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Abstract: In order to verify the accuracy and applicability of the discrete element method (DEM) in
dealing with geometrically large deformations of continuous plate structures, both a single-parameter
analysis and an orthogonal design method were adopted to analyze the displacement responses
of the plate structures and were compared with those calculated using the finite element method
(FEM). The single-parameter change condition involved the thickness-to-width ratio, elastic modulus,
or Poisson’s ratio, while the multi-parameter change included boundary conditions, dimensions,
load forms, thickness-to-width ratio, elastic modulus, and Poisson’s ratio. The results showed
that displacements of the target locations were basically identical to those obtained according to
FEM, with a maximum error of less than 5% under the single-parameter change condition. The
maximum displacement error of the plate structures calculated using the DEM and FEM, respectively,
was 4.212%, and the mean error and extreme difference of error parameters were 2.633% and 2.184%,
respectively. These results indicate that the displacements of the plate structures calculated using
the DEM were highly consistent with those obtained according to the FEM. Additionally, single-
parameter changes and multi-parameter changes barely influenced the accuracy and suitability of the
DEM in solving displacement response problems of plate structures. Therefore, the DEM is applicable
in terms of dealing with displacement response problems of plate structures.

Keywords: discrete element method; plate structures; parameter sensitivity analysis; orthogonal
design method; error analysis

1. Introduction

As a common type of structure in daily life, the plate structure is widely used in
engineering, aerospace, ships, water conservancy, and other fields, and investigations on
the corresponding structural deformations under various loads are of great significance.
The commonly used plate calculation theories include the classical thin plate theory based
on elastic surface differential equations [1], the thin plate theory based on Kirchhoff’s
hypothesis of straight normal lines [2], and the Reissner-Mindlin moderately thick plate
theory based on the consideration of transverse shear deformation, the method of which
needs to construct interpolation functions and is highly required in terms of element
continuity [3,4]. For the geometrically nonlinear problem of plates, the effect of membrane
stress on the plate surface needs to be considered. The control equations and deformation
coordination equations are both complex high-order differential equation systems, which
are difficult to solve. Therefore, power series solutions and trigonometric series solutions
are usually used for simple calculations of plates, during the process of which nonlinear
equation systems are solved at a slow convergence speed [5-7]. In engineering practice, due
to the complexity of the load and boundary conditions of the plate structure, it is difficult
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to obtain accurate results by using analytical methods. Numerical methods are mostly used
for analysis, including meshless methods [8], boundary element methods [9], and finite
element methods [10]. Among them, the finite element method is widely used, and scholars
have proposed various computational formats, such as the total Lagrangian method (TL)
and the updated Lagrangian method (UL) [11-17]. With the development of computer
technology, the finite element method has become the most commonly used numerical
analysis method in the field of engineering structures, and its calculation accuracy and
efficiency are widely recognized. In the finite element method, the structural deformations
are reflected by node displacements, the solution process of which needs to construct
continuous shape functions and the calculation domain and displacement field need to
be kept continuous because inappropriate displacement patterns may make it difficult
to accurately simulate the mechanical behaviors of the structures. For example, a single
element type is often not applicable for solving problems involving plates with different
thicknesses, and certain low-order elements are usually inaccurate in terms of simulating
the bending deformations of the plate structures due to the phenomenon of “shear locking”.
For geometrically nonlinear problems, it is necessary to invert the structural stiffness
matrix and repeat and iterative solutions, often encountering computational inefficiencies
due to non-convergence.

