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Separation and mechanical properties of residual film and soil
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Abstract: In Xinjiang's perennial cotton (Gossypium hirsutum)-planting soil, the average residual amount of plastic film is as
high as 265.3 kg/hm?, and the problem of pollution with residual plastic film in the tillage layer has become a major problem.
To explore the mechanism of the separation of residual film and soil in the tillage layer and determine the conditions favorable
for the separation of residual film-soil, this study established a constitutive model of residual film-soil contact based on the
discrete element method and used the established constitutive model to simulate the process of separating residual film and soil.
In addition, the influence of parameters, such as soil particle size and water content, on the force to separate the residual film
and soil was studied using single factor and orthogonal experiments. The simulation results showed that the changing trend of
the residual film-soil separation force curve did not differ much between the simulation and the actual comparison, and the
curves were roughly the same. They all decreased after the separation force reached its peak value, but the simulated
separation force curve was similar to that of the actual separation force. It increased rapidly from the beginning and reached
peak separation force first. The single-factor experiment showed that the separation force of the used residual mulching film
was higher than that of the unused mulching film. Under the same conditions, the maximum separation force required to
separate the residual membrane was proportional to the positive pressure on the surface of the residual membrane and the size
of soil particles. Under the same conditions, the maximum separation force required to separate the residual film is
proportional to the positive pressure on the surface of the residual film and the size of soil particles. The maximum separation
force decreased first and then increased as the soil moisture content increased. The results of the orthogonal experiment
showed that the soil particle size had the greatest effect on the maximum separation force, followed by positive pressure on the
residual film surface, soil moisture content, and the service life of mulch. In addition, film mulch that was buried 60 mm deep
in the soil, a particle size of more than 2.5 mm, and a soil moisture content of 8% was the optimal combination of parameters to
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effectively separate the film mulching residue from the soil.
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1 Introduction

Xinjiang is the largest cotton (Gossypium hirsutum)-producing
region in China. This was shown by its contribution of more than
80% of China’s cotton production for five consecutive years
according to the Chinese National Bureau of Statistics!'?. The
plastic film mulching technique has been widely used to plant
cotton in Xinjiang and has significantly increased cotton yields,
which has significantly benefitted agricultural production in China
and the income of farmers in Xinjiang®3l. With the continuous
increase in mulching film use and low recovery rate, the residual
mulch film (RMF) in the soil gradually increases, which causes
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Separation and mechanical properties of residual film

serious damage to the soil structure and a gradual deterioration in
the quality of cultivated land*'".  According to He et al.l'?], the
average residual amount of mulching film in the topsoil of
perennial cotton planting in Xinjiang reached 265.3 kg/hm?.
Currently, RMF pollution has become a serious problem in
Xinjiang areas!!3-16,

RMF affects not only soil microbial activities and water, air,
and mineral transport in the soil but also seed germination and
development. Xu et al.['7-21] found that the RMF could inhibit the
elongation of the root system, and it had a significant effect on the
composition of soil organic matter and the movement of nutrients
in the soil; thus, it will destroy the soil structure. Therefore, there
is an urgent need to control RMF pollution in farmland.

To remove the RMF from agricultural topsoil, many
researchers in China and throughout the world have designed
numerous types of machines to recover the residual film.
However, the removal rate is low. The reason for this is the lack
of research on the mechanical properties of soil that contains
residual film. In recent years, many researchers have studied the
static and dynamic behavior of soil using the discrete element
method (DEM). The DEM has become a very reliable method to
study soil behavior??l,

An RMF is a flexible object with a thickness of 0.01 mm.
Some researchers have conducted studies to model flexible objects.
Lobo-Guerrero et al.?3] used the particle clustering method to study
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the strength of soils reinforced by fiber. The disadvantage of this
method is the introduction of artificial roughness on the contact
surface between the flexible object and the particles. Later, the
coupled discrete element methods (DEM) and finite element
methods (FEM) were widely adopted; these methods entail
modeling flexible structures as finite elements, and granular
materials were modeled as discrete spherical particles®!. This
method combines the advantages of DEM and FEM, but it is
difficult to accurately define the contact behavior between discrete
particles and finite elements/?2%).  Effeindzourou et al.l?”-?8] used
the Minkowski sum method to model the discrete elements of
geotextiles and conducted experiments on pulling geotextiles out of
the soil.

