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INTRODUCTION

Perforated plates are widely used as func-
tional elements in technological equipment [1], 
including separation machines designed to classi-
fy granular materials based on particle size [2]. To 
enhance the efficiency of the separation process, 
mechanical vibration is often employed, which 
improves the dynamic properties of the granular 
medium and facilitates particle segregation with-
in the material layer [3].

The successful implementation of perforated 
sifting plates with complex geometry (CG) holes 
has demonstrated their technological feasibility 
and potential. [4,5]. These holes are designed to 
align with the geometric deviations of the major-
ity of particle shapes found in loose materials, 
thereby increasing the throughput rate per unit 

time without additional energy consumption. As a 
result, a higher specific productivity and reduced 
energy consumption of the separation process are 
achieved [6].

Despite these advantages, the reliability 
aspects of such perforated plates, especially those 
with geometrically complex hole shapes, remain 
insufficiently understood.

Under external loading conditions, whether 
due to material weight or vibrations, stress con-
centrations inevitably arise in their structures 
[7]. The structural integrity of a perforated plate 
is influenced by the formation of stress concen-
trators, which typically develop in the ligament 
regions between adjacent holes [8]. This confirms 
the stress distribution in perforated plates with 
round holes of different thicknesses, which was 
thoroughly studied in [9].
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Finite element method (FEM) is often 
employed to evaluate the structural integrity of 
perforated plates [10,11]. FEM allows accurate 
determination of natural vibration frequencies 
[12–15], critical stress values, and stress concen-
tration zones [11,16].

Foundational analytical expressions for stress 
and vibration analysis of perforated structures 
are provided in classic works such as [17]. In [1], 
the combination of FEM with experimental holo-
graphic interferometry was successfully used to 
study deflections and stress patterns in bent per-
forated plates.

Discrete Element Method (DEM) has been 
increasingly employed to analyze the technological 
efficiency of separation processes and their impact 
on the wear characteristics of perforated plates [18]. 
However, the accuracy of DEM-based simulations 
strongly depends on extensive preliminary exper-
imental calibration, particularly with respect to 
contact parameters, friction coefficients, restitution 
properties, and particle–wall interaction laws. Recent 
studies demonstrate that, in order to obtain reliable 
DEM predictions of separation efficiency and wear-
related phenomena, calibration is required that takes 
into account experimentally measured physical and 
mechanical properties of bulk materials, including 
particle size distribution, density, moisture content, 
and interparticle friction [19, 20].

The successful application of numerical mod-
elling to study the reliability of perforated plates, 
including the justification of boundary and initial 
conditions and the variation of perforation param-
eters, was described in [21]. The combined use of 
FEM and experimental data has proven effective 
in analyzing the influence of external loads on the 
reliability of perforated plates [22, 23].

To date, most studies have primarily focused 
on plates with standard hole geometries, such 
as circular [10, 11], rectangular [24], and vari-
ous other shapes, including semi-circular, ellip-
tical, square, triangular, and rhombic [25, 26]. 
Studies have shown that circular holes offer the 
most favorable stress distribution, with the lowest 
stress concentration factors compared to shapes 
with sharp corners [27].

One of the most influential factors affecting 
the reliability of perforated plates is their thick-
ness [13]. In [25], the authors proposed modeling 
the holes as areas of negligible thickness within 
the plate, leading to a heterogeneous thickness 
profile. This approach can provide the necessary 

reliability metric predictions under certain mode-
ling conditions and refinement experiments.

In practical applications involving vibrating 
plates, additional external loads are introduced by 
the layer of loose material resting on the perfo-
rated plate. This load depends on the material’s 
loose density and the thickness of the layer. It 
contributes to elevated internal stresses that may 
lead to structural deformation.

Another detrimental factor is the progres-
sive reduction in plate thickness due to abrasive 
mechanical wear during operation [26–28]. This 
wear-induced thickness reduction leads to a cor-
responding decline in flexural stiffness, which is 
proportional to the cube of the plate’s thickness 
and also depends on the Young’s modulus and 
Poisson’s ratio.

The aim of this study is to develop a method-
ology for predicting the service life of perforated 
screening plates with complex geometry holes, 
based on experiments and FEM simulations, tak-
ing into account the geometric parameters of the 
plates and the abrasive properties/distributed load 
from loose material.