The traditional discrete element method (DEM) has been developed for more than
40 years, initially proposed as a numerical calculation method for solving problems in
granular mechanics such as rocks and soils [18]. The method discretizes an object into
a collection of rigid particles and simulates the object under certain kinds of loads by
tracking the positions of the particles according to the force-displacement relationship
between adjacent particles and the kinematic equations. Timsina and Christy proposed
the Applied Element Method (AEM) to analyze the fracture and collapse of reinforced
concrete [19] and masonry structures [20] under cyclic loads. LE et al. [21] used the discrete
element method to simulate damage and crack propagation in composite plates, eventually
realizing simulations of fiber delamination and fracturing. KUMAR et al. [22,23] studied
the influence of the microstructural characteristics of discrete particles on the macroscopic
behavior of structures and used the discrete element method to simulate the buckling of
compressed cylinders. Professor Ye Jihong’s research group [24-29] proposed a DEM model
for truss structures and derived an expression of the spring contact stiffness coefficient
for truss DEM, which was also applied to the vibration, buckling, large deformation,
and elastoplastic analyses of frame and grid shell structures. To address the mechanical
responses of plate structures under different loading conditions, Guo [30] proposed a
single-layer particle arrangement plate discrete element method and derived the contact
spring stiffness coefficient between particles based on the principle of energy conservation.
Displacement continuity and deformation compatibility were not required by adopting
the above-mentioned method, thereby avoiding convergence issues. Additionally, the
discrete particles were purely rigid and did not undergo any deformations themselves, and
their rotation and translation were independent of each other. Therefore, the DEM was
applicable for solving problems involving plates with varying thicknesses, and there was
no such phenomenon of “shear locking”.

Sensitivity analysis methods are commonly used to determine the influence degree of
different parameters on target performance, including single-parameter sensitivity analysis
methods [31,32] and multi-parameter sensitivity analysis methods [33,34], which respec-
tively consider the influence of a single-parameter variation and the coupling of multiple
parameter variations on the control target performance. Cavaliere [35] employed a commer-
cial multi-objective optimization tool to precisely determine the weight of each parameter
on the reduction behavior and found that temperature was the main factor influencing the
time to total reduction. Batou [36] studied a new model updating method, which updated
each model parameter separately by constructing a measurement output transformation
that was only sensitive to itself for each parameter. Zhang M [37] proposed an algebraic
and direct method for solving the sensitivity of complex modal parameters of asymmetric
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systems and verified its effectiveness and correctness through single-parameter numerical
experiments and multi-parameter numerical experiments. Wang et al. [38] examined the
effects of hydrogen relative humidity, air relative humidity, operating temperature, and
the air stoichiometry ratio on the performance of polymer electrolyte membrane fuel cells
through orthogonal experimental design.

Reference [30] provided stiffness coefficients of contact elements in the single-layer
particle arrangement plate discrete element method and developed a plate discrete element
calculation program in Fortran. However, the generality of this algorithm has not been
validated. In this investigation, sensitivity analysis methods are adopted to analyze the
influence of different parameter variations on the accuracy and applicability of plate
deformations based on the discrete element method and deformations of the plate structures
based on the DEM were also compared with those calculated according to the finite element
method. The influence of parameter variations on the accuracy of a plate-deformation-
based discrete element method is analyzed, providing a basis for further verifying the
universality of the algorithm.

2. Basic Theory of the DEM for a Plate
2.1. The Model of the DEM for a Plate

The model of a square plate based on DEM is created by discretizing the plate into a
row of spherical particles, which can be divided into corner particles, edge particles, and
interior particles according to the corresponding positions, as illustrated in Figure 1. It
should be noted that determinations of the particle radius are related to the sizes of the
plate surface rather than plate thickness.

T g W00
E— Edge particle

Figure 1. DEM model of the plate structure.

In the plate discrete element model, adjacent particles are connected by artificially
defined zero-length springs to form the basic analysis unit of the discrete plate element,
namely the contact element. According to the location of the contact element, the contact
element can be divided into edge contact, interior contact, and diagonal contact. The
diagonal contact element only contains one normal spring, while other contacts contain six
springs, including one normal, two tangential, one torsion, and two bending springs, as
shown in Figure 2.
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Figure 2. Contact element.
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All particle movements follow Newton’s second law. Take a discrete particle « as
an example, and assume that it is connected with other n units, and the external force
and external moment acting on particle a are F&* and M®, respectively. According to
Newton'’s second law, the equation of motion for particle & can be expressed as:

& _ L int ext
my s = ). F" +F
=1

A M)

J/XTLtU — 2 M}nt+Mext
j=1

In the equation, m, and J, represent the mass and inertia moment of particle «,

respectively. r and w represent the displacement vector and angular velocity vector of

particle a. F}nt and M}nt represent the contact force and contact torque generated by the j-th

unit adjacent to particle &, and ¢ represents time.

