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Abstract: Plant protection drones are commonly encountered in agricultural fields. Their downwash
airflow can agitate flexible crops (e.g., rice and wheat) or even cause wind-induced losses. To predict
the wind-induced responses of rice under wind fields, herein, a wind-induced rice response model
(RWRM) was proposed using the finite element method. With the RWRM, the rice displacement and
critical wind speed (CWS) were calculated at different wind speeds, considering the morphological
and mechanical properties of rice, and the accuracy was experimentally verified and compared to
that of an existing model. The results indicated that the mean paired difference and mean error in
rice displacement amplitude prediction under 2~5 m/s wind speeds were 13.48 mm and 42.46 mm,
respectively, and the predicted and measured values were highly correlated at the 1% significance
level. Moreover, the CWS values for four rice species could be calculated with the model with an
average of 3.57 m/s, and the difference between the simulated and theoretical values was 0.368. The
strength of the wind-induced rice responses was primarily correlated with the mechanical properties,
and to a lesser extent the morphology. The rice yield has a negative correlation with rice responses.
Within a certain range, a bigger displacement and lower CWS could result in a higher rice yield. The
RWRM achieved favorable modeling accuracy for the wind-induced responses of rice and could
provide a simulation reference for balancing the wind-induced loss and rice yield.

Keywords: rice; wind-induced response; finite element method; fluid–solid; yield

1. Introduction

Rice feeds more than half of the population as one of the world’s top three food
crops, and China produced 213.61 million tons of rice in 2020 (28.23% of the total rice
production) [1,2]. Winds in fields, including natural winds and rotary winds originating
from agricultural drones, closely influence the morphology and physiology of crops with
pliable culms, as well as their final yields [3,4].

At the spike stage of rice, natural winds tend to induce stem bending and stem
breakage (Figure 1a) [5], and crop tilting at 45◦ may result in an 18% yield reduction [6]. In
the agriculture 4.0 era, agricultural drones are widely used in crop fields for spraying and
fertilizing to improve the agricultural production efficiency [7,8]. During plant protection
operations in paddy fields, the powerful downwash airflow produced by agricultural
drones creates a restorable vortex patch in the rice canopy, which differs from the sway
and tilt caused by natural winds. Guo et al. [9] found that the canopy vortex patch could
increase the spray deposition by up to 5–7 times over non-vortex conditions. However, if
the airflow intensity exceeds the critical stress of rice, this may result in a canopy vortex
track across the rice canopy (Figure 1b).

The previous research on wind–crop interactions has mainly focused on kinematics.
Finnigan [10] obtained the vertical profile characteristics of wheat canopy fluctuations
under the influence of wind using a latitude and longitude measurement instrument
and found that peak canopy fluctuations were correlated with the stalk vibration height.
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Previous studies [11,12] adopted a high-speed camera to record wind–alfalfa interactions
and [13] used multiple cameras to record maize, oats, and oil seed rape. The field trial
results have helped to validate theoretical calculations [14]. With the development of
numerical computation, considerable research has been performed regarding the kinetics
of wind–crop interactions. With the finite element method, a continuous system with
infinite degrees of freedom can be transformed into a discrete system with finite degrees of
freedom [15]. Yang et al. [16] simulated tree losses at different wind speeds with a finite
element model of a pine tree. In this study, a single wind-induced rice response model
(RWRM) was established based on the finite element method. We compared the variations
in displacement between the simulation results and actual measurements to analyze the
model accuracy and employed the model to calculate the critical wind speed (CWS) values
of four rice varieties. The CWS, as an assessment indicator of the crop wind resistance,
refers to the minimum ambient wind speed that can cause crop lodging, which can be
mechanically deduced [13,17,18]. For an isolated plant, the generalized lodging model
(GLM) is notable and applicable [19]. For instance, Wang et al. [20] assessed the effect of
CWS-induced inversion on the quinoa yield using a finite element model of quinoa.
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Figure 1. Types of rice lodging: (a) caused by natural wind; (b) caused by an agricultural drone. 
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Figure 1. Types of rice lodging: (a) caused by natural wind; (b) caused by an agricultural drone.