MATERIALS AND STUDY OBJECTS

The critical stresses arising in perforated 
plate are determined by a combination of factors, 
including the degree of thickness reduction due 
to abrasive wear, the magnitude of external loads 
from loose materials, and the geometric charac-
teristics of the perforations.

Optimization of geometric parameters with 
respect to the critical stress criterion is essential 
for maximizing the operational lifespan of sifting 
plates with geometrically complex holes. Three 
design solutions for holes with complex geome-
try (Figure 1) were selected for research: a 5-fold 
epicycloid (k = 5), a 7-fold epicycloid (k = 7), and 
a 9-fold epicycloid (k = 9). 

Given the technological advantages associ-
ated with epicycloidal hole geometries and the 
insights from prior studies [13, 31], a set of repre-
sentative geometric and material parameters was 
selected for this study (Table 1).

The selected range of plate thickness (0.6–
1.0 mm) is based on the anticipated reduction of 
initial thickness (1.0 mm) by up to 40% due to 
wear. The chosen values for hole geometry and 
ligament width were determined with reference to 
established experimental findings [13, 31].
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To validate the simulation outcomes and 
ensure broader applicability of the results, three 
loose materials with distinct physical properties 
were selected for experimental study: wheat, corn 
and granite (Figure 2).

METHODOLOGY 

To determine the service life of perforated 
plates before the onset of structural deformation, 
a comprehensive methodology was used in the 
study, which includes experimental methods and 
numerical (FEM) modelling. The proposed algo-
rithm includes four main stages: experimental 
determination of wear intensity, determination of 
the properties of loose material, development of 
an FEM model, and analysis of the results.

In the first stage, the abrasive wear intensity 
of the perforated plates under operational con-
ditions was experimentally evaluated. Abrasive 
interaction with loose material leads to a reduc-
tion in plate thickness over time, which negatively 
affects the plate’s stiffness and structural integrity. 
The second stage involved experimental determi-
nation of the distributed loading exerted by the 
loose material on the perforated plate. These loads 
were evaluated based on material density, layer 
thickness, and particle behavior during vibra-
tion-assisted separation. The third stage involved 
FEM-based numerical modeling to identify crit-
ical stress concentrations within the perforated 
plate under varying loading and geometric condi-
tions. The numerical model accounted for variable 
plate thickness resulting from progressive wear, 
complex hole geometry, and spatially distribut-
ed external loading. The structural integrity was 
assessed by comparing the actual stress obtained 
from FEM with the allowable stress, according to 
the following condition [32, 33]:

	 𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (1)

where:	σ is the von Mises stress from FEM; σ 
= Re/ns – allowable stress; Re is the yield 
strength; ns is safety factor, determined 
based on standard engineering design 
practices, ns = 1 – 1.7 [33]. 

Figure 1. Investigated perforated plates with epicycloidal-shaped holes and varying configurations: 
а) k = 5, b) k = 7, c) k = 9

Figure 2. Samples of loose materials used in experiments: a) wheat, b) corn, c) granite

Table 1. Parameters of investigated perforated plates

Technological indicators Value

Material Steel S 235 JR

Plate thickness, mm 0.6–1.0

Overall dimensions, mm 1000 × 1000

Separation radius of hole, mm 7

Epicycloid modulus (k) 5, 7, 9

Ligament thickness between holes, mm 1, 2, 3
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Integrating experimental data into the FEM 
model will allow identifying areas on the plate 
with high stresses and assessing structural limits 
under real operating conditions. The methodol-
ogy was verified by comparing simulated stress 
values with material limits and analyzing defor-
mation patterns.

Numerical modelling (FEM)

FEM of perforated plates was performed 
using the Abaqus/CAE 2018 software package, 
following a structured simulation workflow that 
included the following modules (Figure 3): Part 

– creation of the 3D geometry of the perforated 
plate, including epicycloidal holes; Property – 
assignment of material properties; Step – defi-
nition of analysis steps and procedures; Inter-
action – definition of contact interactions and 
constraints; Load – application of distributed 
load and boundary conditions; Mesh – genera-
tion of the finite element mesh; Job – submis-
sion and execution of the analysis; Visualization 
– post-processing and result analysis. Material 
properties used for the steel perforated plates are 
summarized in Table 2.

