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ABSTRACT

In modern agriculture, with the development and widespread use of agricultural mechanization, mechanical
compaction of soils has become a growing problem, resulting in soil degradation in the field. Based on the
Boussinesq solution, the soil stress formula for the circular load area is derived, and MATLAB is used to
simulate the stress-strain relationship of the soil at different depths. The results show that under the same load
conditions, as the soil depth increases, the soil stress gradually decreases, with the most significant stress
change occurring at 0.2 m depth. Soil compression experiments conducted using a consolidation instrument
revealed that the soil void ratio dropped rapidly under loading of 50-200 kPa, and the decline slowed after 400
kPa. When the soil void ratio decreases to 0.2-0.4, the soil stress changes tend to stabilize. Comparison
between the theoretical formula and the compression experimental data indicates that the soil stress gradually
decreases as the thickness of the soil layer increases and the pressure load increases, verifying the linear
relationship predicted by the theoretical formula.
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INTRODUCTION

Agriculture plays an important role in a country's political and economic independence (Daneshvar et
al.,, 2023). With the development of agriculture, field machinery operations have become common, and
people's dependence on agricultural machinery has increased. When machinery operates in the field, the
traction and load of tillage machinery gradually increase, leading to greater compaction. The stress on the soil
profile may exceed the soil's internal strength, resulting in changes to its physical, chemical, and biological
properties, increased soil density and mechanical resistance, and reduced macropores (Zhang et al., 2005).
This, in turn, affects crop growth in the field, as the stress from mechanical operations exceeds soil stability,
leading to soil degradation.

Current research on soil stress-strain in China primarily focuses on the physical properties of soil after
compaction, including factors such as soil moisture content, bulk density, porosity, and firmness that affect the
internal stress-strain of soil. Based on soil stress research, soil compression tests were conducted at different
depths to explore changes in soil stress-strain, providing both theoretical and experimental foundations for
mitigating soil mechanical compaction.

Although agricultural machinery has been further developed, the damage to topsoil and subsoil remains
significant. Soil compaction in farmland primarily results from the stress transfer within the soil under external
loads, which causes soil particles to aggregate due to regular tillage compaction. This, in turn, alters the
physical and chemical properties of the soil (Naveed et al., 2016).
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Large agricultural machinery operations and livestock trampling generate stress transfer and shear
stress in the soail, increasing the mass per unit volume and reducing soil porosity (Carman et al., 2002).
Previous studies have shown that soil compaction from agricultural vehicles can be mitigated by reducing tire
inflation pressure and increasing vehicle speed. Currently, many solutions focus on tire design, primarily by
reducing the load or increasing the contact area.

Arvidsson et al., (2005), proved that tire inflation pressure significantly influences soil stress and
displacement at a depth of 0.3 m. By further investigating the impact of wheel load on subsoil stress and
validating the commonly used stress propagation model, they found that soil stress measured at a depth of 10
cm is highest under the greatest wheel load, indicating that both inflation pressure and wheel load affect vertical
soil stress near the surface. Lamandé et al., (2007) studied the stress and deformation induced by loading the
soil with undisturbed samples. By comparing the measured vertical stress with that calculated by the S6hne
model, they found that doubling the contact area reduces stress-strain in the topsoil, with contact stress
determining stress in the topsoil, while subsoil stress depends mainly on the load. Keller et al., (2005),
developed a model in Visual Basic that predicts vertical stress distribution under a rubber track mounted on
an agricultural vehicle, providing a realistic estimate of the vertical stress at the contact point of the rubber
track with the soil, thereby improving the prediction of soil stress and compaction risk for rubber-tracked
agricultural vehicles. Keller et al., (2016), used the Arvidsson probe to measure vertical stress and found,
through finite element simulation, that soil properties had little effect on vertical stress. Lamandé et al., (2018),
analyzed the compaction effect of the same vehicle on the soil using both wheeled and crawler traveling
devices and measured the distribution of vertical stress at the contact surface between the rubber crawler and
the soil along the length of the crawler. Through the SoilCare project, Piccoli et al., (2022), studied the use of
soil improvement planting systems to alleviate topsoil and internal soil compaction. Ahmed Salih Mohammed
et al., (2023) used statistical modeling methods to comprehensively analyze temperature, ground granulated
blast furnace slag (GGBFS) and other research parameters and evaluate their impact on the compressive
strength of concrete. The experiments showed that multiple factors affect the compressive strength of soil.
Through comparative experiments, Pienigzek, (2023), concluded that in the traditional farming system (CONV),
suitable and efficient grain varieties should be selected to allow them to grow under lower fertilization conditions,
SO as to increase grain yield and reduce soil degradation. Song et al., (2023), mixed sedimentary soil with
cultivated land, compost and biochar by volume ratio to make the soil have higher water holding capacity and
reduce soil loss.