We examined the relationship between the wind-induced response characteristics and
rice yield concerning biological (morphological and mechanical) characteristics to provide
a simulation reference for balancing the rice yield and wind fall resistance requirements.

2. Materials and Methods

To establish a finite element model of the wind response of rice, the tested rice varieties
and rice fields and the measured main biological characteristics of rice are introduced in
Sections 2.1 and 2.2, respectively. In Section 2.3, a finite element model of the rice–wind field
is constructed based on the biological characteristics. In Section 2.4.1, the rice kinematic
response under a horizontal wind field is simulated and validated. The CWS is calculated
in Section 2.4.2.

2.1. Tested Rice and Paddy Field

Four representative rice species of the South China Rice Cultivation Area (Table 1)
were selected as subjects.

Table 1. Varieties of rice tested and the growth period.

Species Name * Abbr. Rice Type
Rice Growth Period (Date of 2021)

Sowing Tassel Spike Harvest

19 Xiang 19X Conventional
indica

16 July 28 September 1 October 3 November
Nan Jing Xiang Zhan NJ 16 July 26 September 29 September 3 November

Taiyou 1002 T1002 Triple hybrid
indica

11 July 25 September 28 September 3 November
Jifengyou 1002 J1002 11 July 30 September 4 October 3 November

* All four rice species are late-season rice and the breeding information is detailed in the China Rice Data Center:
https://www.ricedata.cn/ (accessed on 20 March 2023).

https://www.ricedata.cn/
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The paddy fields are located in the Baiyun base of the Guangdong Academy of
Agricultural Science (Guangzhou, Guangdong, China, longitude 113◦ E, latitude 23◦ N),
in acidic light loam with an organic matter content of 23 g/kg, and the average altitude
is 15 m. Moreover, the average annual summer temperature range is 25~32 ◦C, and the
average annual rainfall reaches 916 mm. The irrigation conditions are satisfactory. The
base, tiller, and spike fertilizers were applied at a ratio of 5:3:2, and the ratio of nitrogen,
phosphorus, and potassium was 1:0.3:1. A Kestral NK5500 (Boothwyn, PA, USA) weather
station was applied to record wind speed data for the paddy fields during the rice-growing
period, and the maximum wind speed in these fields generally remained below 7 m/s,
while the average wind speed reached 1.54 m/s, ranging 0–3.3 m/s. We collected 10–15 rice
plants as samples along the diagonal in each field at the full heading stage and covered
them with plastic film to prevent tissue damage during transportation.

2.2. Rice Biological Characteristics Measurements
2.2.1. Agronomic

The agronomic characteristics of rice include the morphology, moisture content, and
yield. The morphology was considered to build a geometric model of rice, and the moisture
content and yield were employed to verify the practical significance of the RWRM. Rice
spikes, culms, and leaves were considered and measured, including the spike weight ms,
spike length ς, plant height H, culm length L, culm diameter D, and wall thickness t at
0.1 m from the root and the leaf length Ll , leaf width Wl , and leaf angle ϕl of the upper
three leaves (please refer to Table 2 and Figure 2a).

Table 2. Rice agronomic characteristics.

Species * H/mm L/mm D/mm t/mm Ll/mm Wl/mm ϕl/deg

19X 1155.0 896.3 9.68 2.07 520.7 15.8 10.00
NJ 1063.8 790.0 8.69 1.92 523.6 13.1 23.25

T1002 1135.0 851.3 9.81 1.81 504.2 13.6 31.08
J1002 1057.5 825.5 8.39 1.35 530.1 16.7 11.50

* The average spike weight and length for this period were 3.66 g and 26.46 cm, respectively. Due to the lighter
spike weight, rice spike characteristics were not considered in the finite element model.
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Table 3. Mechanical test settings.

