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ABSTRACT

The lateral stress on the soil in the lateral position during the operation of a subsoiler directly affects the soil
displacement and quality of operation. In this study, soil pressure sensors are used to measure the soil lateral
stress at the lateral position of the subsoiler in the soil trough, and a discrete element simulation is used to
explore the relationship between the change pattern of the soil lateral stress and soil displacement. The test
results show that the soil at the lateral position of the subsoiler is subjected to lateral stress, which leads to the
generation of lateral displacements. The lateral stress lasts no longer than 3.5 s, the lateral displacement lasts
no longer than 3 s, and both exhibit a fluctuating pattern of peaks and troughs over time. The positive peaks
are significantly larger than the troughs, indicating that the positive peaks are the main factor generating soil
disturbance. The lateral stress and lateral displacement changes are consistent on the timeline, with the lateral
displacement moving in the positive (negative) direction when the lateral stress direction is positive (negative).
Both values tend to decrease linearly with increasing transmission distance.
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INTRODUCTION

Deep-loosening tillage is an effective method for improving soil physical properties and increasing crop
yield (Arvidsson et al., 2010). The subsoiler disturbs the soil laterally, increasing its ability to hold water and
moisture (Wang et al., 2020). Lateral disturbances are caused by stresses placed on the soil by the subsoiler
when it contacts the soil and are transmitted laterally (Ibrahmi et al., 2014). This process is accompanied by
soil displacement and deformation, which disrupt the original structure of the soil on both sides of the subsoiler
(Li et al., 2016).

Scholars around the world have conducted relevant studies (Li et al., 2023) to determine how lateral
stresses are generated during subsoiler operations and how they affect soil displacement and disturbance (Ma
et al., 2019). Research has shown that the subsoiler creates lateral stresses on the soil on both sides through
shear and compression. Huang et al. (2016) further found that the shearing and squeezing of the soil by the
subsoiler shovel originated from the shovel tip flanks and that the shearing of the soil by the shovel tip flanks
produced soil failure that resulted in soil slippage. Moreover, the stress exerted on the soil increased with
proximity to the shovel tip flanks.
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Liu et al. (2017) found that lateral stresses caused soil loosening and fragmentation and that soils at
different depths were subjected to stresses of different magnitudes. The above findings show that scholars
have clearly studied how lateral stresses are generated in the process of deep loosening and that the
magnitudes of lateral stresses vary in different locations of the soil. However, it is not clear exactly how lateral
stresses change at different soil lateral locations and what the exact magnitudes are. This is important for
analyzing how lateral stresses drive the entire lateral soil movement. If the variation rule of the lateral stress at
different lateral soil locations can be explored, the lateral soil displacement law can be further analyzed.
Scholars have studied soil displacement patterns in deep pine operations. Ding et al. (2017a) found that during
deep subsoiler operation, the soil above the flanks of the shovel tip was first lifted to the sides along the forward
direction of the deep subsoiler after a force was applied. Then, the soil was moved to the sides. The soil below
the flanks of the shovel tip was extruded laterally by the subsoiler to form a rectangular groove approximately
equal in width to that of the shovel. Ding et al. (2017b) and Hang et al. (2017) also found that the lateral
displacements were significantly greater for shallow soils than for soils in other locations and that deeper soils
had the least lateral displacements. Zhang (2018) used the discrete element method with a soil trough test to
study the effect of a deep subsoiler on soil displacement and found that the disturbance of the soil by the deep
subsoiler extends from the tip of the shovel to the surface of the soil on both sides, at which time the soil on
both sides forms a soil barrier and moves to both sides under the actions of lateral stresses. However, there
is a lack of analysis of the causes of lateral displacement from a force perspective, and it is not clear how
lateral stresses specifically affect lateral displacement.