Tong, (2017), determined soil strain in the contact area based on wheel movement, calculated stress
for each contacting soil unit using the stress-strain relationship of vehicle-driving soil, integrated stress along
the tread direction, and dynamically computed rigid ring-soil forces. Ding, (2020), discovered that increasing
vehicle speed can reduce vertical stress in the soil, suggesting that vehicles should operate at higher speeds
whenever possible to minimize soil compaction risk. Li et al., (2010), through actual soil tests, demonstrated
that controlling soil stress within the Spc (elastic zone) effectively reduces soil compression deformation,
indicating that if soil pre-consolidation pressure is lower than tire ground contact pressure, agricultural
machinery operations will exacerbate soil compaction and soil structure damage. Wang et al., (2011),
proposed using the impact principle to detect soil compaction and established a relationship model between
the impact rod and soil resistance to reflect soil compaction levels. Song et al., (2015), investigated the linear
relationship between resistivity and soil moisture content and compaction based on the original resistivity
model of soil compaction. He et al., (2017), established a linear correlation between moisture content, density,
pre-consolidation pressure in the soil environment, and soil stress transfer under external force through
uniaxial compression tests, aiming to predict soil compaction degree. Wang et al., (2018), explored the
influence of soil stress on soil unit density and compaction during the transfer process of different nodes by
studying tire pressure, axle load, and mechanical compaction times of agricultural machinery. They also
identified the influence of soil profile stress and the number of agricultural machinery compactions using the
discrete element method. Xu, (2020), designed a multi-directional wireless earth pressure sensor and
developed a soil stress dynamic detection system for the sensor to study changes in earth pressure during soil
compaction.

Considerable research has been conducted on soil compaction, resulting in a series of solutions, but
most have focused on seeking remedies within agricultural machinery itself, with little emphasis on mitigating
mechanical compaction from the soil itself. Currently, research on compacted soil predominantly centers on
its physical and chemical properties, yielding gradual effects on alleviating soil compaction.
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Assessment of soil compaction degree relies on physical quantities associated with soil compaction.
Unlike the deep soil examined in soil mechanics, the soil in contact with the wheel, studied in vehicle ground
mechanics, is primarily surface soil (Zhuang, 2002). The process of soil compaction is typically divided into
three steps (O'SullivanMF et al., 1999): stress application to the soil surface during tire-soil interaction, stress
transmission within the soil, and soil stress-induced changes in soil structure. This article focuses on the "stress
transfer within the soil" process, investigating soil stress at various depths during soil compaction and
identifying effective methods to alleviate soil mechanical compaction.

Building upon previous research on soil compressive stress transfer, this study addresses the limitations
of existing stress transfer investigations by theoretically deducing stress transfer at various depths in the soil.
Theoretical analysis of soil stress is conducted using compression test methods, with an experimental plan
tailored to existing soil conditions. Soil compression tests are carried out to validate the feasibility of the soil
stress theory, utilizing data obtained from the tests to examine relationships between various parameters.

MATERIALS AND METHODS

The specific research objectives are as follows:
(1) Theoretical derivation

Theoretical formulas are analyzed to establish a formula suitable for this research, and MATLAB is
employed to simulate the linear relationship of the theoretical formula.
(2) Design and analysis of soil compression test

A test plan is designed in accordance with the existing soil compression test method, meeting the
requirements of this study. The WG single-lever consolidation instrument (medium and low pressure) and the
NSIF geotechnical test control data acquisition and processing system are utilized for the test.

Theoretical analysis

In previous stress studies, simulation and modeling methods were the primary approaches for
calculating soil stress transfer. Existing analysis models all assumed that the soil is a homogeneous, elastic,
and isotropic medium (Van den Akker, 2004). Treating the soil as an elastic-plastic material (Smith et al.,
2000), Boussinesq deduced the stress solution at any point of the soil when the semi-infinite soil elastic body
was subjected to a concentrated load in 1855 (Fig. 1).