Test Type Rice Part *
Four Species’ Average Specimen

Cross-Sectional Areas (mm2)
Gauge Length

(mm)
Loading Speed

(mm/min)

Uniaxial tensile
The 1st leaf 4.98/3.65/3.77/5.28 60 2
The 2nd leaf 3.99/2.87/3.05/4.25 60 2

Culm 8.00/9.34/10.38/14.67 30 20
Three-point

bending Culm 30.06/31.93/25.98/39.97 70 20

* The exact rice parts of the interception can be referred in Figure 2a (marked in red), which the 1st leaf was the
part 1©, the 2nd leaf was the part 2© and the culm was the part 3©).

To measure the wet basis moisture content of the rice, fresh culms with leaf sheaths
and rice leaves were first weighed separately to obtain the wet weight m1. Then, they were
placed in an oven in paper envelopes and maintained at 105 ◦C for 30 min. Finally, they
were dried at 75 ◦C to a constant weight and the dry weight m2 was obtained. The moisture
content can be calculated as follows:

Ww =
m1 −m2

m1
× 100% (1)

After the rice had matured, we measured the mass (g) of the rice per 50 × 3 plants,
adopting the average as the final yield of each species. We also present the estimated
thousand grain weights of the corresponding rice species to show the differences between
the species themselves.

2.2.2. Mechanical Tests

To obtain the rice material parameters needed in the finite element model and to calculate
the mechanical parameters of rice, we conducted a uniaxial tensile test to obtain Young’s
modulus (E, GPa) values of rice culms and leaves from the stress–strain curve and a three-
point bending test to calculate the bending force (Fmax, N), bending strength (σb_max, MPa),
and bending energy (Wm, mJ) of the rice culms. Both mechanical tests were performed on a
universal testing machine (Guangzhou Guangcai Testing Instruments Co., Ltd., Guangzhou,
China) (Figure 2b) equipped with a VISHAY STC 100-kg tensile load cell with an accuracy
of 0.01 N. Each group of tests involving each species was repeated 5–8 times. Note that the
culm tensile specimens were long rectangular strips dissected along the outer diameter of the
culm. The specimens and test setup details are summarized in Table 3.

The uniaxial tensile test can provide the engineering stress (σnom = F/A) and strain
(εnom = ∆l/l), where F is the loading force in N; A is the initial cross-sectional area of the
specimen in m2; ∆l is the specimen deformation in m; and l is the specimen gauge length
in m. The true stress and strain can be corrected via Equations (2) and (3), respectively:

σ =
F

A0
· l0

l
= σnom(1 + εnom) (2)

ε =
∫ l0

l

1
l

dL = ln(1 + εnom) (3)

where A0 is the instantaneous cross-sectional area of the specimen in m2 and l0 is the
instantaneous length of the specimen in m.

Therefore, the Young’s modulus values of rice culms and the 1st and 2nd leaves can
be calculated as follows (within the 0.05–2.00% elastic strain range):

E =
σ

ε
(4)

The rice density (ρ = V/m, kg/m3) was measured via the drainage method, where V
is the drainage volume and m is the fresh weight of rice. Poisson’s ratio was retrieved from
the literature. In summary, the RWRM material parameters involved are listed in Table 4.
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Table 4. Main material properties of RWRM.

Properties * Variables Species Parts Value Source

Young’s modulus E (GPa)

19X culm 0.63 Measured/calculated
leaf 0.72/0.60 Measured/calculated

NJ culm 0.63 Measured/calculated
leaf 0.31/0.38 Measured/calculated

T1002 culm 0.59 Measured/calculated
leaf 0.66/0.72 Measured/calculated

J1002 culm 0.56 Measured/calculated
leaf 0.54/0.61 Measured/calculated

Density ρ (kg/m3) All culm 1046 Measured/calculated
leaf 1026 Measured/calculated

Poisson’s ratio µ (dimensionless) All culm 0.30 Referred [21,22]
leaf 0.28 Referred [23,24]

Air density ρAir (kg/m3) / / 1.18 COMSOL built-in material library
Aerodynamic

viscosity µAir (Pa·s) / / 1.84 × 10−5 COMSOL built-in material library
Gravity

acceleration g (m/s2) / / 9.78 Constant

* The same set of material parameters is used for culms and leaf veins and the 2nd and 3rd leaves. The air density
and dynamic viscosity are taken as the corresponding values at 1 atm and 298.15 K, respectively.