In summary, this study aims to determine both the change rule of the soil lateral stress at the lateral
position during the operation of a subsoiler. In this study, using a soil trough and soil pressure sensor in
combination with a discrete element simulation test, a fixed-point layered analysis of the lateral position of the
soil lateral stress and lateral displacement change rule of the subsoiler is conducted, and the lateral stress
change rule of the lateral displacement and perturbation of the impact are analyzed. This provides a theoretical
basis for improving the quality of deep pine operations (Li et al., 2021; Zhang et al., 2021)

MATERIALS AND METHODS
Test subsoiler
The test subsoiler is a double-wing subsoiler, which consists of two parts: the tip and handle. The tip

is the main working part of the subsoiler, the structure and dimensions of which is shown in Fig. 1.
W

Fig. 1 — Schematic drawing of the subsoiler

In Fig.1, R represents the radius of curvature of the shovel shank in mm. ¥ is the thickness of the
shovel shank in mm. 2+41 is the height of the tillage tool shank in mm. B is the width of the shovel tip in mm.
C is the width of the shovel tip flange in mm. L is the length of the shovel tip flange in mm. D is the thickness
of the tillage tool tip in mm. a is the angle of the tangent edge in degrees. y is the angle of the tillage tool tip
flange tension in degrees.

Table 1
Parameters of the subsoiler.
Parameter w h h1 B C D L a Y
(mm) (mm) (mm) (mMm) (mMm) (mm) (mm) mm) () (9
Value 100 15 160 50 220 30 3 190 30 45

Table 1 shows the tillage tool tip and tillage tool handle structure parameters according to the standard
JB/T 9788-1999, “Subsoiler and share shaft”. The subsoiler was made of 65Mn, as specified in GB/T700, and
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the blade was quenched to achieve a hardness of 48—56 HRC. The shovel handle was bolted to the shovel
tip, and the upper part of the shovel handle contained bolt holes for connecting and fixing it to the test bench.

Soil bin experimental device

Fig. 2 shows the schematic of the test bench and sensor system, which mainly consisted of a soil
trough, gear motor, test bogie, bogie guide rail, gears, rack, control cabinet, and subsoiler. The basic
parameters of the soil trough were as follows: length = 4,000 mm; width = 1,000 mm; and height = 800 mm.
The gear motor provides power for deep-loosening operations. The gear motor was integrated with a 130ST-
M15025 servo motor with a power of 3.8 kW and a three-stage gear ratio planetary reducer. The gears were
mounted on the output shaft of the reducer for transmission. The gear rack was installed in the side frame of
the soil trough, the bogie rail was installed in the side frame on both sides of the trough, the gear motor was
fixed to the test bogie, and the test bogie was driven by the gear rack to move in a straight line along the rail.

The bogie moved in the range of 0—1.6 m/s. The subsoiler was fixed to the suspension under the test
bogie using bolts and moved forward or backward with the bogie at a uniform speed. No. 8 in Fig. 2 is the self-
made sensor-fixing device. The sensor-fixing device has an inverted L-shape structure (300 height x 2 thick,
mm). The upper end is bolted to the body frame, and the lower end can fix the sensor. The test sensor adopted
was a high-precision cylindrical point-type soil pressure sensor (DMTY model, Nanjing Dan Mor Electronic
Technology Co.). This pressure sensor has a diameter of 16 mm, thickness of 4.8 mm, range of 0.05 to 10
MPa, and sensitivity of 2 mV/V. The polished side of the sensor was the stress sensing surface, and the
unpolished side was the support surface. The electrical signal collected by the sensor was converted into a
pressure value using Equation 1:

P = K(F; — Fo) (1)
where P; is the real-time pressure value to which the sensor is subjected (kPa), F; is the output electrical signal
strain value corresponding to P; in pV, Fy is the electrical signal strain value output at the sensor’s zero point
in 4V, and K is the sensor calibration factor of 0.152 kPa/uV. The measured pressure values were converted
into pressure values using Equation 2:

F=P xmr? (2)
where F is the stress collected by the sensor in N and 7 is the radius of the sensor (8 mm).
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Fig. 2 — Schematic illustration of the soil bin device and sensor system

Soil preparation
The test soil in the soil trough was sandy loam, and the soil physical parameters were determined
before the test using a GHHB-009-485-1 soil moisture meter (moisture accuracy * 0.3% RH), ring knife, and
TYD-2 soil firmness meter (accuracy £ 1%) to determine the soil moisture content, bulk weight, and soil
firmness in the shallow (soil depth range of 0—150 mm), middle (150-270 mm), and deep (270-320 mm) soil
layers, respectively. Table 2 lists the obtained soil water content, bulk weight, soil firmness, and soil physical
parameters.
Table 2
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Basic physical soil parameters.

Soil depth (mm) Soil density (kg/m?) Moisture content (%) Soil hardness (kg/cm?)
0-150 1310 11.21 14.4
150-270 1420 12.32 16.8
270-320 1610 14.31 20.3

Experimental methods design
The soil at the lateral position of the subsoiler was divided into shallow (0—150 mm), middle (150-270

mm), and deep (270-320 mm) layers. According to its distance from the subsoiler, each layer was further
divided into five areas, for a total of 15 areas within the three layers. The test was conducted by burying the
sensor in the area above and determining the lateral stress on the soil at the lateral position in a point-by-point
manner. The sensor was set up in the soil trough, as shown in Fig. 2, and the sensor was buried at depths in
the shallow, middle, and deep layers, corresponding to the depths of layers A, B, and C, respectively. The
distances of the sensor from the edge of the wing shovel of the subsoiler used were 40, 80, 120, 160, and 200
mm (in order of 40 mm increases), corresponding to the five lateral positions: 1, 2, 3, 4, and 5. Based on the
preliminary pre-test, there is almost no lateral stress response after exceeding a lateral distance of 200 mm.
Therefore, the maximum lateral distance determination point was set to 200 mm. The soil pressure sensors
were calibrated using a potentiometer-based calibration method prior to testing (Lamande et al., 2015). The
sensor was buried behind the measurement point and calibrated to zero. As shown in Fig. 3, the operating
depth of the subsoiler was 200 mm, and the operating speed was 0.2 m/s during the test. The middle section
of the 1,000 mm soil trough was used as the stabilization measurement area. The subsoiler was moved from
the beginning of the soil trough to the end of the soil trough for each test stroke. After each test, the subsoiler
was reset, the soil in the soil trough was reprepared, and the soil parameters were controlled within 100% +*
5% relative error. Each stroke was repeated five times, and the average value of the test results was taken.
The test was completed when all five lateral positions of the soil layers A, B, and C were measured.

The response start time was set to be the point when the first stress change value was captured for
each test stroke, and the response cutoff time was when the final stress value stabilized. When all tests were
completed, the collected voltage signals were converted to stress values using Equations 1 and 2, and the law
of lateral stresses was applied to each lateral position in layers A, B, and C of the soil and obtained as a
function of time. During the test, an I-SPEED high-speed camera was used to record the deep pine process
and obtain soil disturbance images at specific time points. Fig. 3 shows the high-speed photograph
arrangement.

Complementary light equipment
Geared motor WSpcs High speed camera

Discrete element simulation
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A three-dimensional model of the subsoiler and a soil model identical to the actual soil trough test were
created. As shown in Fig. 4, a soil model with a length x width x height of 1,000 mm x 800 mm x 320 mm was
created using the EDEM. Shallow soil (0—150 mm) is shown in blue, medium soil (150—-270 mm) in green, and
deep soil (270-320 mm) in red.

To ensure that the discrete element simulation model was consistent with the actual soil, the Hertz-
Mindlin model with the JKR model was selected as the particle contact model. The Hertz-Mindlin (no-slip)
contact model between the soil particles and the tip of the subsoiler was selected, and basic spherical soil
particles with a radius of 4 mm were chosen for this study.