2.2. Calculation of Internal Forces in Contact Elements

It can be obtained from Figure 2 that the material properties and deformation of the
contact element are closely related to the zero-length spring of the contact point between the
two particles. The stiffness of each spring along different directions is independent and does
not affect each other. By combining Equation (1) with the central difference method, the
relative linear displacement and relative angular displacement between the two particles in
the contact element can be obtained. By adopting Equation (2), the incremental internal
force at the contact point can also be calculated. According to the principle of force
translation, the contact force is transferred to the center of the particle and integrated to
obtain the internal force at the center of the particle.

AS = K.AU )

In the equation, AS represents the incremental internal force of the contact element,
including internal force and internal moment; AU represents the incremental relative dis-
placement between the two particles of the contact element under the local coordinate
system, including relative linear displacement and angular displacement. K, represents
the elastic stiffness matrix of the contact element, which includes three translational and
three rotational stiffness for both edge and internal contacts, and only one normal stiff-
ness for diagonal contacts, and the corresponding values can be calculated through the
following equations [30].

1 _ __Eh
K = e
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Diagonal contact : K; = 5)
In the equation, E, , y1, and R represent the elastic modulus, thickness, Poisson’s ratio,
and particle radius of the plate, respectively.

3. Theory of Parameter Sensitivity Analysis

When using the discrete element method to analyze the deformation characteristics
of plate structures, uncertainties in model input may lead to uncertainties in the accuracy
of output results. The sensitivity analysis method investigates and analyzes the influence
of various input uncertainties on the output uncertainties of the model [39], including
single-parameter sensitivity analysis and multi-parameter sensitivity analysis.

3.1. Single-Parameter Sensitivity Analysis

Single-parameter sensitivity analysis is a method to investigate the influences of
changes in a single parameter on the performance of the control objective within a certain
range while keeping other parameters constant. It is also known as perturbation analysis.
Single-parameter sensitivity analysis has been widely used in the fields of structure and
materials due to easy operation and intuitive understanding.

3.2. Multi-Parameter Sensitivity Analysis

Multi-parameter sensitivity analysis considers the interaction between parameters,
resulting in more reasonable and scientific results. Common methods for multi-parameter
sensitivity analysis include the full factorial method and orthogonal design method.

3.2.1. Full Factorial Method

The key to the full factorial method is comparisons and analyses of all design combi-
nations under different operating levels with various influential factors, which are able to
provide a large amount of data for parameter analysis to accurately evaluate the interaction
between parameter factors. It is commonly used for multi-parameter analysis when there
are few parameters and levels to be considered for parameter interaction. Full factorial
design requires a combinationofny X ny ... X nj... X n;, where n; represents the number
of levels for the i-th factor, and j represents the number of design parameters. Figure 3a
shows a three-parameter, three-level full factorial design with a total of 27 combination
sample points.

X3 X3

(a) (b)

Figure 3. The method of sensitivity analysis: (a) full factor design; (b) orthogonal design.

3.2.2. Orthogonal Design Method

If there are too many model parameters and the parameters have multiple operating
levels, using a full factorial design will result in a large number of operating combinations,
which leads to a huge computational burden. The orthogonal design method selects rep-
resentative parameters from each parameter and operating level to combine and judges
the interaction effects between parameters and the corresponding influences on control
objectives. Figure 3b shows a three-parameter, three-level orthogonal design with a to-
tal of nine combination sample points. Therefore, the orthogonal design method is an
efficient design method for arranging multiple parameter combinations scientifically and
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is characterized by uniform dispersion, regularity, and comparability. The orthogonal
design method can significantly reduce the number of analysis samples while considering
the interaction of multiple parameters. Figure 4 shows the form and code meanings of
orthogonal tables, and Table 1 is a four-parameter, three-level orthogonal table, which
shows that the number of occurrences of each parameter operating level in any column is
the same, and the arrangement of numbers in any two columns is complete and balanced.