However, the current studies rarely involve establishing the
discrete element model of RMF-soil, and our understanding of the
mechanism of separation between RMF-soil is not clear enough.
To further study the contact behavior and mechanism of separation
between RMF-soil, the discrete element model and separation
simulation model of RMF-soil were first established using the
discrete element method, and the separation mechanism between

RMF-soil was then studied by single factor and orthogonal
experimental methods. This study provided a reference for other
researchers to study the mechanical properties of RMF-soil
separation, which will help to treat RMF pollution.

2 Materials and methods

2.1 Soil and RMF sampling and analysis
2.1.1 Soil sampling and parameter measurement

1) Soil sampling method

The soil samples in this paper were collected from sandy soil
in Xinjiang, and the sampling site was the farm of Alar City,
Xinjiang Uygur Autonomous Region, China (40°54'N, 81°06'E).
The five-point sampling method was used to create quadrats as a
square quadrat of 1 mx1 m. The sampling tool was a ring-knife
soil borrow drill (QTZ-1, Cangzhou Luyi Testing Instrument Co.,
Ltd., China). The sampling work was completed within 2 d, and
the soil samples obtained were stored in Ziplock bags.

2) Soil basic parameters

The basic characteristics of the 0.00-0.30 m layer of soil that
was measured are listed in Table 1.

Table 1 Measured basic properties of 0.00-0.30 m layer of soil in this study

Soil particle density Bulk density Soil moisture Intra—particle friction Shear modulus of . . .
3 3 o .. Group cohesiveness Poisson ratio
/kg-m /kg'm Content/% factor elasticity
2400-2800 2100-2500 6-26 0.31-0.56 2.1x107-2.7x107 1.25%10%-1.85x10° 0.23-0.44

3) Soil particle size distribution

The sieving method was used in this study®. The sieving
instrument was a standard inspection sieve (GB/T6003.1-2012;
Shaoxing Shangyu Huafeng Hardware Instrument Co., Ltd.,
Zhejiang, China). The apertures were 0.2 mm, 0.6 mm, 1.0 mm,
1.6 mm, 2.0 mm, and 2.5 mm. This study used an electronic
balance with an accuracy of 0.001 g. The results of the particle
size distribution of the sandy soil obtained are shown in Figure 1.
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Figure 1 Particle size distribution of sandy soil

4) Soil particle stacking angle

In this experiment, the static-stack angle when the bottom
plane remains static was adopted®”. The stacking angles of soil
particles with particle sizes >2.5 mm, 2.0-2.5 mm, 1.6-2.0 mm,
1.0-1.6 mm, 0.6-1.0 mm, 0.2-0.6 mm, <0.2 mm, and unscreened
soil were studied. The measurement results are shown in Figure 2.
The results showed a decrease in the stacking angle of soil particles,
followed by an increase, with a decrease in the particle diameter.
In addition, the stacking angle of unscreened soil was 53.73°.
2.1.2  RMEF sampling and parameter measurement

1) Sampling of RMF

The mulch film of the experiment material includes unused

film and used RMF. The unused mulch film was produced by
Yihang Plastic Products Factory, Aksu City, Xinjiang Uygur
Autonomous Region. The RMF was collected from land that was
covered with film for 5 a. The thickness of all the recovered RMF
samples was 0.01 mm, and the RMF that was recovered was stored
in Ziplock bags.

60 -

SEore
50 i f l

40 - T - )
Al ‘+‘°4”+

30 |

Stacking angle/(°)

Not <0.2 0.2-0.6 0.6-11-1.6 1.6-2 2-25 >25
screened
The distribusiton of particle size/mm
Figure 2 Relationship between soil particle accumulation angle

and particle size

2) Basic physical performance parameters of RMF
The physical properties of RMF are listed in Table 2.