The established soil model and model parameters were mainly divided into material and contact
parameters, which included the density, Poisson’s ratio, and shear modulus of the soil and subsoiler (65Mn),
which mainly included the friction factor and coefficient of restitution between the materials. The soil density
was obtained through actual measurements, and the other parameters were determined from the literature.
Table 3 lists the simulation parameters.

Table 3
Basic discrete element model parameters
Parameter Shallow soil Middle soil Deep soil
Soil Poisson’s ratio 0.40 0.42 0.43
Soil shear modulus (Pa) 1x 108 1.4 x 108 1.6 x 108
Soil density (kg/m3) 1,370 1,492 1,705
Restitution coefficient between soils 0.2 0.2 0.15
Static friction coefficient between soils 0.4 0.4 0.3
Dynamic friction coefficient between soils 0.3 0.3 0.2
Restitution coefficient of soil and 65Mn 0.2 0.2 0.17
Static friction coefficient of soil and 65Mn 0.5 0.5 0.4
Dynamic friction coefficient of soil and 65Mn 0.3 0.2 0.09
Soil surface energy 44 5.1 6.2
65Mn Poisson's ratio 0.35
65Mn shear modulus (Pa) 7.27 x 1010
65Mn density (kg/m3) 7,830
Total number of soil particles 610,000
Gravity acceleration (m-s2) 9.81

The clipping module of the EDEM was utilized to select soil-particle clusters (particle clusters consisting
of five soil particles) in the soil model, as shown in Fig. 4, where the soil-particle cluster locations were the
same as those of the soil trough test sensor measurement points.

Horizontal section

Particle swarm

Shallow soil

Middle soil
Deep soil

Fig. 4 — Simulation modelling with soil particle swarms

The entire discrete element simulation test procedure was consistent with that of the soil-trough test.
After the test, the lateral displacement data of the soil particle population were counted (the data were
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averaged) to obtain the change rule of the lateral displacement of the soil at the five lateral positions of the soil
in layers A, B, and C. The soil model was also dissected along the lateral direction through the clipping module
to observe the disturbance state of the soil at different lateral locations during the deep pine operation.

RESULTS

Basic laws of lateral soil stresses and lateral soil displacements
Fig. 5a shows that lateral stresses are generated during the operation of the subsoiler. The lateral

stresses are transmitted to various locations in the lateral soil, and the lateral stresses show a fluctuating
pattern with time changes (Qin et al., 2022). The entire duration of the fluctuation did not exceed 3.5 s. This
result is in agreement with the findings of El Kahi et al. (2020) and Lutz et al. (2017), who both found that the
lateral stress transfer process in soil can have fluctuating characteristics. Lateral stress fluctuation exists in
two cases. The first case is an initial rise and a subsequent fall; that is, the fluctuation only exists at a peak.
The second case is an initial rise, a subsequent fall, and a subsequent rise; that is, the curve exists in a peak
and a trough. In this case, the value of the wave peak is much larger than that of the trough, which indicates
that the wave peak is the main reason for the lateral displacement of the soil affected by the lateral stress.

Fig. 5b shows that the lateral soil displacement caused by the subsoiler exhibited a fluctuating pattern over
time and that the entire fluctuation duration did not exceed 3 s. The lateral displacement exhibited the same
two fluctuations as those of the lateral stress. This indicates that the two change patterns were consistent in
the process of lateral displacement caused by lateral stress.
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Fig. 5 — Change laws of lateral stress and displacement over time during subsoiler operation
(a) Change law of lateral stress on the soil over time during subsoiler operation
(b) Change law of lateral soil displacement over time during subsoiler operation

Analysis of soil lateral stress and lateral displacement extremes
Fig. 6 illustrates the analysis of the maximum and minimum values of lateral stress and lateral

displacement. The maximum values represent the highest points during the variation of lateral stress and
displacement and typically occur at the peaks of the waveform. Conversely, the minimum values are the lowest
points, occurring at the troughs or endpoints of the waveform. The sign (positive or negative) of each extreme
value indicates the direction of the force or displacement, while the magnitude reflects its intensity. As shown
in Fig. 6, the maximum (positive) values of lateral stress and displacement are significantly greater in
magnitude than the minimum (negative) values. This suggests that positive-direction lateral stress and
displacement are dominant over those in the negative direction.