Orthogonal Number of
table code columns

TLo(3Y)

Number of Nﬁmber of
TOWS levels

Figure 4. Orthogonal table form and code meaning,.

Table 1. Orthogonal representation.

Parameter

Operating Combination

O 0NN Ul WN R
W WWNNNRFR P =
WNNFR, WONRFR WN -~ |
N, W, WNWN -~ N
— WNNRFR, W= [J

4. Parameter Sensitivity Analysis

In this paper, a rectangular plate is used as the fundamental numerical model, as
illustrated in Figure 5. The discrete element method was employed to calculate the defor-
mations of the plate under varying parameter conditions and was compared with those
obtained from the finite element method to validate the accuracy of the algorithm based
on DEM. The finite element method considers the effect of in-plane membrane stress by
enabling large deflection. The discrete element method uses particle centroid displacement
as the basic quantity since the displacements obtained by solving the motion equation
itself are reflections of force responses of the structure. Similarly, the finite element method
also reflects the structure deformations through the nodal displacements. Therefore, using
displacement as a reference for comparison between the two methods is more convenient
and intuitive.

=<

Figure 5. Rectangle plate model.

4.1. Influences of Single-Parameter Changes

When considering the influence of a single-parameter change, the plate thickness-
to-width ratio, elastic modulus, and Poisson’s ratio were respectively applied to
Equations (3)—(5) as basic analysis parameters to investigate the influences of single-
parameter changes on the accuracy of the algorithm. For the model shown in Figure 5,
the values of a and b were set to be 0.3 m, and ¢ was set to be 7850 kg/m?. The boundary
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conditions of the simulation model included a four-edge simple support and a four-edge
fixed support. A uniform load q was applied to the plate by using a static loading method.
There were 21 particles and 420 contact elements in the discrete element model, as shown
in Figure 6. The radius of the spherical particles was 15 mm. The time step, At, was set to
be 1 x 10~° s, and the total calculation time was 0.5 s.

Figure 6. DEM model of the square plate.

4.1.1. Thickness-to-Width Ratio

In dealing with deformation problems of loaded plates by using the finite element
method, plates were classified based on their thickness-to-width ratio into the following
categories: (1) thick plates: 1/8 < h/b < 1/5; (2) thin plates: 1/80 < h/b < 1/8; and
(3) membrane: 1/100 < h/b < 1/80. In this investigation, when solid186 elements were
employed to simulate thick plates based on FEM, the shear effect along the thickness
direction of the plate was considered. When Shell181 elements were used for thin plates and
membranes, the in-plane stress of the membrane was considered to avoid the phenomenon
of “shear locking” in the plate. The selection of finite element analysis elements for
plates of different thicknesses in the subsequent examples followed this rule. For the
displacement response problem of plates with different thicknesses and loads, no special
treatment is needed when using the discrete element method. For four-edge simply
supported and four-edge fixed boundary conditions, the uniformly distributed load, q, on
the plate was set to be 9.6 x 10° Pa and 9.6 x 107 Pa, respectively, with the elastic modulus
E =2.1 x 10! Pa and Poisson’s ratio p = 0.24. According to the range of plate thickness,
the thickness-to-width ratio h/b was set to be 0.01, 0.015, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14,
0.16, 0.18, and 0.2, respectively. The discrete element method was used to calculate the
deflection-to-span ratio at the center point of the plate with different thickness-to-width
ratios, and the results were compared with those obtained based on FEM.