Table 2 Basic physical performance parameters of the
residual membrane

Mulch type/stretch Tensile Elongation at Elastic
results strength/MPa break/% modulus/MPa

Unused film 12.00 3.14 34.40

Used RMF 7.60 1.00 28.10

2.2 RMF-soil separation simulation method
2.2.1 Construction of RMF-soil particle contact constitutive
model

The RMF is a highly flexible thin film that performs similarly
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This article refers to the discrete element model of
geotextile and soil established by
Effeindzourou et al.l?’281  Yadel®! is an extensible open-source
framework for discrete numerical models, which focuses on the
discrete element method. The contact constitutive model of RMF
and soil was constructed using Yade discrete element software.
The specific construction method was as follows:

to geotextiles.
contact between the

In this study, the soil particles are considered to be equivalent
to spherical particles. The basic primitives of the simulation RMF
model constructed based on the Minkowski sum principle include a
sphere, cylinder element, and triangular surface element; the
cylinder and triangular surface are deformable bodies!3236l,
Arbitrary shape RMF can be constructed by connecting multiple
triangular face elements. Therefore, this paper attempted to splice
the RMF model from triangular surface elements, which
demonstrated that the contact between soil and the RMF primarily
occurs between spherical particles and triangular plane elements.
Figure 3 shows the contact between RMF and soil particles. A
virtual ball was added at the contact position (P). Thus, the
contact between the spherical particles and the plane elements was
transformed into contact between the spherical particles and the
virtual spherical particles. The concept of the virtual ball was
introduced to process the ball-plane contact, with P’ representing
the center of virtual ball. The virtual ball and plane elements have
the same material properties, while the diameter of the virtual ball
is the same as the thickness of the virtual RMF.

a. Sphere-triangle face element contact

Fsphere
LP Virtuall ball
irtuall bal
P’\\:
FPFacet

b. Virtual ball contact
N,

P’

N N;
c. Sphere-triangular face plan view
Note: Ni, N>, and N3 denote the three nodes of the triangular planar element; P
denotes the contact point of the ball plane; P’ denotes the center of the virtual

ball; F denotes the contact force between soil particles and RMF. RMEF,
residual mulch film.

Figure 3 Sphere-triangle face element contact, virtual ball contact
and sphere-triangular face plan view

The general discrete element contact rule was considered to be
the contact rule between spherical particles and virtual spherical
particles®’].  The contact force of the virtual ball was distributed
to each node of the element based on the position of the contact
point.  This method is the fundamental calculation of the

ball-surface element contact.
For ball-plane contact, the position of contact point P was
defined according to three nodes of the triangular planar element
and the ball, while P’ was projected by the contact point P onto the
planar element. The centroid coordinates of P’ were p1, p2, and ps.
The calculations of the centroid coordinates are expressed in

Equations (1)-(3).
_ HN1N3H(N1N2 'N1P’)—(N1N2 'N1N3)(N1N3 ‘N1P’)

= 1
A T A [T A T A A T A A R
. [N NV|[(N, N - NyP') — (N, N, - N;N3 (N, N, - N, P') ®
-
NV, |||V, NS | = (N, N, - Ny NS (NN, - Ny N)
py=1-p -p, 3)

The projected position P’ was used to define contact between
the spherical particle and the triangular plane element. The
movement and rotation of the virtual ball were linearly interpolated
at the three nodes of Ni, M2, and N3 on the plane. The movement
velocity v’ and rotation velocity were calculated using velocities
and rotation velocities of three nodes (vn1,vaz, and va3) and (wwi,
waz, and was), according to Equations (4) and (5), respectively.

v, = Py, + PV, T D3V, 4)
W, = DWWy, + Pawy, + Wy, (5)

Fni denotes the force exerted on the node with N;, i € {1, 2, 3}

calculated as described in Equation (6).