The loose materials used in the experimental 
study were characterized not only by their 

Figure 3. FEM modeling stages for a perforated plate: а) load, b) mesh, c) vizualization
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type but also by selected physical properties 
known to influence particle–structure 
interaction. For cereal grains (wheat and 
corn), representative ranges of characteristic 
dimensions (length, width, and thickness) and 
moisture content (W=14%) were considered. 
Granite was considered to be an unchanging, 
non-deformable abrasive material with high 
hardness, independent of moisture content. 
Well-known studies demonstrate that moisture 
content significantly affects grain size and 
mechanical properties, thereby influencing 
contact forces and motion characteristics in 
both experimental observations and DEM-
based simulations [34, 35]. To capture the 
effects of geometric and material variables, a 
full-factorial design of 27 FEM models was 

developed. The following parameters were 
varied: hole geometry with different epicy-
cloid modulus; ligament width between holes; 
plate thickness, loose material type. The model 
matrix is detailed in Table 3: epicycloid mod-
ulus, ligament width, type of loose material, 
plate thickness (mm).

The positive experience with Abaqus/CAE 
2018 for static and dynamic simulation of per-
forated plates has been reported in several prior 
works [12, 13, 36], confirming its suitability 
for detailed structural stress analysis under 
distributed loads and vibrational conditions. 

Each finite element model was discretized 
using triangular shell elements S3 type, with 
an average mesh density of 850000–2730000 
elements per model, depending on the hole 
geometry and ligament width. Local mesh 
refinement was applied in the vicinity of per-
foration edges and ligament regions to accu-
rately capture stress gradients, while a coarser 
mesh was used in low-gradient areas to reduce 
computational cost. Additional mesh refine-
ment tests confirmed that increasing the mesh 
density beyond this level resulted in less than 
1% change in stress results, indicating mesh 
independence and reliability of the simulation 
results.

Table 3. Investigated parameters for FEM models

Model 
No

Epicycloid 
modulus k

Ligament 
width a, mm

Type of 
loose 

material

Plate 
thickness s, 

mm

Model 
No

Epicycloid 
modulus k

Ligament 
width a, 

mm

Type of 
loose 

material

Plate 
thickness 

s, mm
1

5

1

wheat

0.6 19

9

1

granite

0.6

2 0.8 20 0.8

3 1 21 1

4

2

0.6 22

2

0.6

5 0.8 23 0.8

6 1 24 1

7

3

0.6 25

3

0.6

8 0.8 26 0.8

9 1 27 1

10

7

1

corn

0.6

11 0.8

12 1

13

2

0.6

14 0.8

15 1

16

3

0.6

17 0.8

18 1

Table 2. Material properties of the perforated steel plate

Properties Unit Value

Young’s modulus E GPa 207

Mass density ρ kg/m3 7800

Poisson’s ratio v - 0.3

Yield strength σt MPa 235

Ultimate tensile strength MPa 360

Elongation at break % 26
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Experimental studies

The structural reliability of a perforated plate 
is strongly dependent on its flexural rigidity, 
defined as: 𝐷𝐷 = 𝐸𝐸𝑠𝑠3

12(1 − 𝜈𝜈2) 
 

, where E – modulus of 
elasticity, s – plate thickness, v – Poisson’s ratio 
[13]. Since rigidity is proportional to the cube of 
the plate thickness, accurate representation of the 
residual thickness during operation is critical for 
reliable FEM simulations [13].

To determine the actual thickness reduction 
during operation, in situ measurements were con-
ducted under industrial conditions. A Mitutoyo 
389–514 digital micrometer for thin plate mea-
surement was used, with specifications: measur-
ing range 0–25.4 mm; resolution 4 µm; maximum 
reach 330 mm. Thickness measurements were 
taken at intervals of 100 mm across the plate sur-
face. Average values were calculated from mul-
tiple sampling points to quantify wear over time.

The experimentally measured thickness loss 
of the perforated plate is denoted by δ(t). The 
instantaneous wear rate is defined as [30]:

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (2)

where:	δ – thickness of the worn layer of the plate 
material; t – operating time.

Friction between loose material particles and 
the perforated plate also influences the wear rate 
and intensity. Additionally, the properties of loose 
material that define the magnitude of the exter-
nal load on the perforated plates were determined 
experimentally. Under production conditions, the 
average thickness of the loose material layer mov-
ing across the perforated plate was measured. Also, 
using a calibrated measuring container, the average 
density of the loose material was established.

For further use as a distributed load, the pres-
sure exerted by the material on the plate surface 
was calculated. Technologically, during sifting, a 
portion of the loose material (typically up to 30%) 
passes through the holes, while the remainder 
stays on the perforated plate surface.

