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ABSTRACT

The rheological behavior of paddy soil plays a critical role in determining traction resistance, trafficability, and
the operational performance of agricultural machinery. This study quantified the effects of moisture content on
the steady-state and dynamic rheological properties of remolded paddy soil using a rotational rheometer. Soil
samples were prepared at four moisture contents (23%, 26%, 29%, and 32%) and tested under steady shear
and oscillatory loading conditions. Steady shear tests (0.1-100 s') revealed pronounced shear-thinning
behavior, which was well described by a power-law model (n < 1). Within this shear rate range, the apparent
viscosity decreased from 11.57-1600 Pa-s at 23% moisture content to 1.343-238.7 Pa-s at 32%. Amplitude
sweep tests indicated a transition from solid-like to liquid-like behavior, with the yield strain increasing
approximately linearly with moisture content, while the yield modulus decreased. The loss factor increased
with strain following a power-law relationship, and the fitted exponent decreased from 0.449 to 0.336 as
moisture content increased. Frequency sweep tests identified a crossover frequency of approximately 40 Hz,
at which the dominant response shifted from viscous- to elastic-dominated behavior under the test conditions.
These results provide quantitative parameters and critical thresholds for understanding the structural stability
of paddy soil under cyclic loading, and offer guidance for the optimization of running gear design and anti-
slip/anti-sinkage strategies in paddy-field machinery.
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INTRODUCTION

As a typical air-water-particle three-phase complex system, the mechanical properties of paddy soil
determine the operating efficiency, trafficability and energy consumption level of agricultural machinery in the
field. In the process of tillage, sowing and harvesting, the walking mechanism is faced with problems such as
subsidence, sliding, high adhesion and high traction resistance between the working parts and the soil, which
are related to the mechanical properties of the soil. Moisture content is the most core and active environmental
factor affecting soil mechanical properties. Therefore, revealing the intrinsic relationship between
moisture content and paddy soil mechanical properties has important theoretical and practical significance for
the development of efficient and low-consumption agricultural equipment.

Domestic and foreign scholars have carried out extensive research on the mechanical properties of soil.
Traditional soil mechanics test methods, such as direct shear test, triaxial compression test and bearing test,
have laid a solid foundation for understanding the strength, deformation and bearing capacity characteristics
of soil.
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However, most of these methods focus on the ultimate strength characteristics of soil at the moment of
failure. In the actual operation process, the stress process of the soil is closer to a continuous dynamic process
of deformation, flow and even destruction. For example, the wheel squeezes the soil to make its lateral flow
behavior, which not only includes plastic failure, but also includes viscoelastic response and flow behavior.
Traditional mechanical tests are difficult to fully predict the internal mechanical performance of soil in the
process of dynamic operation. " Rheology " originated from the discussion of the ancient Greek philosopher
Heractitusd, and its thought can be summarized as " all things flow " (Tian., 2023). As a typical rheological
material, paddy soil exhibits both solid-like elastoplastic behavior and liquid-like flow behavior.

Regarding rheological model research, scholars have established various empirical or semi-empirical
models such as the Bekker pressure-sinkage model and the Reece model. Since the 1980s, researchers like
Pan et al, (1983), have systematically studied the rheological properties of paddy soils in southern China,
proposing the use of the four-element Burgers model to describe their stress-strain-time relationships.
Subsequently, Luo (1990), Ji (2004), and others further investigated the rheological parameters of paddy soil
and their influencing factors through laboratory tests (Sun et al., 2022; Hu et al., 2024). In recent years, with
advancements in testing technology, rotational rheometers have been gradually introduced into soil rheology
research. Scholars have systematically studied the effects of moisture content, resting time, tillage methods,
and other factors on the steady-state rheological properties of different soil types (Zhang et al., 2023; Liang et
al., 2023; Liang et al., 2024). However, existing research has mostly focused on steady-state tests of dryland
soils, high-water-content sediments (Adebiyi et al., 2021; Xu et al., 2017), or clays (Khramchenkov., 2003; Ni
et al., 2020; Rakshith et al., 2018). Studies on the dynamic rheological response of paddy soil, particularly
those systematically revealing its rheological evolution mechanism by combining steady-state and dynamic
tests, are still relatively scarce.

Addressing the above issues, this study takes typical remolded paddy soil as the subject. Using a
rotational rheometer, steady-state and dynamic shear tests are conducted to systematically investigate the
rheological mechanical properties of paddy soil under different moisture content conditions. The aim is to
establish quantitative relationship models between moisture content and key rheological parameters, thereby
revealing the rheological behavior patterns of paddy soil. The research findings are intended to provide
theoretical and experimental support for the design of paddy machinery running gear and the development of
resistance-reduction and sinkage-prevention technologies.

