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ABSTRACT: The detrimental impact of soil compaction resulting from agricultural machinery remains a
significant concern in contemporary agriculture, influencing crop growth and production costs. This research
employs a combination of experimental and simulation methods to investigate various configurations of plungers,
representing features of agricultural equipment. Conducted in a laboratory setting, the study focuses on sandy clay
loam soil, pertinent to sugarcane fields in Thailand. The soil-structure interaction model for plungers is developed
using the finite element method, incorporating a modified Cam-clay plasticity model based on the critical state
concept, and porous elasticity for soil simulation. Different plunger shapes, each producing distinct effects, are
meticulously detailed. The outcomes of this research serve as a practical guide for the future design and
development of agricultural equipment, offering insights to mitigate soil compaction issues and enhance
productivity. The straightforward environmental arrangement employed enhances the applicability of the findings
to real-world agricultural settings.
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1. INTRODUCTION compacted soil examination. While field testing is
valuable, laboratory testing stands out for its higher
With the rise in population, the utilization of repeatability and more precise parameter control [6,
heavy-duty agricultural machinery, and the push for 7].
intensive cultivation to ramp up productivity, there's The Finite Element Method (FEM), a simulation
a growing need to reckon with the consequences on approach used in the lab, allows for the analysis of
soil. This has led to soil compaction and hindered complex and nonlinear behaviors of agricultural
fluid infiltration due to altered physical and dynamic machines. While FEM enables a virtual
properties. The hefty external force exerted by these representation of these behaviors not directly
structures, especially from vehicle traffic and observable through experimental or analytical
equipment, is a significant culprit, diminishing the methods, there remains a mystery regarding the
number of soil pores. Consequently, these effects effects of various machinery shapes during different
have a direct impact on the development of plant roots, operations. Current knowledge primarily addresses
resulting in a reduction in both the quality and the impact of uniform ground pressure, leaving the
quantity of agricultural production. It's crucial to intricacies of different machinery shapes in question
assess the structural effects of these machines to [9-12]. Promjan and Suvanjumrat [13] proposed an
understand how they contribute to soil stress integrated method using FEM and an empirical model
distribution. This evaluation is pivotal for effective to analyze non-pneumatic tire-soil compaction.
soil compaction management, which, in turn, can lead Raguiara et al. [14] modeled soil compaction in a
to improved soil quality and a more sustainable sugarcane crop through FEM. Hu et al. [15] modeled
approach to agriculture. soil-tool interaction through the smoothed particle
Research has delved into the impact of tread hydrodynamics (SPH) method. Swamy et al. [16]
patterns, tire size, and machinery on pressure concluded the modeling techniques of tire-
distribution and soil compaction [1-3]. The topsoil, a deformable soil interactions and their validations to
crucial zone for crop field root development, confirm accuracy. Consequently, the machine's
exhibited significant responsiveness to applied performance, particularly tire traction affecting
pressure. The study also explored the influence of energy consumption, demands focused attention.
different equipment operations on stress transmission Therefore, a comprehensive understanding of the
[4, 5], utilizing both field and laboratory testing for structural design influencing soil properties in the
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agricultural  field becomes crucial to meet

performance expectations.
2. RESEARCH SIGNIFICANCE

This research seeks to present insights into the
impact of different configurations on soil compaction,
specifically in a soil type suitable for crop fields. A
robust numerical method, the FEM, was employed,
with particular emphasis on the significance of the
Modified Cam-clay (MCC) plasticity model within
the FEM framework. To gather essential material
properties of the sampled soil, laboratory testing was
conducted. Subsequently, the finite element models
were meticulously compared to experimental data to
ascertain reliability. The validated model was then
employed to discuss the effects of various
configurations. The findings of this study hold the
potential as valuable guidance for the design and
advancement of agricultural equipment or tire tread
patterns in future endeavors.

3. MATERIALS AND METHODS

The soil used for testing was collected from a
sugarcane field located in Nakhon Pathom province,
Thailand, known for its high sugarcane productivity.
Initially, sieve and hydrometer testing procedures
were employed to analyze the soil composition. The
sampled soil was identified as sandy clay loam (SCL),
with silt, sand, and clay constituting 13%, 64%, and
23%, respectively. This particular soil type is well-
suited for crop fields, especially for cultivating
sugarcane [5, 17, 18]. The initial conditions for
testing included a soil dry bulk density (BD) of 1.5
Mg/m? and a soil moisture content of 15% w/w. These
values fall within the suitable range for optimal crop
growth [19].