Fy =PF
Fy, =BF (6)
Fy =PF

2.2.2  Simulation of experimental steps of the separation of RMF
from soil

First, a closed square box with length L, width W, and height
H of 0.10 m, 0.10 m, and 0.08 m, respectively, was established
(Figure 4a). The box consisted of 12 triangular plane elements.
All degrees of freedom of movement and rotation of the box were
fixed. As for the material properties of the box, Young's modulus,
Poisson's ratio, friction angle between the box and particles, and
density were established at 6x10'* MPa, 0.10, 0.30°, and 5000 kg/m?,
respectively. Secondly, the RMF model, with a length x width of
0.02 mx0.06 m was established (Figure 4b). The mulching film
used in Xinjiang is 0.01 mm thick. The thickness of simulated
RMF must be within the same order of magnitude as the particle
size of soil particles. However, owing to the limited computing
resources in the simulation process, the final thickness of the
simulated RMF was established at 1 mm, while Young's modulus
and Poisson’s ratio were set at 10 MPa and 0.1, respectively. The
upper and lower parts of the mulching film were filled with soil
particles in the box. The Young's modulus, Poisson's ratio,
friction angle between the particles, and the density of filled soil
particle materials were fixed at 10 MPa, 0.25, 0.2°, and 2400 kg/m’,
respectively. The soil particles were evenly distributed within a
range diameter of 0.90-1.10 mm. The simulated soil particle size
was 10-fold that of the actual soil particle size, with a total number
of filled particles of 15255 (Figure 4c). The particles were
deposited under the action of gravity, which allowed the soil
particles and RMF to fall freely to the bottom of the box.
Movement, uniform velocity v was first applied to the outermost
edge of the RMF model after stabilization of the particle movement,
and then the separation force was recorded. The deposition
results are shown in Figure 4d.
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Figure 4 Process of establishing a virtual pull-out model of residual film in the soil

2.3 Separation force experimental design
2.3.1 Equipment equipment and methods

Figure 5 shows the equipment for the RMF-soil separation
experiment. Before the experiment, RMF samples that were 0.20
m long, 0.02 m wide, and 0.01 mm thick were cut manually. The
lower part of the trough was first uniformly filled with soil before
the experiment, and the RMF sample was then spread on the soil in
the lower part of the soil trough. One end was extended from the
soil trough and clamped using a fixture, while the other end of the

a. RMF- Soil separation test platform model

fixture was connected to the connecting line. Pulleys were used to
connect the tensile force sensor of the universal material
mechanical test bench. The soil, which was spread 0.02 m thick
on the mulching film tested, was first covered with a plexiglass lid,
and the positive pressure on the RMF surface was then adjusted by
increasing the weight on lid. ~ Afterward, the universal testbed was
started with a speed of the tension sensor of 50 mm/min. The
relationship between displacement and the separation force was
observed.

I
b. Physical photograph of the RMF-soil separation experiment platform

1. Upper part of the soil trough 2. Lower part of the soil trough 3. RMF sample 4. Connecting line 5. Pulley 6. Tension sensor 7. Universal test bench

Note: RMF: Residual mulch film; RMF: residual mulch film.

Figure 5 RMF-soil separation experiment platform model and physical photograph

2.3.2 Single factor experiment design

Experiments on the effect of unused film and used RMF on
separation force were performed with unscreened soils. In
addition, the positive pressure on the surface of the mulching film
was 78 Pa, while the soil moisture content was 8%. The influence
of positive pressure on the surface of RMF on the separation force
test using unused mulch film and unscreened soil particles with soil
moisture of 8% was considered in the experiment. The pressure
on the positive surface of RMF was adjusted by increasing the
weight above the RMF. The positive surface pressure of RMF

was established at five different values, including 74 Pa, 128 Pa,
157 Pa, 186 Pa, and 216 Pa. The effect of soil particle size on the
separation force of RMF was tested using unused mulch film and
soil with a moisture content of 8%. The soil particle sizes of 5
gradients were established as follows: not screened, <0.6 mm,
0.6-1.6 mm, 1.6-2.5 mm, and >2.5 mm. The effect of soil
moisture content on the separation force of RMF was tested using
unscreened soil and positive pressure on the surface of RMF of
157 Pa, as well as four gradients of moisture content, namely 0, 8%,
14%, and 19%, were considered. The change in soil moisture
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content was determined as follows: the soil was dried first, and
different amounts of water were added based on the different
contents of soil moisture. The wet soil was sealed and maintained
for 24 h to ensure water uniformity in the soil.

table of the single-factor test is listed in Table 3.

The factor level

Table 3 Factor level comparison table

Levels
Factors
0 1 2 3 4
The service life of mulch Unused film Used RMF - -- --
Normal force/Pa 74 128 157 186 216
Particle size/mm Not screened <0.6 0.6-1.6 1.6-2.5 >25

Soil moisture content 0% 8% 14% 19% \

2.3.3 Orthogonal experimental design

In this study, the method of orthogonal combination experiment
was used to study the optimal combination of parameters for soil
separation with RMF. The orthogonal array was Lis(2',3%), with 4
factors that were repeated 18 times. The response index is the
maximum separation force of RMF from the soil. The factor level
table of the orthogonal factor experiment is listed in Table 4.