According to Figure 7, it is evident that plates with smaller thicknesses exhibited larger
deflections. Bending deformations of the plate were obvious, and the in-plane membrane
stress could not be ignored. As the plate thickness increased, shear deformations along
the thickness direction became significant. The results obtained from the displacement
response analyses of plates with different thicknesses, as shown in Figures 7 and 8, using
the discrete element calculation were in good agreement with those obtained using the
finite element calculation. With increasing plate thickness, structural deformations reduced,
and the calculation error slightly increased but remained within 5%. Compared to the
finite element method, the discrete element method for plates did not require changing the
element type for plates of different thicknesses, and it minimized the occurrence of “shear
locking”. Therefore, within the range of plate properties, the thickness did not significantly
affect the accuracy and applicability of the discrete element algorithm for plates.
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Figure 7. The effect of thickness-to-width ratio variation on the deflection-to-span ratio of the plate.
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Figure 8. Influence of different thickness-to-width ratios on DEM-FEM error.

4.1.2. Elastic Modulus

For square plates with the boundary conditions of four-edge simple support and
four-edge fixed support, the uniformly distributed loads applied on the plate were set to be
9.6 x 10° Paand q = 9.6 x 107 Pa, respectively. The plate thickness, h, was set to be 6 mm
and the Poisson’s ratio, p, was set to be 0.24. The basic elastic modulus of the plate, Eo,
under both boundary conditions, was set to be 2.1 x 10! Pa, and the range of the elastic
modulus varies from 0.1 Ej to 10.0 Eg with a decrement of 0.5 Ey, the variation process of
which included small and large deformations of the plate and a total of 21 analysis scenarios.
The discrete element method was used to calculate changes in the deflection-span ratio of
the center point of the square plate with different elastic moduli, and the corresponding
results were compared with those obtained according to the finite element method.

It can be observed from Figure 8 that the deflections of the plate were large with
decreasing elastic modulus, the bending deformation effect was significant, and the stress
of the in-plane membrane cannot be ignored. It can also be observed from Figures 9 and 10
that both algorithms considered the effect of in-plane membrane stress and the results
obtained based on the discrete element method and the finite element method were basically
consistent with a maximum DEM-FEM error of 3.54%, indicating that the variation of
elastic modulus had little effect on the accuracy and applicability of the DEM algorithm.

200+

180
160

1404 X FEM-Simply support
~ 1204 O  DEM-Simply support
S + FEM-Fixed support
= 1004 B O DEM-Fixed support
s 804® &
=] ®
60~ L E
® B@mg
407 R feEfEsassg
=
20 HFERERRR R R R R e
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Figure 9. Change in the deflection-to-span ratio of the plate center point under different
elastic moduli.
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Figure 10. Influence of elastic modulus variation on DEM-FEM error.
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4.1.3. Poisson’s Ratio

As a material property of the plate itself, Poisson’s ratio also affects its own bending
stiffness under unchanged external loads. For square plates with a boundary condition of
four-edge simple support and four-edge fixed support, the uniformly distributed loads, q,
applied on the plate were set to be 9.6 x 10° Paand 9.6 x 107 Pa, respectively. Plate thickness,
h, was set to be 6 mm, and elastic modulus, E, was set to be 2.1 x 10! Pa. Poisson’s ratio
ranged from 0.1 to 0.48, with a decrement of 0.02, covering the Poisson’s ratio range of
commonly used materials. A total of 20 analysis scenarios were considered. The discrete
element method was used to calculate the changes in the deflection-span ratio of the center
point of the thin plate only when Poisson’s ratio changed, and the corresponding results
were compared with those obtained according to the finite element method.

Changes in Poisson’s ratio alter the bending stiffness of the plate, thereby affecting the
deflection degrees of the plate under loads. As shown in Figures 11 and 12, as Poisson’s ratio
increased, deflections at the center of the plate slightly decreased. The results obtained from
the discrete element calculation and finite element calculation were essentially consistent,
with a maximum error of —2.11%, which indicated that changes in Poisson’s ratio had little
effect on the accuracy and applicability of the DEM algorithm.