2.3. Finite Element Model of Single Rice Setup

Before the finite element simulations, a simplified geometric model of single rice grains
(choosing J1002 as an example) was parametrically modeled in COMSOL based on the data
provided in Table 3, and different rice grains could be reconstructed by inputting new parame-
ters (Figure 3a). A rectangle (2.0 m× 1.0 m× 1.5 m) was added as the fluid domain (Figure 3b)
at the periphery of the rice, and the material parameters were set according to Table 4.
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Mises equivalent stress of rice; (g) a change in the posture of the rice.
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The model only considers the local natural wind field interacting with the rice, and
at this height the vertical coherence of the natural wind field can be ignored [25]. The
physical field of the fluid domain was selected as horizontal (o→x) laminar flow, using the
velocity inlet and pressure outlet as the boundary conditions, in which the inlet was set to
input the wind speed magnitude and the outlet was set considering zero static pressure
and backflow suppression and the wind direction [26]. The solid domain physical field
involved multibody dynamics, thereby defining rice as an orthotropic anisotropic material,
adding gravity to rice by forming a fixed constraint between the bottom culm surface
and the fluid domain. Each joint was fixed. The two physical fields were coupled via a
fluid–solid coupling module to transfer the fluid loads to the solid structure, considering
the inertial terms and geometric non-linearities.

Finally, we meshed the model with a tetrahedral grid and optimized the mesh by
automatically correcting for distortion, thereby avoiding the generation of very small or
inverted bending units. The number of boundary layers could be adjusted based on the
geometry from three to five, finally generating a total of over 600,000 domain units (Figure 3c).

The model can be solved in the following two steps: (1) the wind speed Uw at the
surface of rice is analyzed under different wind fields (Figure 3d), and the corresponding
wind pressure can be expressed as Equation (5), where CD is the wind resistance factor, set
to 1.2 for slender cylinders [18]; (2) the wind load Fw (Equation (6)) is applied to the rice
surface using a boundary load (Figure 3e), and the corresponding von Mises equivalent
stress (Figure 3f) and deformation of the rice structure (Figure 3g) can be calculated, where
ACF is the windward area in m2. Through iterations of the above two steps, the rice
responses under different wind speeds can be obtained.

Pw = 0.5CDρAirUw
2 (5)

Fw = ACFPwCD (6)

2.4. Wind-Induced Response Calculation and Validation
2.4.1. Rice Displacement under Different Wind Speeds

To verify the effectiveness of this model in simulating the displacement of rice in
response to wind, in this section, the measured displacement changes of J1002 within a
specific wind field are compared to the simulated values under the same conditions. As
shown in Figure 4, three single rice grains were affixed onto an aluminum profile on the
ground. The specific wind field was provided by electronically controlled fans (LY-30,
Tianjin Lingyi Feiyang Technology Co., Tianjin, China), and a hot wire anemometer (KA33,
Kanomax Co., Shenyang, China) was used to measure the inlet wind speed. A LiDAR
sensor (3i-T1, 3iRobotix Co., Shenzhen, China) was installed at a height of 0.5 m to scan the
displacement response of the sampled rice in real time, and a video camera (GoPro Hero 7,
GoPro Inc., San Mateo, CA, USA) was adopted to record the entire test. The experiment
was repeated three times, and the morphological data of the sampled rice were measured.
Due to the rice leaves, the LiDAR sensor obtained the rice scatter at each moment. Here, we
calculated the real-time x-directional displacement of rice via the k-means algorithm [27],
considering the average of all scattered x-coordinates.

Accordingly, the rice geometry parameters, as well as the material properties in the
RWRM, were modified based on the experimental setup. The inlet wind speed sequence
was defined via an interpolation function according to the obtained hot wire anemometer
data. The average displacement of rice at the 0.5 m height in this setting was calculated in
the model with a time step consistent with the extraction interval of radar data frames.