=——cos’é 1)

where P represents the concentrated load acting on the soil surface, R denotes the distance from point M to
the center point, and 6 is the angle between the R line and the vertical axis Z.

P
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Fig. 1 - Stresses caused by concentrated loads in the vertical direction

Considering the vertical normal stress analysis in this study:
3Pz° 3P 1 P
X = pr) (2)
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> 2mz
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In the formula: R? =r? +7%, r’ =x*+ yz;
3

o = —x————— is the stress coefficient, it is a function of r and z.

27[ 275
1+(rj
Z

The instrument used for the soil compression experiment in this study employs a circular loading surface,
so the stress under the corner point of the circular area under the action of a uniform load (Fig. 2) is:

Fig. 2 - Stress under uniform circular load corner

The microelement dxdy is taken in the load surface, and the distributed load on the microelement is
replaced by the concentrated force dp=dxdy, then, from the Bucinnaiske solution, it can be deduced that the
point M at the depth z under the corner point O is subjected to the concentrated force.

The vertical stress can be obtained from the formula:

3%p” 32°p
do, = 4 _dxdy = _ dxdy @)
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_3pz 1 ey P mn(m’ +2n° +1) M
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In the formula: m = B , = B , | and b are the lengths of the load acting on the farmland soil surface,

respectively (Gao, 2018).

Simplify the above formula o, = a_p

1 mn(m’ +2n? +1)
a, == +arctan

m
° 8 (m2+n2)(1+n2)«}m2+n2+1 nYm?+n?+1

The concentration factor is influenced by both the loading environment and the soil environment.
Currently, soil moisture content significantly affects the concentration coefficient, with the coefficient increasing
as soil moisture content rises, according to research by Chen et al., (2012). However, when moisture content
is high, soil deformation after compression is substantial (Defossez P. et al., 2003).

is the stress coefficient.

Simulation of stress in the subsoaoil

Using the soil sample taken in this experiment as an example, the soil stress g, is generated by
successively loading P. P ranges from 0 to 800 kPa for the test. When P ranges from 0 to 800 kPa, the
distance Z between the loading point and the stress prediction point directly below is 0.02 m, 0.04 m, 0.06 m.
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Fig. 3- 0, Relationship between soil P stress and surface stress

From Fig. 3, it can be observed that using MATLAB software to analyze the theoretical formula above,
there exists a relatively stable linear relationship between ¢; and P. Under the same pressure load condition,
as the soil depth increases, the soil stress gradually decreases, with the most significant change occurring at
0.02 m. Under the same soil depth, soil pressure gradually increases, and the internal stress of the soil changes
slowly. Due to the shallow sampling depth, the change in stress-strain is small when the loading force is low,
hence the relationship between gz and P shown in Fig.3. When soil moisture content and wet density change,
the linear relationship also remains stable.

Experimental Tests and Methods

The soil at the test site is wetland soil. Retrieved soil samples underwent rapid uniaxial compression
experiments. Simultaneously, the WG-type single-lever consolidation instrument (medium and low pressure)
and NSIF geotechnical tests produced by Nanjing Soil Instrument Factory Co., Ltd. were employed to control
the test site. The data acquisition and processing system detected changes in the soil due to compaction,
measured soil deformation and pressure, and evaluated the relationship between porosity ratio and loading
pressure, as well as the consolidation coefficient and loading pressure after soil compression.

The experimental device is depicted in Fig.4, consisting mainly of the WG-type single-lever consolidation
instrument (medium and low pressure), the NSIF geotechnical test control data acquisition and processing
system, three dial indicators, a data collector, weights at all levels, and the test soil samples and tools.