MATERIALS AND METHODS
Experimental materials

The paddy soil used in the experiment was collected from Zibo City, Shandong Province, China. The
soil was air-dried, crushed, and sieved to remove impurities such as small stones in accordance with the
Chinese standard for geotechnical testing methods (GB/T 50123-2019). The particle size classification of soils
commonly follows two international standards: the International Soil Science Society (ISSS)(Nachtergaele &
Spaargaren) system and the United States Department of Agriculture (USDA)(USDA 1999) system. The
classification criteria for both systems are summarized in Table 1. This study adopts the ISSS system for soil
classification.

Table 1
Standard classification systems for soil particle size distribution
Category Sand/mm Silt/mm Clay/mm
ISSS 2~0.02 0.02~0.002 <0.002
USDA 2~0.05 0.05~0.002 <0.002

The sedimentation velocity of soil particles in solution conforms to Stokes' law. The time required for soil
particles of different diameters to settle a certain distance in water varies with temperature. During this period,
the density of the soil suspension at a specific depth is measured using a specialized hydrometer, allowing
calculation of the content of soil particles smaller than a certain size (Wei et al., 2017). The testing process is
illustrated in Figure 1. The tested soil was identified as neutral; therefore, a sodium oxalate solution was
selected as the dispersing agent for the experiment. The results indicated that the average sand content was
43.10%, the average silt content was 33.97%, and the average clay content was 22.93%.
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Fig. 1 - Determination process of Soil Particle Size Distribution

For the test, soil samples were passed through a 0.5 mm soil sieve. To obtain standardized soil samples,
the soil was divided into three beakers and moistened with water to a pasty consistency, ensuring that each
beaker received a different amount of water. After thorough mixing, the samples were left to stand for 24 hours.
The liquid limit and plastic limit of the soil were determined using the fall cone method. The tests were
conducted using an LP-100D liquid—plastic limit combined tester, and the procedure is illustrated in Fig. 2. The
plasticity index was calculated using Equation (1)

L, =W, =W, (1
where:

I, is the plasticity index [%]; W, is the liquid limit [%]; W, is the plastic limit [%)].

The results showed that the paddy soil samples had an average plastic limit of 15.91% and an average
liquid limit of 27.99%, resulting in a plasticity index of 12.08%.
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Fig. 2 - Determination process of liquid plastic limit

Sample preparation

The air-dried soil was passed through a 2-mm aperture soil sieve and subsequently oven-dried at 105°C.
A predetermined mass of the dried soil was weighed, and the required moisture content for achieving target
moisture levels was calculated. The calculated amount of water was uniformly mixed with the dried soil using
a stirring rod. The homogenized mixture was then transferred into beakers, which were sealed with plastic film
and allowed to stand for 24 hours to ensure thorough moisture equilibration. For the rotational rheometry tests,
samples were prepared at four different moisture content levels: 23.0%, 26.0%, 29.0%, and 32.0%. This range
was chosen to span a critical transition zone from a plastic, workable state to a near-saturated, fluid-like state,
which is representative of typical field conditions encountered in paddy soils from post-tilage to pre-
submergence. The increments were designed to capture potential nonlinear changes in rheological properties
with increasing moisture content.

Test principles and methods

The rheological tests were conducted using a Malvern Kinexus rotational rheometer (UK). The specific
parameters for the three types of tests are listed in Table 2. A parallel-plate geometry with a 25 mm plate
diameter was used, and the plate gap was set to 1 mm. After setting the parameters, the sample was gently
placed on the lower parallel plate, ensuring alignment with the rotor. Tests were then performed on paddy soil
samples at four different moisture content levels. Data acquisition was automatically carried out by the
intelligent control software integrated with the rheometer. A schematic diagram of the parallel plate
configuration of the rotational rheometer is shown in Figure 3.
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Fig. 3 - Schematic diagram of the rotational rheometer

Table 2
Parameters for steady-state and dynamic rheological tests
Test type Parameters Values
Plate Gap/mm 1
Steady shear test Shear Rate/s™ 0.1~100
Temperature/°C 25
Number of Data Points 30
Plate Gap/mm 1
Shear Strain/% 0.01~100
Amplitude sweep test Temperature/°C 25
Frequency/Hz 1
Number of Data Points 41
Plate Gap/mm 1
Frequency sweep test Frequency/Hz 0.1~100
Temperature/°C 25
Number of Data Points 41