2.4.2. Critical Wind Speed

To verify the effectiveness of this model in simulating the stress of the wind-induced
response of the rice, in this section we use the acquired CWS data of the four rice varieties
and compare the crop-specific CWS results of this model to those of existing solved models.
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The rice culm is the structure that carries rice ears and transports nutrients. To prevent
culm bending and breaking due to wind, the wind speed in the rice cultivation environment
should be maintained below the CWS. In this study, the yield stress (σ0.2L, MPa) at 20% of
the height of the main stem was used as the failure strength. The wind speed in the fluid
domain was continuously adjusted so that the von Mises equivalent force approached the
yield strength, and when the two values matched, the maximum wind speed at the rice
culm surface was adopted as the CWS.

The yield strength obtained via the three-point bending test in Section 2.2.2 can be
calculated as:

σb_max =
FbDl
8Ib

(7)

Here, Fb is the breaking force in N; Ib is the inertia of rotation in m4, which can be
obtained with Equation (8):

Ib =
πD4

64
[1− (

D− 2t
2D

)
4
] (8)

To evaluate the model solution accuracy for the CWS, the calculation results were
compared to those of the generalized crop lodging model [19]. The latter model can be
expressed as Equation (9):

ULS =

(
ωn

2(X/g)n(σπr3/4)(1− ((r− t)/r4))

(1 + ωn2(X/g))(0.5ρAir ACFX)(cos(αx/L)− cot α sin(αx/L))(1 + 6.86IT(1 + 0.366(π/4θ))0.5)

)0.5

(9)

In the above equation, α is a dimensionless parameter satisfying Equation (10); X is
the height of the center of gravity of the canopy, i.e., the culm length plus 1/3 of the spike
length in m; and g and E refer to Table 4.

α2 =
µgX2

nEIb
(10)

Here, ωn is the circular frequency, rad/s, which satisfies Equation (11):

ωn
2
(

X
g

)
=

α

1− α cot α
(11)

The remaining additional variables include the culm radius r in mm; the calculated
culm height x in m; the culm number n in dimensionless; the turbulence intensity IT in
m, with IT = 0.5 [18]; and the damping ratio θ, with θ = 0.1 [28]. The maximum wind
speed corresponding to each height of the rice culm was chosen as the CWS for the GLM
via Equation (12):

CWS = lim
σ0.2L→σb_max

MAX(CWS0.2L, CWS0.4L, CWS0.6L, CWS0.8L, CWSL) (12)
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3. Result
3.1. Wind-Induced Kinematic Response of Rice

The variation in the displacement of the x-component of rice at the number 2 position
during the three repeated trials is shown in Figure 5. Figure 6 shows the wind speed data
recorded by the hot wire anemometer. The results of the paired tests for the three sets of
curves are shown, with the main wind speeds ranging from 2 to 5 m/s and considering
mean inlet wind speeds of 3.2, 3.9, and 3.6 m/s.
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Figure 5. The simulated and measured displacements (x-component) of rice culm at the height of
0.5 m at different inlet wind speeds in Figure 6. (a) mean inlet wind speeds of 3.2 m/s; (b) mean inlet
wind speeds of 3.9 m/s; (c) mean inlet wind speeds of 3.6 m/s.
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Figure 6. Wind speed measured by the hot wire anemometer during three repeated tests.

The simulated and measured curves exhibited similar undulations, with the two
curves being the most similar during the first repeated trial, while the largest difference
occurred in the third trial. The more notable fluctuations in the measured data were
mainly related to differences in the wind field, which were not strictly laminar in the
field tests, and a certain amount of turbulence caused the rice displacement to sharply
fluctuate. Hence, the simulation results were more sensitive to wind speed changes than
the measured displacement curves. The various sets of curves showed a similar fluctuation
range (Table 5), with a mean paired difference of 13.48 and mean error of 42.46 mm. The
simulated and measured values were significant at the 1% level. Based on paired T-tests,
there is a significant difference between the simulation and measurement results of the last
two tests, yet the magnitude of the difference is relatively small (Cohen’s d was between
0.2 to 0.5). Combining the measured height at 0.5 m and response displacement of rice
plants, the offset angle of rice culm can be calculated. An angle smaller than 45 degrees
is beneficial in preventing lodging. The RWRM model could predict the amplitude of the
wind-induced rice displacement at the 5 cm error level.
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Table 5. Statistical description of rice wind response results of three repeated experiments.