3.1 Soil Consolidation

The Oedometer test, as shown in Fig. 1(a), is
carried out to quantify soil consolidation. The soil
samples, measuring 6.35 cm in diameter and 2.00 cm
in height, undergo this testing procedure. The
compression ratio ( C. ) and recompression ratio (Cy
) can be determined. Subsequently, key parameters
are derived from the results, including the
compression index (A ) and swelling index ( « ),
calculated as follows:

CC

A= 4(10) @)
CR

K= A(m) 2

Moreover, the Oedometer test allows for the
evaluation of pre-consolidation pressure ( P, ) and
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initial void ratio (&, ). These metrics are pivotal in
comprehending the soil's behavior and its response to
applied stress, furnishing valuable insights for
subsequent analyses and engineering assessments.

Fig.1 (a) The Oedometer test and (b) triaxial test

3.2 Triaxial Test

The isotropically consolidated undrained (CU)
test, depicted in Fig. 1(b), is a triaxial shear test aimed
at determining the elastoplastic parameters of soil
samples for the MCC model, with a focus on the
critical state stress ratio (M. ). Additionally, if the

mean shearing stress along the straight line
corresponding to the failure point under each
confining pressure is negative, its absolute value is
defined as the elastic limit of the tensile strength
(p") [20].

In this test, three varying confining pressures (100,
200, and 300 kPa) were applied in the pressure
chamber. For axial compression tests, the confining
pressure was kept constant while applying axial load
until material failure or a rapid change in strain
occurred without significant stress variation. A very
slow strain rate of 2.5% per hour was employed to
minimize the retardation time effect. The soil
specimen dimensions for this test were a height and
diameter of 9.70 and 4.8 cm, respectively. Vertical
displacement and principal effective compressive
stress ( o, ) of soil specimens were recorded during the

tests.

Equations (3) and (4) are employed to calculate
the deviatoric stress (g ) and mean principal stress
( p) based on the collected data. These tests and
parameters contribute to a comprehensive
understanding of the soil's mechanical behavior and
aid in establishing critical values for modeling
purposes and geotechnical engineering analyses.
q=0,-0; 3)
(4)

p=(o,+0,+0,)/3
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while the o, =0, is assumed according to testing
conditions.

3.3 Plunger Test

A cylindrical plunger with a diameter of 10 cm
was employed as the testing device for the plunger
test. This plunger was integrated into the universal
testing machine (QC-506, ComeTech) and applied to
the sampled soil within a wooden box, as illustrated
in Fig. 2. The dimensions of the box were
300x300%x200 mm (WxLxH), strategically chosen to
mitigate any wall effects, in line with
recommendations from Onwualu and Watts [21]. The
plunger was systematically moved downward with a
strain rate of 2.5% per hour, carefully chosen to
minimize the impact of retardation time. Vertical
displacement ranged from 5 to 25 mm, with 5 mm
intervals.

The sampled soil, with a controlled moisture
content and density of 15% and 1.5 Mg/m?
respectively, was gradually filled into the box layer
by layer. Each test involved newly prepared soil.
Compression force and vertical displacement data
were collected during testing. Additionally, the final
soil surface deformation was captured using a
handheld 3-dimensional (3-D) scanner. The soil bulk
density of the soil sinkage was investigated by
collecting soil samples using a known volume soil
core, subsequently dried at 105°C in an oven for over
24 hours. The dried soil was weighed with a precision
digital scale (UX-620H, Shimadzu). The resulting
soil bulk densities are detailed in Table 1, revealing
an observable trend of increased soil bulk density
with the escalation of soil deformation. Additionally,

Fig.2 Plunger test

Table 1 Soil bulk density evaluation

Soil deformation (mm) Soil bulk density (Mg/m®)

5 1.960
10 1.976
15 1.979
20 1.965
25 2.026
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the trend of the results remained consistent with the
experimental findings on a larger scale, as proposed
in previous works [3, 4].

3.4 Finite Element Analysis

The MCC plasticity model, integrating the critical
state concept with porous elasticity, was employed to
simulate the impact of voids on the elastic behavior
of the soil model. This model stands out as one of the
most extensively utilized material models in
geotechnical applications. The MCC model
incorporates an associated flow rule, ensuring that the
flow potential aligns with the yield function, and
plastic flow occurs normally to the yield surface as a
function of principal stress and modified stress
invariant [22, 23]. This approach is articulated by the
following equation:

1 (ot Y
fo==f|Po1] + 1
IB ah MCah

where t denotes a modified stress invariant and £

®)

and a, denote material parameters.