The extreme values of lateral soil stress showed a linear decreasing trend with increasing transmission
distance, particularly in soil layers B and C. Similarly, the large (positive) values of lateral soil displacement
also decreased linearly with transmission distance, while the small (negative) values of displacement exhibited
a linear decrease primarily in the C horizon.
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These results indicate that, in the positive direction, both lateral force and displacement effects
diminish linearly as the transmission distance increases (Jude et al., 2012). However, in the negative direction,
no consistent pattern of change was observed.

The maximum and minimum values of lateral force and lateral displacement were analyzed for each
layer. In soil layer A, the maximum and minimum values of the lateral force of A1 were the largest, being
observed at 0.72 N and -0.30 N, respectively. In layer B, the maximum and minimum values of the lateral force
of B1 were the largest, at 0.81 N and -0.21 N, respectively. In layer C, the maximum and minimum values of
the lateral force of C1 were the largest, at 0.45 N and -0.16 N, respectively. In layer A, the maximum and
minimum values of A1 were 10.93 mm and 2.31 mm, respectively. In layer A, the maximum and minimum
values of A1 were 10.93 mm and 2.31 mm, respectively. In soil layer A, A1 had the largest maximum and
minimum values of lateral displacement, at 10.93 mm and 2.31 mm, respectively. In soil layer B, B1 had the
largest maximum value of lateral displacement and B2 had the largest minimum value, which were 8.44 mm
and 3.60 mm, respectively. In soil layer C, C1 had the largest maximum and minimum values of lateral
displacement, at 1.91 mm and 0.34 mm, respectively.

From the above results, it can be seen that the maximum extreme value of lateral soil stress occurred
in layer B, followed by layer A, and was lowest in layer C. The minimum value of the lateral stress in soil layer
A was the highest, followed by those in layers B and C. The maximum extreme values of lateral displacement
were observed in layer A, followed by layer B, with the lowest in layer C. In contrast, the highest minimum
(negative) values of lateral displacement occurred in layer B, followed by layer A, and were lowest in layer C.
Regarding lateral stress, the maximum positive values were recorded in layer B, followed by layer A, and were
lowest in layer C. These findings suggest that layer B experienced the highest lateral stress, while layer A
exhibited the greatest lateral displacement.
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Fig. 6 — Analysis of lateral force and soil displacement extremes
(a) Lateral stress extremes, and (b) Lateral displacement extremes

Timeline correspondence of lateral stresses driving changes in soil lateral displacement

Fig. 7 shows that the lateral stress increases from 0—1 s and decreases from 1.0-1.5 s, and that the
direction of the lateral stress is positive from 0-1.5 s. The lateral stress decreases from 0-1.7 s, and the
direction of the lateral stress changes from positive to negative. The lateral stress decreases from 1.7-3.0 s,
and the direction of lateral stress is negative. The range of 3.0-3.5 s is a special time period in which the
phenomenon of lateral stress rebound appeared in the A1, A2, B1, B2, C1, and C2 positions. The direction is
still negative, and the lateral stress remains unchanged in the C3, C4, and C5 positions. In the other positions,
the lateral stress continues to decrease.