Parameter
1 2 3

RWRM Measured RWRM Measured RWRM Measured

Quantity 87 87 87 87 87 87
Maximum(mm) 179.51 190.75 181.10 199.29 122.41 227.76
Minimum(mm) 0.06 −2.85 0 −5.69 0.07 −2.85
Average(mm) 76.80 74.19 75.71 56.05 52.37 70.55

Paired Difference(mm) 2.61 19.66 −18.17
Paired t-tests p 1 0.595 0.003 *** 0.006 ***

Cohen’s d 0.058 0.330 0.303
Pearson’s p 1 0.480 *** 0.560 *** 0.321 ***

1 p is the correlation coefficient, and *** means the concerning values were significant at the 1% level.

3.2. Critical Wind Speeds of Four Different Rice Species

When the equivalent force at 0.2 L exceeds the yield stress, the culm is considered to
have failed, at which point the maximum wind speed at the culm surface can be selected as
the CWS, with yield stresses of 2.00, 2.48, 2.14, and 1.91 MPa at 0.2 L for the four species.

The CWS values of the main stems were determined for each species, and correspond-
ing theoretical CWS values were obtained with Equation (12). The average CWS value
of the four rice species was 3.57 m/s, with NJ obtaining the largest value (4.37 m/s) and
J1002 obtaining the smallest value (2.39 m/s), and the coefficient of variation indicated that
there was little variability in the CWS values among the individual species. As previously
mentioned, the maximum and average field wind speeds in South China during the rice-
growing season are approximately 4.40 and 1.54 m/s, respectively, being generally lower
than 3.30 m/s. Therefore, most rice clusters can resist natural winds during most of the
growing period in the region.

In Figure 7a, the simulated CWS is 3.938 ± 0.525 m/s and the theoretical CWS is
3.570 ± 0.542 m/s. The fold lines show that the CWS values of the RWRM differ from those
of the GLM by 0.368 on average, and the RWRM achieved a wider CWS prediction range.
This was mainly caused by the difference in the way the eigenfrequencies were calculated.
The calculation results of the two models corresponded accordingly and could be linearly
fitted (Figure 7b). The closer the slope of the straight line to 1, the more compatible the
two models. The fit indicated a slope of 0.979 and a fitted R-squared value of 0.973. The
RWRM results were highly similar to the GLM results, and the model obtained satisfactory
accuracy in simulating the structural stress in the rice and predicting the CWS.
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Figure 7. (a) Critical wind speeds for the main stems of each species under both models. The letter
A stands for 19X, B for NJ, C for T1002, and D for J1002. (b) FEM with GLM linear fit, where the
equation is y = −0.268 (±0.166) + 0.979 (±0.042)x, with a Pearson’s r value of 0.987, R square of 0.975,
and adjusted R square of 0.973.
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4. Discussion

The morphological and physical properties affect the rice response as well as the
rice yield (the estimated thousand grain weight and final yield values first mentioned in
Section 2.2.1 are listed in Table 6). The morphological indicators include the culm length L,
culm wall thickness t, leaf area ALea f , and leaf angle δLea f (please refer to Table 2), and the
physical properties include the Young’s modulus E (please refer to Table 4), bending energy
Wm, culm moisture content wc, and leaf moisture content wl (please refer to Table 6), where
the bending energy is the capacity of the rice culm to withstand bending deformation.

Table 6. Potential factors influencing wind resistance performance in rice.