Fegg
80 m@mmmgmmmm
B o
B=g,

S O FEM-Simply support

S 604 X DEM-Simply support

= O FEM-Fixed support
+ DEM-Fixed support

&&sz&z&x@@&bﬁéébébéﬁéé

T T T T T T T T
0.10 0.15 020 025 030 035 040 045
n

Figure 11. Change in the deflection-to-span ratio of the plate center point under different
Poisson’s ratios.
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Figure 12. Influence of Poisson’s ratio variation on DEM-FEM error.

4.2. Influences of Multi-Parameter Changes

In addition to the thickness-to-width ratio, elastic modulus, and Poisson’s ratio, dif-
ferences in plate boundary conditions, size effects, and load forms may also affect the
applicability of the DEM algorithm. To further verify the universality of the DEM algorithm,
the orthogonal design method was adopted to analyze the influences of multi-parameter
changes on the accuracy and applicability of the DEM algorithm. The values of each
parameter were determined as follows.

4.2.1. Boundary Conditions

Common boundary conditions of a rectangular plate include one-sided, two-sided,
three-sided, and four-sided constraints, which can be classified as simple support and fixed
support. Determinations of boundary conditions are not only related to the number of
constrained sides but also the distributions of fixed and simple supports. To confirm the
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DEM algorithm’s applicability to any boundary condition, a mixed boundary form was
applied that considers the influences of various factors, as presented in Table 2.

Table 2. Information about different boundary conditions.

Position of

Boundary Fixed Simply Displacement Tracking Point Line Load Position of Point Load
Cantilever plate AB \ C CD C
Two adjacent edges AB AD C CD C
Two opposite edges AB CD E FG E
Three edges AB AD, BC H CD H
Four edges AB, CD BC, AD E FG E

4.2.2. Plate Dimensions

There is a wide range of plate sizes in engineering, spanning from small plate com-
ponents to large plate materials. According to the relevant literature, the plate lengths of
the corresponding simulation model varied from 0.3 m to 10 m. In this investigation, five
representative and diverse plate sizes (a x b) were chosen: 0.3 m x 0.3m,1.2m x 0.6 m,
2m x2m,4m x 1 m, and 10 m x 10 m, which considered both plate size effect and
aspect ratios.

4.2.3. Form of Loading

Five common types of loads in engineering were selected for analyses, including
uniformly distributed loads, concentrated loads, line loads, impact loads, and harmonic
loads. Impact loads and harmonic loads were uniformly distributed on the entire plate
surface, and the time-displacement curves of DEM-FEM were obtained by comparing the
results obtained based on DEM and FEM transient analysis. The other load forms were
analyzed by using static loading, and the load-deflection ratio curves of DEM-FEM were
obtained by comparing the results obtained according to DEM and FEM static analysis.
The position of the line load and concentrated load and the displacement tracking points
are shown in Table 2, and the loading method is shown in Figure 13. To obtain obvious
deformations of the plate, load values were increased as much as possible while ensuring
the convergence condition of the finite element analysis.

A Toad A Toad A Toad

P P P |~
m Time
>
: . T
Time Time |_p U

) T’ 0 T’o

(a) Static loading  (b) Impact load (c) Harmonic load

Figure 13. Loading mode.

4.2.4. Thickness-to-Width Ratio

Plates with a thickness-to-width ratio in the range of 0.125-0.2 are considered thick
plates, while those with a thickness-to-width ratio in the range of 0.0125-0.125 are classified
as thin plates, and those with a thickness-to-width ratio in the range of 0.01-0.0125 are
regarded as membranes. To ensure the broad representativeness of parameter values, the
thickness-to-width ratio factors of 0.01, 0.04, 0.1, 0.16, and 0.2 were used. Details about the
computation units used for finite element analysis can be found in Section 4.1.1.



Buildings 2023, 13, 1567

11 of 15

4.2.5. Elastic Modulus

The properties of common materials used in engineering are listed in Table 3. It shows
that the elastic modulus of commonly used plates is less than 200 GPa. To ensure the broad
representativeness of parameter values, five levels of elastic modulus were used, with
values of 0.005 GPa, 50 GPa, 100 GPa, 150 GPa, and 200 GPa.