It is assumed that the layer height decreases 
linearly along the perforated plate [37]:

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (3)

where:	 hm(x) is the layer height at distance x ∈ 
[0, L]; hm0 is the initial height of the loose 
material layer; α is the dimensionless frac-
tion of material passing through the perfo-
rations (0–1); L is the plate length. 

In this study, the throughput fraction was set 
to α = 0.20, which corresponds to a stable operat-
ing regime in which a limited portion of the feed 
passes through the perforations while the remain-
ing fraction is transported along the plate surface. 
The mean layer thickness was taken as hm = 30 
mm based on in situ observations of the material 
bed during continuous operation and was used 
as a representative average value to enable con-
sistent comparison across the investigated loose 
materials. The instantaneous distributed pressure 
(load per area) is then: 

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (4)

where:	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

 – gravitational acceleration; ρ – density 
of loose material. 

For simplification, the average distributed 
pressure along the plate is calculated as: 

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (5)

where:	 assuming L = 1 m.

Within Equations 3–5, both α and hm directly 
control the local layer height h(x) and, conse-
quently, the distributed pressure q. To ensure con-
sistency between experimental observations and 
analytical modelling, the wear coefficient is intro-
duced in an operational, time-dependent form:

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (6)

where:	Ff = μN  – friction force [38], μ – frictional 
coefficient of loose material; N – applied 
normal force. 

The friction coefficients for wheat, corn, and 
granite on a steel surface were experimentally 
determined using the methodology from [39].

This formulation reflects the instantaneous 
intensity of abrasive wear under given operating 
conditions. For engineering evaluations and com-
parison of different loose materials, an average 
operational wear coefficient is introduced over a 
time interval T:

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	 (7)

The wear coefficient (in µm/(N·h)) accounts 
for the abrasive properties of the environment and 
technological conditions and is useful for analyz-
ing the operational service life of components. 
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ANALYSIS OF RESULTS AND DISCUSSION

Experimental data

The properties of the studied loose materials 
were established, and the following parameters 
were determined: distributed pressure, friction 
force, and wear coefficient (Table 4).

The adopted values α = 0.20 and hm = 30 mm 
represent nominal industrial operating condi-
tions. Since q is proportional to the height of the 
material layer, any increase in α and/or hm will 
proportionally increase the effective load and, as 
a result, reduce the predicted service life. As a 
result of measuring the thickness reduction of the 
perforated plate during operation, the data shown 
in Table 5 were obtained.

The average operational wear coefficient list-
ed in Table 4 was calculated according to Equa-
tion 7 using the experimentally determined aver-
age wear rates (Table 5) and friction forces. For 
practical application, the data are presented using 
quadratic polynomial equations for the given 
loose materials:

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
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where:	δ(t) –thickness reduction, t – operating 
time. 

Analysis of the wear kinetics in Table 5 con-
firms a pronounced nonlinear trend for all mate-
rials, with a gradual increase in the interval wear 
rate over time. For wheat, the incremental wear 
rate rises from 0.015 µm/h (0–2000 h) to 0.0225 
µm/h (6000–8000 h), while for corn it increases 
from 0.0275 µm/h to 0.0375 µm/h over the same 
intervals. The most severe acceleration is observed 
for granite, where the rate increases from 0.0525 
µm/h (0–2000 h) to 0.0725 µm/h (6000–8000 h). 
In terms of cumulative thickness loss at 8000 h, 
granite exhibits 480 µm compared to 150 µm for 
wheat and 255 µm for corn, i.e., approximate-
ly 220% and 88% higher, respectively. Impor-
tantly, the first signs of plastic deformation were 
observed after 6000 h of operation, particularly 
during granite screening, which corresponds to a 
thickness loss of 335 µm (≈33.5% of the initial 1.0 
mm plate thickness) and indicates an approach-
ing critical stiffness reduction. Considering this, 
the range of perforated plate thicknesses used for 
numerical modeling was 0.6–1.0 mm.