The lateral displacement increased from 0—1.5 s and moved in the positive direction. At approximately
1.7 s, the direction of movement started to change from positive to negative, and from 1.7-3.0 s, the lateral
stress started to decrease and move in the negative direction. By 3.0 s, the lateral displacement stopped
moving. These results show that lateral displacement and lateral stress remain consistent on the time line.
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From 0-1.7 s, the direction of lateral stress is positive, and the lateral displacement moves in the
positive direction. From 1.7-3.0 s, the direction of lateral stress is negative, and the lateral displacement moves
in the negative direction. The range of 3.0-3.5 s is a special time period in which there is still a change of

negative lateral stress at all lateral locations, but the stress is no longer able to push the soil to move laterally.
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Fig. 7 — Direction of lateral stress and lateral displacement with timeline
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Lateral stress and lateral displacement with the time incremental (decremental) change rule of law
Fig. 8a shows that both the increment and decrement of the lateral stress in soil layer B were the

largest, and this was followed by those in layers A and C. The maximum increase and decrease in lateral
stress in layer B were the largest. The maximum value of the lateral stress increment occurs at position B1
from 0-0.5 s, with a maximum increment of 0.48 N. The minimum value of the decrement occurs at position
B1 from 1-1.5 s, with a maximum decrement of 0.66 N. The maximum value of the decrement occurred at
position B1 from 1-1.5 s, with a maximum decrement of 0.66 N.
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Fig. 8 — Increase (decrease) in lateral stress and soil displacement at different time intervals
(a) Increase (decrease) in lateral stress at different time intervals
(b) Increase (decrease) in lateral displacement at different time intervals
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Both the increment and decrement in the lateral displacement of the soil in layer A were the largest,
followed by those in layers B and C. The maximum increment and decrement of the lateral displacement
occurred at location A1 from 1.0-1.5 s. The maximum value of the lateral displacement increment occurred at
position A1 from 1.0-1.5 s with a maximum increment of 6.35 mm. The minimum value of the decrement
occurred at position A1 from 2.0-2.5 s, with a maximum decrement of 5.81 mm.

The above results indicate that the change in the lateral stress on the soil in layer B was the largest;
however, this change does not cause the largest change in lateral displacement in layer B, instead causing
the largest change in lateral displacement in layer A. In addition, the magnitude of the change in lateral stress
does not directly correspond to the magnitude of the change in lateral displacement on the same timeline; e.g.,
the maximum increment in lateral stress is within the range of 0—0.5 s for layers A and B, but the maximum
increment in lateral displacement is caused only in the range of 1.0-1.5 s. The maximum decrements in layers
A and B are within the ranges of 1.5-2.0 s and 1-1.5 s, respectively, but the maximum decrement in lateral
displacement is caused only within the range of 2.0-2.5 s, which indicates that the change in lateral
displacement has a certain hysteresis relative to the lateral stress.

CONCLUSIONS

In this study, the variation patterns of soil lateral stress and displacement at the lateral position of a
subsoiler were analyzed using soil trough experiments and discrete element simulations conducted at fixed
points.

(1) The peak (positive) values of lateral stress and lateral displacement were significantly higher than their
corresponding trough (negative) values. Both positive lateral stress and displacement showed a linear
decreasing trend with increasing transmission distance. Among the soil layers, the highest positive lateral
stress was observed in the B layer, while the highest positive lateral displacement occurred in the A layer.

(2) The directions of lateral stress and displacement were consistent over time. From 0 to 1.7 s, the lateral
stress was positive, and the corresponding displacement occurred in the positive direction. Between 1.7
and 3.0 s, the lateral stress became negative, causing the displacement to shift in the negative direction.
From 3.0 to 3.5 s, although the lateral stress remained negative at the lateral position, it was no longer
sufficient to induce further lateral soil movement.

(3) The soil in the B layer experienced the greatest change in lateral stress; however, this did not result in the
greatest lateral displacement within the same layer. Instead, the A layer exhibited the largest change in
lateral displacement. Additionally, the variation in lateral displacement corresponded to the changes in
lateral stress, but with a noticeable hysteresis, indicating that the displacement response lagged behind the
stress changes.
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