Table 3. Properties of commonly used materials.

Material E (GPa) n Material E (GPa) n
Alloy steel 206 0.25-0.3 Cast steel 175 0.31-0.34
Lead 170 0.42 Aluminum alloy 71 0.3
Rolled aluminum 69 0.32-0.36 Concrete 14-23 0.1-0.18
Nylon 2.83 0.4 Rubber 0.00784 0.48

4.2.6. Poisson’s Ratio

Table 4 shows that the Poisson’s ratios of the commonly used materials in engineering
are typically between 0.1 and 0.48. To ensure the generality and representativeness of the
parameter values, five levels of Poisson’s ratio were chosen, which are 0.1, 0.24, 0.3, 0.4,
and 0.48.

Table 4. Analyzed parameters and levels.

Parameters Level 1 Level 2 Level 3 Level 4 Level 5
1  Boundary conditions Cantilever plate Two adjacent Two opposite Three edges Four edges
2 Plate dimensions (m) 0.3 x0.3 1.2 x 0.6 2x2 4x1 10 x 10
3 Form of loading Uniformly distributed Line load Concentrated load Impact Harmonic

Thickness-to-

4 width ratio 0.01 0.04 0.1 0.16 0.2
5  Elastic modulus (GPa) 0.005 50 100 150 200
6 Poisson’s ratio 0.1 0.24 0.3 0.4 0.48

In this study, the orthogonal design method was utilized to comprehensively evaluate
the effect of multi-parameter changes on the accuracy and applicability of the DEM algo-
rithm. The levels of each parameter are summarized in Table 4. The orthogonal design
method was performed on six parameters, where each parameter had five levels to reduce
the number of analyzed cases from 15,625(5°) cases obtained from the full-factorial method
to 25(5%) combinations obtained from the orthogonal design method. This significantly
reduced the computational workload and enabled the interaction between parameters to
be considered. The representativeness of the orthogonal design lay in the following aspects:
(1) each column contained all levels of the respective parameter with equal frequency;
(2) all possible combinations of any two columns occurred; and (3) due to the orthogonality
of the orthogonal table, the test combinations were evenly distributed in the full-factorial
design combinations. The orthogonal design combinations are shown in Table 5. The
discrete element analysis results of each operating condition were compared with the corre-
sponding finite element analysis results to calculate the errors between the two algorithms
when considering multi-parameter changes. The DEM-FEM error comparison rules were
as follows: for harmonic load, the error was compared based on the deflection peak value of
the two algorithms; for impact load, the error was compared based on the stable solutions
of the two algorithms; for other loads, the error was compared based on the final results of
the two algorithms.
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Table 5. Orthogonal design table for Lys (59).
Operating Boundary  Dimension Form of b E " Error *
Combination Loading Y (%)
1 1 1 1 1 1 1 0.239
2 2 2 2 2 2 2 0.918
3 3 3 3 3 3 3 1.063
4 4 4 4 4 4 4 —2.342
5 5 5 5 5 5 5 2.002
6 1 2 3 4 5 1 0.838
7 2 3 4 5 1 2 1.359
8 3 4 5 1 2 3 3.102
9 4 5 1 2 3 4 4.212
10 5 1 2 3 4 5 2.805
11 1 3 5 2 4 1 0.187
12 2 4 1 3 5 2 0.474
13 3 5 2 4 1 3 2.762
14 4 1 3 5 2 4 1.623
15 5 2 4 1 3 5 0.424
16 1 4 2 5 3 1 0.460
17 2 5 3 1 4 2 —2.884
18 3 1 4 2 5 3 —1.736
19 4 2 5 3 1 4 0.865
20 5 3 1 4 2 5 1.747
21 1 5 4 3 2 1 —2.652
22 2 1 5 4 3 2 1.538
23 3 2 1 5 4 3 0.546
24 4 3 2 1 5 4 4121
25 5 4 3 2 1 5 2.559
Mean valuel ** (%) 0.875 1.811 1.642 2.154 2.154 0.875
Mean value2 ** (%) 1.435 0.718 2.213 1.922 2.008 1.435
Mean value3 ** (%) 1.842 0.980 1.794 1.572 1.540 1.842
Mean value4 ** (%) 2.633 2.100 1.703 1.845 1.753 2.633
Mean value5 ** (%) 1.907 2.903 1.539 1.198 1.834 1.907
Range *** (%) 1.757 2.184 0.674 0.956 0.614 1.757