FEM data

The numerical modeling provided stress dis-
tribution in perforated plates under different con-
ditions. The zones with the highest stress levels 

Table 4. Properties of loose material

Properties
Type of loose material

wheat corn granite

Layer thickness hm, mm 30 30 30

Average density ρ, kg/m3 780 750 1600

Friction coefficient μ 0.4 0.35 0.6

Through fraction α 0.20

Friction force Ff, N 100 67.2 253.2

Wear coefficient, µm/(N·h) 0.00019 0.00048 0.00024

Distributed pressure q, Pa 250 192 422

Table 5. Wear parameters of the perforated plate

Type of loose 
material

Thickness reduction of perforated plate , µm
Average wear rate, 

µm/hOperating time, hours

0 2000 4000 6000 8000

wheat 0 30 65 105 150 0.019

corn 0 55 115 180 255 0.032

granite 0 105 220 335 480 0.06
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Figure 4. Zones of maximum stress in the perforated plate

were identified: peripheral (A) and central (B) 
(Figure 4). Zone A was defined as the peripheral 
strip adjacent to the clamped boundary, spanning 
the first four rows of perforations and ligaments 
measured inward from the plate edge (resulting in 
an effective width of approximately 0.10–0.12 m 
for the considered layouts). Zone B was defined 
as the remaining central perforated region after 
excluding Zone A. Both regions were implement-
ed as element sets in Abaqus/CAE to ensure iden-
tical spatial sampling across models.

Regardless of the loose material type, hole 
geometry, or plate thickness, these zones were 
consistently observed. Thus, the subsequent anal-
ysis focused on maximum stress values specifi-
cally in these zones, where deformation is most 
likely to occur.

During the finite element analysis of perforat-
ed thin-walled plates subjected to distributed load-
ing, extremely high local von Mises stresses were 
observed at the edges of perforations and within 
narrow ligaments between adjacent holes (Table 6, 
Figure 5). Such stress peaks were most pronounced 
for small ligament widths and in regions adjacent 
to the clamped peripheral boundary. This behavior 
was attributed to the presence of stress singulari-
ties, which naturally arise in linear elastic formula-
tions when the structural geometry includes sharp 
curvature transitions, closely spaced openings, or 
abrupt boundary constraints. From the standpoint 
of continuum mechanics, these singularities are 
associated with locally unbounded stress gradients 
and do not correspond to a physically realizable 
average stress state within a finite material volume. 

Similar observations and interpretations have been 
widely reported in studies on notched and perforat-
ed components [22, 40].

From the finite element methodology perspec-
tive, the maximum von Mises stresses 𝜎𝜎𝑣𝑣𝑣𝑣

max 
 
 𝜎̄𝜎𝑣𝑣𝑣𝑣
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max  
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𝜂𝜂𝑠𝑠
2 

 
 𝜂𝜂mat

2  
 
 
 𝜂𝜂𝑎𝑎

2  
 

 were 
found to be mesh-dependent and increased with 
local mesh refinement, which is a classical indica-
tor of singular behavior [41]. Therefore, these peak 
values were interpreted not as quantitative meas-
ures of the global structural response, but rather 
as qualitative indicators of potential locations for 
damage initiation, such as local yielding, microc-
rack formation, or accelerated wear. Direct com-
parison of 𝜎𝜎𝑣𝑣𝑣𝑣

max 
 
 𝜎̄𝜎𝑣𝑣𝑣𝑣
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 with material strength limits was 
thus considered methodologically unjustified, in 
accordance with established recommendations for 
FEM-based stress assessment [42].

To obtain physically meaningful and 
mesh-independent stress measures, an averaging 
approach was implemented. Two critical regions 
were defined:
	• Zone A, located near the clamped peripheral 

boundary;
	• Zone B, located in the central part of the per-

forated plate. 

The local von Mises stress field σvM(x) was 
extracted in Abaqus/CAE using the command 
sequence: Visualization → Field Output → Varia-
ble: S → Invariant: Mises, with Position = Integra-
tion Point to avoid nodal extrapolation effects [43]. 
For Zone A, an element set including four rows of 
perforations and ligaments adjacent to the plate 
edge was selected, corresponding to a peripheral 
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strip of about 0.10–0.12 m in width. Given the total 
plate size of 1 m × 1 m, the area of Zone A was 
therefore estimated as SΩ,A = 0.3 m2. Zone B was 
defined as the remaining central region, excluding 
the peripheral strip, with an estimated area of SΩ,B 
= 0.45 m2. These dimensions ensured that each 
zone contained a sufficiently large number of finite 
elements and perforation units to provide statisti-
cally representative stress measures.

The area-averaged von Mises stress was then 
evaluated according to

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 

 

	(11)

where:	σvM(x) denotes the local stress field 
obtained from the FEM solution and SΩ is 
the area of the corresponding zone. 