Species
Estimated

Thousand Grain
Weight (g)

Final Yield (g/50 Plants) Bending Energy
(mJ)

Culm
Moisture

Content (%)

Leaf
Moisture Content (%)

19X 21.4 1586.37 178.86 85.90 73.07
NJ 21.7 1547.70 146.27 86.39 67.16

T1002 23.5 1648.43 132.45 87.02 70.12
J1002 26.5 2070.93 247.04 87.31 71.11

In this study, we used a grey correlation analysis to evaluate the degree of association
between the above indicators and rice performance. The grey correlation analysis is
a method used to quantitatively describe and compare the developmental changes in a
system [29]. The concerned morphological and physical indicators were input as evaluation
items, and the specific response indicators or yields were selected as correlation objects. In
the analysis process, the degree of correlation between the evaluation items and correlation
objects was obtained, and each evaluation item was ranked according to the magnitude of
the correlation. The results are listed in Table 7. The correlation values ranged from 0 to 1.
The correlation value approaches 1 when the correlation between the evaluation items and
correlated objects is high.

Table 7. Results of the grey correlation analysis.

Indicators CWS Final Yield Estimated Yield

Morphology

Culm length L 0.800 (4) 0.798 (4) 0.873 (3)
Culm wall thickness t 0.871 (2) 0.748 (6) 0.772 (5)

Leaf area ALea f 0.660 (6) 0.867 (1) 0.821 (4)
Leaf angle δLea f 0.502 (8) 0.431 (8) 0.421 (8)

Physical
properties

Young′s modulus E 0.879 (1) 0.763 (5) 0.747 (6)
Bending energy Wm 0.591 (7) 0.743 (7) 0.660 (7)

Culm moisture content wc 0.856 (3) 0.813 (3) 0.841 (1)
Leaf moisture content wl 0.797 (5) 0.818 (2) 0.840 (2)

Note: The data format is “correlation value (rank order by value size)”. The resolution factor is 0.5.

According to Table 7, the strength of the rice response was mainly determined by the
Young’s modulus, culm wall thickness and size, moisture content, and culm length. The
correlations between these variables were all higher than 0.8. The wind response of the
rice was more notably influenced by its physical properties and culm size but depended
less on the leaf characteristics. Conversely, the final yield was closely related to the leaf
area and moisture content. The main correlations of the estimated yield did not follow the
same trend as that of the final yield. In particular, the final yield exhibited a correlation of
0.919 with the estimated yield and 0.721 with the CWS. Pearson’s correlation analysis was
conducted on the above indicators, and the heatmap is shown in Figure 8, with the results
including correlation coefficients and significant p values.



Agronomy 2023, 13, 1178 11 of 13

Agronomy 2023, 13, x FOR PEER REVIEW 12 of 15 
 

 

In this study, we used a grey correlation analysis to evaluate the degree of association 
between the above indicators and rice performance. The grey correlation analysis is a 
method used to quantitatively describe and compare the developmental changes in a 
system [29]. The concerned morphological and physical indicators were input as 
evaluation items, and the specific response indicators or yields were selected as correlation 
objects. In the analysis process, the degree of correlation between the evaluation items and 
correlation objects was obtained, and each evaluation item was ranked according to the 
magnitude of the correlation. The results are listed in Table 7. The correlation values 
ranged from 0 to 1. The correlation value approaches 1 when the correlation between the 
evaluation items and correlated objects is high. 

Table 7. Results of the grey correlation analysis. 

Indicators CWS Final Yield 
Estimated 

Yield 

Morphology 

Culm length L  0.800 (4) 0.798 (4) 0.873 (3) 
Culm wall thickness t  0.871 (2) 0.748 (6) 0.772 (5) 

Leaf area LeafA  0.660 (6) 0.867 (1) 0.821 (4) 

Leaf angle Leafδ  0.502 (8) 0.431 (8) 0.421 (8) 

Physical 
properties 

Young’s modulus E  0.879 (1) 0.763 (5) 0.747 (6) 
Bending energy mW  0.591 (7) 0.743 (7) 0.660 (7) 

Culm moisture content cw 0.856 (3) 0.813 (3) 0.841 (1) 

Leaf moisture content lw 0.797 (5) 0.818 (2) 0.840 (2) 

Note: The data format is “correlation value (rank order by value size)”. The resolution factor is 0.5. 