Table 4 Factor level comparison table

Factor The service Normal Particle Soil moisture
level life of mulch force/Pa size/mm content
1 Unused film 128 >2.5 0
2 Used RMF 186 1-2.5 8%
3 - 245 <1 14%
e
il
==
e

a. Pre-period

c. Mid-late

3 Results

3.1 Simulation and actual comparison of the experimental
results

As shown in Figure 6, with the increase in the separation force,
the pull-out displacement of the RMF increased, and the RMF was
gradually pulled out. As shown in Figure 7, the simulated
separation curve increased rapidly at the beginning of the
separation process. The separation force reached a peak value of
5.5 N when the pull-out displacement was 0.03 m.  As the pull-out
displacement increased, the separation force was again in the
downward trend, and the actual separation force curve increased
slowly.  When the pull-out displacement was 0.06 m, the
separation force reached a peak value of 4.5 N and then continued
to decline. The separation force decreased after reaching its
maximum value, but the simulated separation curve increased
rapidly compared with the actual separation force curve and
reached the peak separation force first. An analysis of the reasons
for this included the preliminary consideration that the thickness of
the simulated RMF model is smaller than that of the actual model,
and the particle size of the simulated soil is too large. Both the
thickness of RMF and the soil particle size will affect the
separation force. The actual situation of the simulated separation
experiment in the soil is different, and the specific reason merits

further study.

b. Mid-term

FcEEEEEEERTER:

d. End

Figure 6 Force chain distribution when the RMF was pulled out in the soil. RMF, residual mulch film

¢ -  —=— Simulation separation experiment
+— Actual separation experiment

Separation force/N
(98]

0.00 0.02 0.04 0.06 0.08
Displacement/mm

Figure 7 Comparison of simulation and actual separation force of

RMF-soil

3.2 Single factor experiment results
3.2.1 Influence of used and unused RMF on separation force

Figure 8 shows that the curve of separation force changed
when unused film and used RMF were separated from the soil.
The results showed that the maximum separation force values of
unused film and used RMF were 1.55 N and 4.34 N, respectively.
The separation force of the used RMF was higher than that of the
unused film. In addition, by comparing the tensile displacement,
it is apparent that the tensile deformation of the used RMF was
slightly larger than that of the unused film.

The unused and used mulching films were photographed and
observed under a 40x electron microscope (F30-01, WuHan
Xingguang Technology Co., Ltd., Wuhan, China). The results are
shown in Figure 9. The results revealed that the unused mulching
film was smooth and wrinkle-free surface, while the small soil
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particles, as well as the wear and wrinkle surface, were observed in
the used RMF. This explained the higher separation force
obtained by the used RMF.

5 F

Unused film
4+ —=— Used RMF

Separation force/N

0 50 100 150 200 250 300
Displacement/mm
Figure 8 Comparison of the separation force between the unused
film and used RMF. RMF, residual mulch film.

3
qW
N

)

o
&
4

b. Ud RMF
Figure 9 40-fold microscopic view of unused film and used RMF
surface

3.2.2 Influence of RMF surface positive pressure on the
separation force

The results obtained revealed an upward trend in the variation
of the separation force when the RMF was separated from the soil
followed by a downward trend (Figure 10). The primary causes
of these findings were analyzed in terms of the motion state of the
RMF. As the separation force gradually increased, the RMF
sample began to elongate, resulting in higher positive pressure and
RMF deformation. In addition, at the maximum value of the
separation force, the static friction force between the RMF and the
soil turns into a dynamic friction force. Simultaneously, as the
RMF moves in the soil, the contact area between the mulching film
and the soil becomes progressively smaller, thus, resulting in a
gradual decrease in the separation force. In summary, the
maximum separation force of the RMF gradually increases with
increasing positive pressure and tensile elongation. Moreover,
increasing the pressure that is exerted on the front of the RMF
resulted in a more difficult separation of the RMF from the soil.
This continued until the positive pressure value exceeded 216 Pa.

This can cause a rupture to occur during the RMF separation
process, making the process incapable of separating the RMF from
the soil.

