	4
	0.35
	296.5
	75.8
	49.5
	47.0
	94.0
	2.4



	5
	0.35
	302.1
	77.5
	47.8
	46.0
	92.0
	4.7



	6
	0.35
	298.7
	75.2
	48.9
	48.0
	96.0
	1.6



	Average value
	0.35
	299.1
	76.2
	48.7
	47.0
	94.0
	2.9



	7
	0.45
	299.2
	77.5
	47.4
	48.0
	96.0
	4.7



	8
	0.45
	297.9
	78.7
	46.9
	46.0
	92.0
	6.4



	9
	0.45
	297.8
	78.1
	47.3
	46.0
	92.0
	5.5



	Average value
	0.45
	298.3
	78.1
	47.2
	46.7
	93.3
	5.5
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Table 3. Angle between the horizontal direction and the penetration and unearthed movement trajectory of soil opener.
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Forward Speed

(m/s)

	
Test Index

	
Mean Value

(°)

	
Standard

Deviation

	
Coefficient of Variation

(%)






	
0.25

	
Angle of penetration trajectory

	
88.4

	
0.47

	
0.53




	
Angle of unearthed trajectory

	
88.7

	
0.56

	
0.64




	
0.35

	
Angle of penetration trajectory

	
88.0

	
0.14

	
0.16




	
Angle of unearthed trajectory

	
88.5

	
0.48

	
0.54




	
0.45

	
Angle of penetration trajectory

	
88.1

	
0.34

	
0.40




	
Angle of unearthed trajectory

	
88.1

	
0.41

	
0.47
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Table 4. Soil porosity of the hole wall comparison results.
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	Test Number
	Forward Speed

(m/s)
	Soil Porosity before Test (%)
	Soil Porosity of the Hole Wall after Test (%)
	The Change Rate of Porosity (%)
	Soil Heave Degree of the Hole Mouth (%)
	Soil Stability Rate

(%)





	1
	0.25
	51.8
	47.8
	7.7
	3.9
	92.5



	2
	0.25
	53.5
	48.9
	8.6
	3.7
	91.5



	3
	0.25
	52.9
	48.6
	8.5
	4.0
	91.6



	Average value
	0.25
	52.7
	48.4
	8.2
	3.9
	91.9



	4
	0.35
	52.7
	47.9
	9.1
	4.3
	91.6



	5
	0.35
	53.2
	48.7
	8.4
	3.8
	90.8



	6
	0.35
	53.9
	48.3
	10.4
	4.1
	91.3



	Average value
	0.35
	53.3
	48.3
	9.3
	4.1
	91.2



	7
	0.45
	52.9
	47.5
	10.2
	4.3
	91.3



	8
	0.45
	51.8
	48.3
	6.8
	4.3
	90.7



	9
	0.45
	52.7
	47.6
	9.7
	4.1
	91.1



	Average value
	0.45
	52.5
	47.8
	8.9
	4.2
	91.0
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