In the absence of cohesion and considering no
yield in tensile stress states, f was defined to be

equal to 1. Simultaneously, when the flow stress in
triaxial tension equals the flow stress in triaxial
compression, t is equated to g . The rewritten form

of the yield surface is expressed as follows [23]:

f(p.q) =(a—'[:—1j2 +(ﬁ)z 120

The influence of voids on the elastic properties of
the soil model can be explored. The alteration in void
ratio is directly proportional to the change in
logarithmic  pressure during elastic loading.
Furthermore, in cases where the material possesses a
non-zero elastic tensile strength, it can be expressed
as follows:

(6)

de® :—Kd(ln(p+ pf')) (7

Conversely, A represents a variable assuming a
linear relationship between the void ratio and the
natural logarithm of the pressure during plastic
loading, and it can be expressed as follows:

de” =—2d(Inp) (8)

The finite element model of the soil triaxial test
specimen was constructed in accordance with the
experimental setup. The applied boundary conditions
for the specimen model are illustrated in Fig. 3.
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The cylindrical plunger, represented as a simple
shape in the finite element analysis (FEA), is depicted
in Fig. 4. It was meshed using hexahedron elements,
totaling 1,520 elements. The soil model underwent a
similar hexahedron element meshing approach, with
the top layer featuring finer elements to facilitate a
detailed investigation of soil sinkage. The entire soil
model comprised a total of 138,240 elements.
Validated soil properties obtained from the FEA of
the soil triaxial test were assigned to the soil model.
The entire soil model was considered a homogeneous
material, with constant parameters throughout the
analysis. However, it's essential to acknowledge that
significant variations between measurement and
simulation results might arise due to factors like soil
moisture [24].
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Fig.3 Finite element model of the triaxial test

Vertical compression

30 cm '

Fig.4 Finite element model of the cylinder plunger-
soil compression

To simulate the interaction between the topsoil
surface and the plunger, a contact algorithm was
employed, with the topsoil surface assigned to make
contact with the bottom and side surfaces of the
plunger. Vertical displacement was applied to the
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plunger, compressing the soil surface, with variations
from 5 to 25 mm at intervals of 5 mm.

All finite element models were executed using
ANSYS software on a personal computer equipped
with a core i5 CPU and 32GB of RAM.

4. RESULTS AND DISCUSSION
4.1 Triaxial Test

The constitutive model features an ellipsoidal
yield surface within the stress space. The critical state
is defined by the intersection of the yield surface with
a line of slope M.. . In this case, Poisson's ratio (v)

was reasonably assumed. Given the absence of
cohesion and the exclusion of tensile stress states
within the yield surface, the parameter S was set to

1. The soil properties obtained from testing are
succinctly summarized in Table 2.

Figure 5 illustrates the comparison of results,
showcasing a strong agreement between the FEA
results and the experimental results across all three
confining pressures. The finite element model
exhibited an average R? value of 0.957, indicating a
high level of correlation between the simulated and
experimental outcomes.

Table 2 Soil properties

Parameters Value, Unit
MCC
Compression index, A 0.0866
Slope of critical state line, MC 0.94
Preconsolidation pressure, Pc 13.73, kPa
Porous Elasticity
Swell index, K 0.0353
Elastic limit of tensile strength, pf' 31.92, kPa
Poisson’s ratio, v 0.2
Initial void ratio, €, 0.765

4.2 Plunger Test

The results of the cylindrical plunger test are
presented in the compression vs. deformation graphs,
as depicted in Fig. 6. The discernible difference in
slope between the experimental and FEA approaches
reflects the challenge mentioned earlier. In practical
terms, as soil undergoes compression under a specific
pressure or experiences a reduction in moisture
content, its strength tends to increase [9, 25],
manifesting in a steeper slope in the experimental
results. Conversely, the FEM struggles to fully
capture all aspects of soil behavior, resulting in a
lower slope in the FEA results. Despite this limitation,
the FEM proves adequate in describing small
deformations of the soil.
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Fig.6 Force vs. deformation graphs of the cylindrical
plunger test by finite element method and experiment

However, the analysis results can undergo further
examination. Initially, both the experimental and
FEA results are presented in the context of a
mathematical model, which was scrutinized using a
linear regression approach as follows:

Fe exe =134.75D +106.08 9)
Ferea = 7.031D +214.11 (10)
where F. ¢, F.ea denote the compression force

of experiment and FEA, respectively, and D denotes
a vertical deformation. The R? of each equation is
equal to 0.984 and 0.950, respectively.