The testing comprised steady-state shear tests and dynamic shear tests. The steady-state shear tests
primarily measure the viscosity response of the material under varying shear rates. Viscosity, defined as the
ratio of shear stress to shear rate, is used to characterize the flow properties of the material, determining
whether it exhibits Newtonian behavior, shear thinning, or shear thickening (Ma et al., 2014). The dynamic
shear tests primarily measure the viscoelastic response of the material, distinguishing between elastic and
viscous behaviors, and reflecting the structural stability of the material under external stress (Chen et al., 2025).
Conducting these two types of tests on paddy soil allows for a comprehensive characterization of its rheological
properties (Polania et al., 2023).

The storage modulus and loss modulus are two key parameters describing a material's response under
cyclic stress (Yang et al., 2022). The storage modulus (G') represents the recoverable elastic strain energy
stored during deformation, reflecting the material's ability to resist deformation. The loss modulus (G')
represents the energy dissipated due to internal molecular friction and structural reorganization during
deformation, reflecting the viscous characteristics of the material (Minh 2023). The loss factor tan §, defined
as the ratio of the loss modulus to the storage modulus, indicates the magnitude of energy dissipation,

calculated as follows:
143

tand = Y (2)

For an ideal elastic body, the relationship between shear stress and strain is linear, expressed as t =

Gy, with G representing the shear modulus. When analyzing oscillatory responses, the complex shear modulus

G* is commonly used in place of G. The relationship between the complex modulus and the storage modulus
(G') and loss modulus (G'") is given by:

G*= (6" + (i6)? (3)

RESULTS
Steady-state shear characteristics

Apparent viscosity is a measure of fluid viscosity, characterizing the cohesive and internal frictional
forces generated between molecules during flow.
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It serves as a key parameter for distinguishing Newtonian from non-Newtonian fluids and reflects the
ability of the internal structure of paddy soil samples to resist deformation and impede flow (Zhang et al., 2022)
Shear rates ranging from 0.1 to 100 s~ were applied to paddy soil samples with different moisture contents,
and the relationship between shear rate and apparent viscosity was obtained, as shown in Figure 4.

The apparent viscosity at different moisture content is similar to the shape of the shear rate curve. At
low shear rate, the apparent viscosity will decrease sharply. With the further increase of shear rate, the
apparent viscosity decreases linearly. Therefore, it can be seen that paddy soil has strong non-Newtonian
characteristics. The apparent viscosity decreases with the increase of shear rate, so the paddy soil has the
characteristics of shear thinning. This shear-thinning behavior, typical for many concentrated suspensions and
soils, is attributed to the progressive breakdown of the internal structure and alignment of particles with the
flow direction.
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Fig. 4 - The relationship between shear rate and apparent viscosity

The fitting of apparent viscosity is shown in Figure 5. The relationship between shear rate and apparent
viscosity was fitted using a power-law model; n < 1 indicates shear-thinning behavior. The apparent viscosity
(n) is described by the power-law model as follows:

n=K-y" (4)
where: 71 is the apparent viscosity; K is the consistency coefficient; y is the shear rate; n is the flow behavior

index.
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Fig. 5 - Fitting curve of apparent viscosity
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The experimental results show that within the shear rate range of 0.1 to 100 s™*, the viscosity of the 23%
moisture content sample ranges from 11.57 to 1600 Pa-s, while that of the 32% moisture content sample
ranges from 1.343 to 238.7 Pa's. The influence of moisture content on viscosity is significant, with higher
moisture content resulting in lower apparent viscosity at the same shear rate. Across the entire shear rate
range, the apparent viscosity varies between 1.343 and 1600 Pa-s. The relationship between consistency
coefficient and flow behavior index and moisture content is shown in Figure 6. In the experimental range, the
consistency coefficient and the flow index decreased with the increase of moisture content, showing a
significant negative correlation.
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Fig. 6 - The relationship between consistency coefficient and flow behavior index
(a) The relationship between consistency coefficient and moisture content
(b) The relationship between flow behavior index and moisture content

Viscoelastic characteristics

Shear strain ranging from 0.01 to 100 was applied to paddy soil samples with different moisture contents.
The relationship between shear strain and the storage modulus/loss modulus under different moisture contents
is shown in Figure 7.
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Fig. 7 - The relationship curve between shear strain and modulus