Fig. 4 - WG type single lever consolidation instrument

The soil used in the experiment was sourced from Yancheng Institute of Technology, taken from the
original soil within the 0-10 cm cultivated layer of the experimental land. Soil samples were retrieved using a
ring knife with a diameter of 79.8 mm and a height of 20 mm to prepare samples located 0.02 m, 0.04 m, and
0.06 m away from the sampling ground. Each parameter's soil samples were tested multiple times, and the
data were recorded (five sets of test data were analyzed for this test). A thin layer of Vaseline (Tager et al.,
2013) was applied to the inner wall of the soil cutting ring knife used in the experiment, with the cutting edge
facing downwards, and placed onto the soil sample. A soil cutter was used to cut the soil sample into soil
columns slightly larger than the diameter of the ring cutter. Then, the ring knife was pressed vertically
downward, and cutting proceeded while applying pressure until the soil sample protruded from the ring knife.
The remaining soil at both ends was cut off and smoothed, and the outer wall of the ring knife was wiped clean.
Throughout the cutting process, careful observation of the soil sample's condition was maintained. Any
remaining undisturbed soil samples after cutting were wrapped in wax paper and placed in sealed bags for
supplementary testing.
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(1) Connect the test device, as shown in Fig.4, and place the container holding the soil sample in the
pressure frame according to the test regulations, with the height of the soil sample set at 2 cm.

(2) Before commencing the test, adjust the lever to the horizontal position. To ensure optimal contact
between the test soil sample and the upper and lower parts of the instrument, apply a precompression pressure
of 1 kPa first according to geotechnical operating procedures. Then, adjust the dial indicator so that the pointer
reads zero. Subsequently, load according to the test procedure (removing the preload weight before loading).
When the soil sample sinks under pressure, causing the lever to tilt, rotate the handwheel counterclockwise to
restore the lever to the horizontal position. Throughout the loading process, collect a set of data every hour
until the end of pressurization.

(3) The maximum applied load for this test is 800 N. A 50 cm? soil sample container is used for the
compression test. During the 50 cm2 pressurization process, pressure is applied to the test soil sample through
a pressure transfer plate with a diameter of 8 cm. The soil consolidation instrument is loaded step by step
according to pressure levels of 50, 100, 200, 400, and 800 kPa.

(4) During the pressurization process of the test soil samples, apply the loading force to the soil samples
every two loading intervals of 1 hour. After all loading levels have been applied, the test is completed once the
instrument is deemed stable. Throughout the process, the NSIF geotechnical test control data acquisition
system will record the vertical settlement of the pressure transfer plate and monitor the relationship between
the void ratio of the ring cutter and the loading pressure, soil consolidation coefficient, and loading pressure.
The ratio of pre-compressive stress to principal stress provides soil stability assessment, with values between
0.1 and 0.5 indicating weak soil conditions.

(5) Monitor soil compression by conducting compression tests on prepared soil samples using a soil
consolidation instrument. Simultaneously, the NSIF geotechnical test control data acquisition and processing
system will monitor and record the vertical settlement of the pressure transfer plate due to successive loading,
followed by monitoring the void ratio and loading pressure of the ring cutter, and the relationship between soil
consolidation coefficient and loading pressure.

(6) Analyze the changes in compressive modulus parameters, void ratio-load curve (e-p), and
consolidation coefficient-load curve (cv-p) of the test soil samples based on results obtained by the NSIF
geotechnical test control data acquisition and processing system.

RESULTS
Soil Compression Test Results

In Table 1 to Table 6, the vertical settlement obtained by applying the initial load is zero. Since the soil
is inelastic and difficult to calculate, it is typically assumed and calculated as semi-elastic soil in actual
calculations. Thus, the soil is considered a semi-infinite medium that satisfies uniform, continuous, and
isotropic properties. During the experiment, the influence of the container's side wall prevents lateral
deformation of the soil, which differs somewhat from the deformation of unconfined soil. However, the soil deformation
observed in the test still provides valuable guidance for calculating the actual soil stress-strain distribution.