6 -
—a— 74
—e— 128
5r —a— 157
—v— 186
Z —— 216
B 4r
S
&
g3
s
&
5ot
] -
0 Kot » L L L )
0 50 100 150 200 250

Displacement/mm
Influence of positive pressure on the surface of RMF
on separation force

Figure 10

3.2.3 Influence of soil particle size on the separation force

The influence of soil particle size on the separation force is
shown in Figure 11. The results revealed maximal separation force
values of 2.667 N, 3.977 N, 4.400 N, and 5.666 N for the particle
size ranges of <0.6 mm, 0.6-1.6 mm, 1.6-2.5 mm, and >2.5 mm,
respectively, while a maximum separation force of 4.525 N was
observed for the unscreened soil. In conclusion, under the same
conditions, the separation force of mulching film in the soil

increases as the size of soil particles gradually increases.

or ——74
—— 128
| —a— 157
5 —v— 186
—e— 216
Z
ER|
&
g 3r
b=
s
327
] .
(0 Hedspsosis L L L y
0 50 100 150 200 250

Displacement/mm

Figure 11  Effect of soil particle size on separation force

Based on the established RMF-soil simulation contact model,
this analysis shows that when the RMF and soil are in contact with
each other, the RMF will be deformed by the extrusion of soil
particles.  Figure 12 shows that the torsional and bending
deformation of the RMF surface occurred after deformation. The
results indicated significant RMF deformation at larger sizes of soil
particles, Moreover, the force of action of the soil particles as the
RMF was pulled out gradually changed from tangential friction to
normal resistance, thus, suggesting that a larger particle diameter
results in a greater separation force.

3.2.4 Influence of soil moisture content on the separation force

Figure 13 shows the influence of soil moisture content on the
separation force of residual film in the soil. The results showed
that the maximum separation force of residual film values were
5.552,3.717,4.278, and 7.854 N at soil moisture contents of 0, 8%,
14%, and 19%, respectively. However, a soil moisture content
greater than 19% makes the soil waterlogged. Thus, the mulching
film could not be pulled out from the soil.
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a. Film-soil contact force chain

b. Simulated residual film after contact deformation
Figure 12 Contact deformation of the mulch film-soil

8 |
7k
Z 6F
8
=
& St
=
S 4t
g
& 3r
v
2+
1+
0+
0 50 100 150 200 250
Displacement/mm
Figure 13  Effect of water content on the separation force

In conclusion, with the increase in the content of soil moisture,
the maximum separation force of RMF in the soil showed a trend
of decreasing first and then increasing at very high or very low
moisture contents. This could further complicate the separation of
the RMF from the soil. However, a soil moisture content of
approximately 8% was the most effective at facilitating the
separation and recovery of the RMF from the soil. These findings
can be explained by the fact that low contents of soil moisture
result in a high friction coefficient between the soil and RMF.
Thus, a high separation force is required to effectively remove the
film residue. In contrast, when the soil has a high content of soil
moisture, the soil water exerts a high force on the RMF, which
results in a high separation force.

3.3 Orthogonal experimental results

The importance of parameters in the influence of the separation
force of RMF in soil was ranked as shown in Table 5.

The order of importance from the highest to lowest was
particle diameter, positive pressure on the surface of the RMF, soil
moisture content, and the length of time that the RMF was used.
The most optimal parameter combination for the separation of film
residue from the soil was A2, B1, CI, and D2, which refers to a
used RMF, a pressure value on the front of an RMF of 128 Pa, the
soil particle size of over 2.5 mm, and a soil moisture content of 8%.
The positive pressure on the surface of the RMF can be equivalent
to the gravity of the soil directly above the RMF sample when the
pressure on the front of the RMF was 128 Pa, and the RMF was
buried at approximately 60 mm. Therefore, burying the mulch 60
mm deep in soil that has particle sizes over 25 mm and a moisture
content of 8% is the optimal combination of parameters to
effectively separate the film mulching residue from the soil.