It is noticeable that the slope of the experimental
result exceeded that of the FEA result by a factor of
19.17. By multiplying the slope of the FEA result by
19.17, the F. ., model can be reformulated as

follows:

Ferea =(7.031x19.17) D + 214.11 (11)

The predicted compression force, calculated using
Eg. (11), exhibited consistency with the experimental
results, showing an average error of 6.66%. Hence,

Deviation (mm)
® 457
F 3.00
I 1.50
0.00

1 -1.50

1 -3.00

-4.50
-5.68

5mm

Deviation (mm)
=833

7.50
6.00
1 4.50

i 3.00
1 1.50
0.00
-1.50

o -3.03

15 mm

20 mm

Deviation (mm)
-

8.00

© 6.00

4.00

2.00

=y 0.00

-2.00

-4.00

-6.00

-8.00

'® -10.00

25 mm
Fig.7 Comparison results of soil surface deformations

the finite element (FE) model of the cylindrical
plunger test, along with the modified model, can be
employed for the comprehensive study of soil-
structure interaction.

The comparison of soil surface deformations
under different compression depths between the FEM
and experimental results is depicted in Fig. 7. The
experimental surfaces were obtained using a 3-D
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scanner, while the simulation surface was collected
from nodes at the top surface of the soil model. The
color contour illustrates the deviations between the
soil surfaces. High error was observed at the side wall
of the cylindrical sinkage, particularly increasing with
displacement due to prolonged compression times
leading to soil moisture reduction. This behavior,
related to soil shrinkage, was not accurately captured
by the developed soil model. However, the model
proves effective in predicting soil deformation for
experiments with smaller depths. Notably, the
circular surface of the cylindrical sinkage
demonstrated high accuracy. Despite limitations in
capturing specific behaviors, the FEM remains a
valuable tool for studying the effects of configuration
on soil deformation related to soil compaction,
particularly in scenarios involving smaller depths and
circular surfaces.

4.3 Plunger Configuration Effects

The FEM was employed to simulate basic
configurations of a plunger in the plunger test,
facilitating a parametric study for various factors with
easier boundary control and reduced analysis
resources. Three commonly used shapes for
agricultural equipment—a half-sphere, square, and
cylinder—were simulated. The diameter of the half-
sphere and cylinder plungers was set at 10 cm,
matching the size of the square plunger. This
configuration aimed to explore the effects of different
shapes of agricultural equipment with the same size,
potentially influencing pressure distribution on the
soil and, consequently, soil compaction.

All three plunger shapes were pressed onto the soil
surface with a vertical compression force of 200 N,
maintaining the same boundary conditions as the
cylinder plunger test illustrated in Fig. 4. However,
there was a slight difference in the meshing of the soil
model for the square plunger case, where a fine
contact zone was created according to the plunger
shape while maintaining the same element size.
Despite the varied plunger shapes, the average size of
the elements remained similar. The material
properties of all plungers were set as steel.

Simulation results, presented in Fig. 8, indicated
the highest vertical deformation in the half-sphere
case, significantly greater than in the other cases.
Excessive vertical soil deformation not only hinders
tire or equipment movement but can also be
detrimental in agricultural applications. Conversely,
the square-shaped plunger exhibited the minimum
deformation. The trend of results aligned with the
contact area of the plunger, directly influencing
contact pressure and penetration.

The color contour of stress revealed that the
minimum stress occurred in the square case, which
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had the largest contact area. This suggests lower soil
compaction, promoting greater compression energy
dissipation [2]. Additionally, the larger contact area
induced higher drawbar pull, beneficial for
agricultural applications typically performed on soft
ground [26].

The simulation results also highlighted the
importance of accounting for concentrated stress at
the corners of the structure in equipment design. This
stress concentration occurs in a small area but at a
high value, potentially serving as the source of soil
collapse or excessive soil compaction. Furthermore,
the horizontal extent of the compression effects
induced by the plunger was particularly severe for the
round structure. This underscores the need for careful
consideration of stress distribution and its spatial
extent in designing agricultural equipment to mitigate
adverse effects on soil structure and compaction.

5. CONCLUSION

The FEM incorporating a plasticity model and porous
elasticity demonstrated its effectiveness in capturing
soil deformation under pressure. Additionally, it
provided detailed insights into nonlinear behaviors
such as pressure distribution and stress concentration.
The research findings underscored the substantial
impact of soil moisture content on soil strength.
Different configurations with equivalent sizes
exhibited significant variations in soil compaction
due to distinct applied pressures. This emphasizes the
importance of considering soil moisture content in
soil compaction management and suggests that
designing agricultural equipment can play a crucial
role in this regard. The research procedures are slated
to be extended for a larger scale of soil-structure
interaction analysis in the near future, further
enhancing our understanding of these complex
interactions.
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