As observed in Figure 7, with increasing shear strain, both the storage modulus and loss modulus of the
four sample groups decrease significantly. Under the experimental conditions, all four samples exhibit a
crossover point as shear strain increases, indicating that beyond a certain shear strain, the samples undergo
a transition from solid-like to liquid-like states—specifically, a shift from elastic-dominated to viscous-dominated
behavior. This transition point is defined as the "flow yield strain point y,". Similar yield transitions have been
reported in other rheological studies on soils and high-concentration slurries, marking the point where the
material's internal structure is irreversibly disrupted.
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In the initial stage (y <y,), G' > G", indicating the soil is in a structured state. Under minimal strain, the

soil skeleton is maintained by aggregates, organic cementing agents, and meniscus water films, with stable
effective stress chains existing between particles. Elastic energy storage dominates, with G’ being 1-2 orders
of magnitude higher than G", exhibiting solid-like behavior. As strain increases, cementation points fracture,
aggregates rotate and slide, the number of effective stress chains decreases, and the skeleton stiffness rapidly
attenuates, manifested as a faster decline in G'. Simultaneously, particle sliding and water film shear generate
additional dissipation, leading to a decrease in G"'. When y >y, G" > G', and the soil transitions into a

"fluid-like" state. At this point, the structural network has collapsed, and external forces are primarily dissipated
through particle collisions and viscous shear of pore water, with minimal elastic energy storage. tané > 1 and
continues to increase, demonstrating a flow state. Higher moisture content leads to a faster attainment of a
loss factor value of 1, indicating that samples with higher moisture content reach the yield point earliest—i.e.,
they transition from elastic to viscous dominance first, resulting in the earliest structural failure.

Figure 8 shows the variation curves of storage modulus (G') and loss modulus (G'") with shear strain for
samples with different moisture contents, obtained from amplitude sweep tests. It is evident that the shapes of
the variation curves are similar across different moisture contents. As moisture content increases, both storage
modulus (G') and loss modulus (G"') decrease, while the loss factor increases. The data indicate that the
storage modulus ranges between 10* and 10° Pa, the loss modulus between 10® and 10° Pa, and the loss
factor between 0 and 8. When the shear strain is less than 0.1 %, the soil is in the linear viscoelastic region,
and the loss factor does not change much, indicating that the shear effect has no obvious effect on the storage
modulus and loss modulus when the shear strain is small. When the shear strain is greater than 0.1 %, the
soil is outside the linear viscoelastic zone, and the loss factor increases gradually, and the increasing trend
increases with the increase of shear strain, indicating that at this stage, the energy loss of the soil due to
deformation is greatly increased.

10° 10° 8
—=—23%
105 105k ——26%, TF
E 1 = gt 6
= 10 ZF 10
E P st
= 10 [ =10 5
3 z Fa
£ ek g o 2
5 10 E 10 EN!
& Z
S wr S
g - 2k
o
10" ' F 1k
0 1 L L L I0 1 L L A 0 " L i )
1072 ! ' 10 10° 10? w' ' 10 10 w? 10! 1n° 10 10*
Shear strain (%) Shear strain (%) Shear strain(%)

Fig. 8 - Shear parameter relationship under different moisture contents

The fitting of loss factor for different moisture contents is shown in Figure 9. It is observed that the loss
factor increases in a power-law manner with shear strain, and the parameters are shown in Table 3. Analysis
of the exponents of the fitted curves reveals that as moisture content increases, the exponent in the fitting
equation gradually decreases (from 0.449 to 0.336), indicating that the rate of increase in loss factor with shear
strain diminishes at higher moisture contents, resulting in lower energy dissipation. In high- moisture -content
samples, pore water bears part of the shear stress, and energy is primarily dissipated through viscous flow of
the water phase. Since water dissipation is more reversible than solid friction, the loss factor is lower compared
to low-water-content samples with higher friction. A steeper slope suggests that once y, is exceeded, the soll
rapidly loses stability, making machinery prone to "shear softening" failure.

tand =a-y? (5)

where: tan ¢ is the loss factor; y is the shear strain.

Table 3
Loss factor fitting data table under different moisture contents
Moisture content /% Coefficient a Index b R?
23 0.935 0.449 0.996
26 0.667 0.426 0.999
29 0.496 0.386 0.999
32 0.436 0.336 0.996
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The relationship between moisture content and shear strain/modulus at the yield point is shown in Figure
10. As moisture content increases, the shear strain at the yield point increases linearly, while the modulus at
the yield point decreases linearly. This clearly demonstrates that higher moisture content slows the solid-to-
liquid transition and continuously reduces the structural strength of paddy soil. The increase in
moisture content reduces cohesion between particles, decreases the internal friction angle, and diminishes
interparticle sliding friction, collectively leading to reduced soil strength and weakened structural stability.