According to Table 7, the strength of the rice response was mainly determined by the 
Young’s modulus, culm wall thickness and size, moisture content, and culm length. The 
correlations between these variables were all higher than 0.8. The wind response of the 
rice was more notably influenced by its physical properties and culm size but depended 
less on the leaf characteristics. Conversely, the final yield was closely related to the leaf 
area and moisture content. The main correlations of the estimated yield did not follow the 
same trend as that of the final yield. In particular, the final yield exhibited a correlation of 
0.919 with the estimated yield and 0.721 with the CWS. Pearson’s correlation analysis was 
conducted on the above indicators, and the heatmap is shown in Figure 8, with the results 
including correlation coefficients and significant p values. 

 

-1

1

CWS Yield Estimated
yield

L t LeafA Leafδ E mW cw lw

CWS

Yield

Estimated
yield

L

t
LeafA
Leafδ
E
mW
cw
lw

−1

Figure 8. Heat map of correlation coefficients for Pearson’s correlation analysis of rice indicators.

The CWS was significantly negatively correlated with the leaf area and bending energy
at the 5% level. The greater the leaf area and bending energy were, the lower the CWS. In
addition, the longer the stalk and the higher the plant water content, the lower the CWS
was, which increased the CWS that could reduce the rice yield to a certain extent, as an
increase in the wind-induced response intensity requires a reduction in the leaf area, plant
water content, or stalk length, while the leaf area was highly correlated with the yield, so
the choice of reducing the plant height to increase the wind response intensity is preferred.

The rice yield was negatively correlated with the CWS, and there existed a strong
correlation with the CWS. A relatively low CWS and high overall stability of rice were
conducive to higher yields, while a decrease in Young’s modulus suggests an increase in
the elasticity of the rice tissue structure. This occurs because dense rice leaves increase the
strength of the wind-induced response of the rice and reduce the CWS of the rice, but due
to favorable photosynthesis conditions, this situation promotes increased rice yields.

5. Conclusions

In this study, a finite element model for simulating the wind-induced motion response
of rice was proposed. We calculated the wind-induced displacement and strength of rice
stalks to obtain two important indicators of wind resistance in rice, namely the offset
angle and critical wind speed, based on four rice species, i.e., 19X, NJ, T1002, and J1002.
Furthermore, we discussed the impact of the rice’s wind resistance on the yield. The specific
conclusions are summarized as follows:

(1) The model could suitably predict the displacement range of rice in response to a
horizontal wind field, with an average paired difference of 13.48 mm and an error
value 42.46 mm, which means the model can predict the windward tilt angle of rice,
with an average error of 5 degrees. This is beneficial for visually understanding the
wind resistance of rice. A significant correlation at the 1% level between the simulated
and measured displacements in the same time step helps to underpin the validity of
the model;

(2) The model could suitably predict the stress of rice, as evaluated via the CWS. The
CWS of the four rice species was 3.57 m/s and its pairwise difference between this
model and another existing high-impact model was 0.368 m/s on average. We found
that the CWS is primarily affected by the condition of the rice culm, especially the
Young’s modulus of the culm. The more robust the culm, the higher the CWS. The
CWS is secondarily affected by rice leaves. The larger and heavier the rice leaves, the
lower the CWS;

(3) The rice’s yield has a negative correlation with its wind resistance. Larger and heavier
rice leaves along with a lower Young’s modulus are instead conducive to increased
rice yields. Both the displacement and CWS were mainly influenced by the physical
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properties, such as the Young’s modulus. A bigger displacement and lower CWS
could result in a higher rice yield.

From a practical perspective, it is advisable to prevent rice plants from experiencing
prolonged angular deviation and prolonged exposure to wind speeds that exceed the CWS
limit of the species, while ensuring good crop yields. This is exactly what the data in this
model support.
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