Table 1
Soil compression deformation test under lateral limit conditions 1
Pressure Vertical . Compression
plate Applkyplgad / sedimentation Por;ct)isolty MO&I;J:S / factor /
area/cm? /cm MPa!
40.24 0 0.964 0
40.24 50 3.437 0.627 0.291 6.752
40.24 100 4.392 0.533 1.047 1.876
40.24 200 5.272 0.447 2.271 0.865
40.24 400 6.061 0.369 5.072 0.387
40.24 800 6.835 0.293 10.335 0.190
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Soil compression deformation test under lateral limit conditions 2
Pressure Apply load / Vgrtlcal Porosity Modulus / Compression
plate K sedimenta- . 1
2 Pa - ratio MPa factor / MPa
area/cm tion/cm
40.24 0 0.964 0
40.24 50 4.190 0.553 0.239 8.230
40.24 100 4.923 0.481 1.364 1.440
40.24 200 5.646 0.410 2.764 0.711
40.24 400 6.326 0.343 5.884 0.334
40.24 800 6.954 0.281 12.739 0.154
Soil compression deformation test under lateral limit conditions 3
Pressure Vertical . )
plate area/ Applkyplgad / sedimentation Pc;;ct)is;ty Mo&t;)l:s / fCaOcToF;r/elf/ISPIgg
cm? /cm
40.24 0 0.964 0
40.24 50 4.615 0.555 0.240 8.181
40.24 100 5.086 0.465 1.086 1.809
40.24 200 5.868 0.388 2.557 0.768
40.24 400 6.571 0.319 5.692 0.345
40.24 800 7.241 0.253 11.942 0.165
Soil compression deformation test under lateral limit conditions 4
Pressure Vertical . .
Apply load / ; . Porosity Modulus / Compression
plate agea/ kPa sedimentation ratio MPa factor / MPa?
cm /cm
40.24 0 0.964 0
40.24 50 3.447 0.626 0.290 6.771
40.24 100 4.692 0.504 0.803 2.446
40.24 200 5.749 0.400 1.892 1.038
40.24 400 6.613 0.315 4.626 0.425
40.24 800 7.425 0.235 9.856 0.199
Soil compression deformation test under lateral limit conditions 5
Pressure Vertical . .
Apply load / ; . Porosity Modulus / Compression
plate agea/ kPa sedimentation ratio MPa factor / MPa?
cm /cm
40.24 0 0.964 0
40.24 50 2.388 0.730 0.419 4.690
40.24 100 3.508 0.620 0.892 2.201
40.24 200 4.352 0.537 2.369 0.829
40.24 400 5.044 0.469 5.783 0.340
40.24 800 5.710 0.404 12.021 0.163
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Table 6
Soil compression deformation test under lateral limit conditions 6
sl area/ | APPYIO% | ecimentation | POroSiY | Modulus. | Compression

cm /cm

40.24 0 0.964 0

40.24 50 4.042 0.567 0.247 7.940

40.24 100 5.378 0.567 0.247 7.940

40.24 200 6.481 0.436 0.748 2.626

40.24 400 7.387 0.328 1.814 1.083

40.24 800 8.147 0.239 4.413 0.445

Through the step-by-step loading compression experiment of the test soil, the compressive curve of the void
ratio of the test soil and the external load under confinement conditions, and the variation of the compressive
modulus of the test soil sample due to loading and compression were obtained. It can be observed from the
following charts (Fig. 5) that as the external load increases, the soil undergoes rapid compression initially. The
soil decreases rapidly during the loading process of 50-200 kPa, while the compressive modulus increases
slowly during this process. Due to the gradual loading of the soil, the soil consolidation coefficient gradually
decreases, indicating a slowing down of the degree of soil consolidation. The soil porosity ratio decreases
slowly after loading at 400 kPa, and the compressive modulus increases rapidly after loading at 200 kPa. A
larger soil void ratio corresponds to a smaller allowable bearing capacity of the soil. When the soil void ratio is
reduced to 0.2-0.4, the stress-strain of the test soil tends to stabilize, further verifying the linear relationship
shown by the theoretical derivation formula. The data error of the consolidation instrument range during the
test can be ignored for multiple tests.

0 100 200 300 400 500 600 00 800 900 100 200 300 400 500 600 700 800
P/KKpa PiKpa

a) e-p curve b) cv-p curve

Fig. 5 - Soil compression test results

CONCLUSIONS

Based on the Boussinesq solution, the soil stress formula for the circular load area was derived,
providing a theoretical basis for analyzing the stress distribution of soil under mechanical loads. Soil
compression experiments were conducted, revealing that the soil void ratio decreased rapidly within a certain
pressure range (50 - 200 kPa), and the decline trend slowed down after 400 kPa. Moreover, when the soil void
ratio decreased to 0.2 - 0.4, the soil stress change tended to stabilize, providing experimental evidence for the
compression characteristics of the soil. It helps to further understand the mechanical response and change
laws of the soil under agricultural mechanization operations, providing theoretical support for reducing soil
compaction, protecting soil structure and quality, and optimizing the use of agricultural machinery.
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