* The calculation formula for error is as follows: Error = (Upgm — Upgm)/Urem X 100%, where U represents
the deflection value at the analysis scenario. ** The mean value is denoted by Qj;, where i and j represent the
level number and parameter number, respectively. Qj indicates the mean error of the j-th parameter at the
i-th level under the orthogonal combination. For example, Q11 = (Y1 + [ Yel + Y11 + [ Y36 + 1Yp11)/5,
which reflects the influence degrees of parameter level changes on the target value. *** The range is calculated as
Range = max{Q;} — min{Qj }, which provides an estimate of the magnitude of the target value fluctuation due to
parameter changes.

Table 5 shows that compared to the finite element results, the discrete element method
can maintain high accuracy even when considering multi-parameter changes, such as
boundary conditions, dimensions, load forms, thickness-to-width ratio, elastic modulus,
and Poisson’s ratio. In addition, the discrete element method did not require a change in
element type for plates with different thicknesses. The error of maximum and mean values
for each parameter level were 4.212% and 2.633% respectively, indicating that the DEM
provided precise solutions to the displacement response problem of a loaded plate. The
maximum range of the mean value for each parameter level was 2.184%, demonstrating the
stability of the DEM algorithm. The deformation history curves of displacement tracking
points under different conditions are illustrated in Figure 14. The DEM accurately tracked
the displacement response of rectangular plates under loads, with no significant impact on
the accuracy and applicability of the algorithm when considering multi-parameter changes.
These findings confirm the universality of the DEM algorithm in solving deformation
problems of rectangular plates under various loads.
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Figure 14. Deformation curve of the displacement tracking point under various working conditions.

5. Conclusions

In this investigation, both single-parameter analysis and orthogonal design methods
were employed to analyze the impacts of relevant parameters on the displacement response
of a rectangular plate under loading, utilizing the discrete element method. The following
conclusions were drawn:

(1) The deformations of the plate were calculated and compared using the DEM and
FEM through single-parameter analysis with varying thickness-to-width ratios, elastic
modulus, or Poisson’s ratios. The discrete element method for plates did not require a
change in element type when the thickness-to-width ratio changed. With an increase in the
thickness-to-width ratio, the deflection gradually decreased, and the FEM-DEM calculation
error remained within 5%. Similarly, when the elastic modulus or Poisson’s ratio changed,
both methods considered the effect of membrane stress, with a maximum error of 3.54% and
—2.11%, respectively. These results indicated that the variations in individual parameters
had minimal impact on the accuracy and applicability of the DEM algorithm.

(2) To account for parameter interactions and their influence on the accuracy of the
DEM algorithm, an orthogonal design method was adopted with five levels for six pa-
rameters: boundary conditions, dimensions, load forms, thickness-to-width ratio, elastic
modulus, and Poisson’s ratio. The displacement responses of the plate structure under
loading were calculated for each combination and compared with the corresponding finite
element results. Compared to the finite element method, the maximum error for the anal-
ysis scenarios was 4.212%. Furthermore, the mean error and extreme difference for each
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parameter level were 2.633% and 2.184%, respectively. The static and dynamic displacement
response curves of each working condition exhibited a high degree of consistency with
those obtained according to the finite element method, further validating the universality of
the plate discrete element method in addressing the force response problems in continuous
medium plate structures.
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