Frequency sweep analysis

The viscoelastic behavior of paddy soil was further characterized through frequency sweep tests
conducted over a frequency range of 0.1 to 100 Hz. The results are presented in Figure 11.

In the low-frequency region (below 40 Hz), both storage modulus (G') and loss modulus (G'") exhibit
minimal frequency dependence, representing a low-frequency plateau stage. Within this range, pore water has
sufficient time to redistribute through soil pores, allowing external stresses to be primarily borne by pore water
pressure with minimal change in effective stress between soil particles (Campos et al., 2021). The soil
demonstrates steady viscoelastic behavior with nearly constant ¢’ and G”, while G" remains slightly higher
than G’, corresponding to the soft-plastic state commonly observed in the tillage layer.

As frequency increases further, pore water cannot drain rapidly enough, leading to a sharp increase in
effective stress. This results in a rapid rise in G', accompanied by a more moderate increase in G''. When G’
exceeds G'", elastic energy storage becomes dominant over viscous dissipation, indicating a transition toward
solid-like behavior of the soil structure. In this study, the crossover frequency (=40 Hz) observed in oscillatory
tests marks the transition where the storage modulus becomes comparable to, or exceeds, the loss modulus
under the rheometry conditions. This characteristic frequency provides an experimental reference for
interpreting the dynamic stability of paddy soil subjected to high-frequency cyclic shearing; however, the
excitation frequencies experienced in field operations depend on the implement, speed, boundary conditions,
and loading mode.
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Fig. 11 - The relationship curve between frequency and modulus

The frequency dependence of the complex shear modulus can reveal the dynamic response mechanism
of the viscoelastic behavior of soil. The relationship between frequency and the complex shear modulus under
different moisture contents is shown in Figure 12. It can be intuitively observed that in the low-frequency region
(below 40 Hz), the complex shear modulus is minimally affected by frequency. As frequency increases further,
the complex shear modulus begins to increase significantly with rising frequency.
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Fig. 12 - The relationship curve between frequency and complex modulus

The underlying reason for this behavior may be attributed to the fact that in the low-frequency region,
soil microstructural elements—such as clay particle stacking, organic cementation, and pore water films—have
sufficient time to relax or reorganize under cyclic loading. Energy is dissipated through viscous flow, and the
modulus is primarily governed by long-term relaxation mechanisms. In the high-frequency region, the loading
period is shorter than the soil's relaxation time, preventing timely structural adjustments and thereby enhancing
the elastic response. This leads to a sharp increase in the modulus. Consequently, a critical frequency f* can
be identified as a criterion for evaluating the dynamic stability of soil. The relationship between frequency and
complex viscosity under different moisture contents is illustrated in Figure 13.
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It can be seen that paddy soil still exhibits shear-thinning behavior under frequency sweep conditions.
This further confirms that the non-Newtonian characteristics of paddy soil are predominantly determined by

microstructural breakdown mechanisms, rather than the type of loading applied.
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Fig. 13 - The relationship curve between frequency and complex viscosity

CONCLUSIONS

Compared with previous studies, the novelty of this work lies in revealing the rheological behavior of
paddy soil under dynamic loading conditions representative of agricultural machinery operations, through a
combined approach of steady-state and dynamic rheological testing. A quantitative relationship between
moisture content and rheological parameters was established, providing a basis for optimizing mechanical
operating parameters. In addition, the critical conditions for soil structural instability were identified, offering
theoretical support for the development of anti-slip and anti-sinkage technologies in agricultural machinery.
The main conclusions are as follows:

1) When the soil moisture content ranged from 23% to 32%, oscillatory tests identified a crossover
frequency of approximately 40 Hz under the test conditions, indicating a transition toward elastic-dominated
behavior at higher frequencies. This provides a reference for evaluating soil response under high-frequency
cyclic loading.

2) As the moisture content increased from 23% to 32%, the yield modulus decreased to the order of 102
Pa, indicating a significant reduction in soil structural strength. Accordingly, increasing the ground contact area
of agricultural machinery is necessary to mitigate the risk of sinkage.

3) The rheological results suggest that tool and running gear designs promoting gradual shearing and
stable soil contact (e.g., geometries that minimize abrupt loading) can reduce tillage resistance and improve
trafficability. However, further validation under soil-bin or field conditions is recommended.
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