Table 5 Results of the orthogonal experiment

Test number Used and unused A Positive pressure B Particle size C Moisture content D Maximum separation force/N
1 1 1 1 1 2.98
2 1 1 2 2 3.41
3 1 1 3 3 8.10
4 1 2 1 1 3.83
5 1 2 2 2 4.85
6 1 2 3 3 9.77
7 1 3 1 2 3.61
8 1 3 2 3 6.31
9 1 3 3 1 11.62
10 2 1 1 3 2.49
11 2 1 2 1 2.70
12 2 1 3 2 7.46
13 2 2 1 2 2.64
14 2 2 2 3 3.57
15 2 2 3 1 7.56
16 2 3 1 3 5.47
17 2 3 2 1 6.53
18 2 3 3 2 7.93
K1 54.50 27.14 21.02 35.23
K2 46.34 3222 27.37 29.90
K3 41.48 52.46 35.70
k1 6.05 4.52 3.50 5.87
k2 5.15 5.37 4.56 4.98
k3 6.91 8.74 5.95
Range R 0.90 2.39 5.24 0.97
Primary and secondary order C>B>D>A
Excellent level A2 Bl Cl D2

Excellent combination

A2,B1,Cl, D2
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4 Discussion

4.1 Simulation and actual separation experiment results and
analysis

This study established an RMF-soil contact constitutive model
with DEM and used the established constitutive model to simulate
the process of separating the RMF and soil. A comparison of the
RMF-soil simulation with the actual separation force indicated that
the morphological characteristics of the two are basically the same,
but they differ significantly in their force-displacement. This may
be due to the deviation of the soil particle size and RMF thickness
of the simulated model from the actual soil particle size and RMF
thickness. It is expected that other researchers will develop more
advanced methods to simulate and build a more accurate contact
model in the future.

4.2 Analysis of the single factor experimental results

The single factor experiment showed that the separation force
of the used RMF was higher than that of the unused mulching film.
Under the same conditions, the maximum separation force required
to separate the RMF was proportional to positive pressure on the
surface of RMF and the size of the soil particles. As the positive
pressure on the RMF surface increased, the separation force
gradually increased. As the soil particle sizes increase, the
separation force increases. Under the same conditions, the
maximum separation force required to separate the RMF was
proportional to the positive pressure on the surface of RMF and the
size of the soil particle size. With an increase in the soil moisture
content, the maximum separation force decreased first and then
increased. This led us to hypothesize that a high content of soil
moisture leads to a water film in the soil that has a large force on
RMEF, thus, resulting in a large separation force.

4.3 Analysis of the orthogonal experiment results

The orthogonal experiment results showed that the soil particle
size had the greatest effect on the maximum separation force,
followed by positive pressure on the RMF surface, soil moisture
content, and service life of RMF. In summary, burying the film
mulch 60 mm deep in soil that has particle sizes greater than 2.5
mm and a soil moisture content of 8% was the optimal combination
of parameters to effectively separate the film mulching residue
from the soil.

4.4 Outlook

1) The RMF-soil contact constitutive model established in this
paper is a linear model, and there is adhesion between the soil and
contact objects; the adhesion is a complex interface behavior!3®l,
The interfacial adhesion between the RMF and soil is also an
important factor that affects the separation of RMF and soil. In
the future, a viscoplastic RMF-soil contact constitutive model can
be tried to establish(%),

2) The contact behavior of the RMF and soil is complex, and
the contact force between the RMF and soil involves many factors.
In addition, there are complex interactions among the factors.
This paper only explored the effects of soil particle size, soil
moisture content, unused film, used RMF, and positive pressure on
the RMF surface on the RMF-soil separation force. Other
influencing factors can be considered in the future, including film
properties, soil bulk density, soil texture, and soil compaction
among others.

5 Conclusions

The goal of this study was to investigate the separation
mechanism of RMF in topsoil and determine the conditions

conducive to its separation. A constitutive model of RMF-soil
particle contact was established based on the DEM, and the
separation of RMF and soil was simulated. The effects of various
factors on the RMF-soil separation force were studied by
single-factor and orthogonal experiments, and the most favorable
combination of parameters for the RMF-soil separation was
determined. A comparison of the RMF-soil simulation with the
showed that the morphological
characteristics of the two were basically the same, but they differed
significantly in forced displacement. This may be due to the
deviation of the soil particle size and RMF thickness of the
simulated model from the actual soil particle size and RMF
thickness. It is expected that other researchers will develop more
advanced methods to simulate and establish a more accurate
contact model in the future. This study will help to explore the
mechanism of separation between RMF and soil and the regulation
of RMF.

actual separation force
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