The maximum stress 𝜎𝜎𝑣𝑣𝑣𝑣
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 was retained only 
as an auxiliary indicator of local stress amplifi-
cation due to geometric singularities, while the 
averaged stress 𝜎̄𝜎𝑣𝑣𝑣𝑣 
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 was adopted as the primary 
quantitative measure. The ratio 
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 consistently 

remained well below unity, confirming that the 
extreme peak stresses were confined to very small 
regions and did not govern the global stress state.

The averaged stresses exhibited stable con-
vergence with mesh refinement and revealed 
clear, physically consistent trends with respect 
to plate thickness, ligament width, and perfora-
tion geometry. Consequently, these values were 
reported in the tabulated results (Table 7) and 
used as the basis for comparative analysis, while 
the maximum stresses were discussed exclusive-
ly in the context of local stress concentration and 
potential damage initiation, following established 
FEM practice [40, 41].

Table 7 systematizes the key physical and 
tribological parameters of the investigated loose 
materials and quantitatively explains their dif-
ferent impacts on the durability of perforated 
sifting plates. An increase in loose density and 
friction coefficient from wheat to corn and fur-
ther to granite resulted in a pronounced rise of 
the effective distributed load acting on the sieve, 

Table 6. Maximum stresses in a perforated plate with epicycloidal holes (type of loose material – wheat; ligament 
width a = 1 mm)

Model 
No 

Plate 
thickness, 

mm 

Modulus epicycloid k = 5 Modulus epicycloid k = 7 Modulus epicycloid k = 9 
Stresses in the 
zone А  𝜎𝜎𝐴𝐴𝐴𝐴𝐴𝐴max, 

МPа 

Stresses in the 
zone B 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵max, 

МPа 

Stresses in the 
zone А 𝜎𝜎𝐴𝐴𝐴𝐴𝐴𝐴max, 

МPа 

Stresses in the 
zone B 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵max, 

МPа 

Stresses in the 
zone А 𝜎𝜎𝐴𝐴𝐴𝐴𝐴𝐴max, 

МPа 

Stresses in the 
zone B, МPа 

1 0.6 440.8 157.4 586.7 244.5 658.9 274.6 

2 0.8 249 88.9 334.7 139.4 382.7 159.5 

3 1 160 57.2 217.6 90.6 252.9 105.4 

 

Figure 5. Visualization of maximum stresses in the peripheral zone of a perforated plate under external loading
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which was reflected in the growth of the calculat-
ed normal pressure and friction force. As a con-
sequence, the experimentally measured wear rate 
increased from 0.019 µm/h for wheat to 0.032 
µm/h for corn and reached 0.06 µm/h for granite, 
i.e., granite caused more than a threefold increase 
in wear intensity compared with wheat (Table 4, 
5). These results demonstrate a consistent corre-
lation between material properties, operational 
loading, and degradation kinetics of the sifting 
plate. Thus, Table 7 provides a physically ground-
ed basis for coupling experimental wear data with 
FEM-predicted stress states and enables reliable 
material-specific forecasting of sieve service life.

The influence of hole type or epicycloid mod-
ule also affected stress levels in the perforated 
plate (Figure 6).

Figure 6 consistently demonstrated that the 
averaged von Mises stress in the critical periph-
eral zone (Zone A) decreased with increasing 
ligament width a for both wheat and granite 
at s = 0.6 mm, while the absolute stress level 
scaled strongly with the granular loading sever-
ity. For loose material, increasing a from 1 to 3 
mm reduced 𝜎̄𝜎𝑣𝑣𝑣𝑣 
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𝜎̄𝜎𝐴𝐴𝐴𝐴𝐴𝐴(𝑎𝑎) = 𝐶𝐶 𝑎𝑎−𝑛𝑛 
 
 𝜎̄𝜎𝐴𝐴𝐴𝐴𝐴𝐴(𝑠𝑠) = 𝐶𝐶𝑠𝑠 𝑠𝑠−𝑚𝑚 
 
 𝜂𝜂𝑠𝑠

2 
 
 𝜂𝜂mat

2  
 
 𝜂𝜂𝑎𝑎

2 
 

 by 22.6–23.2% for k = 7, by 
22.4–23.2% for k = 5, and by 21.6–22.7% for 
k = 9. This cross-material consistency indicates 
that ligament width controlled the stress con-
centration pathway, whereas the material type 

Table 7. Averaged stresses in a perforated plate with epicycloidal holes

Model 
No 

Ligament 
width a, 

mm 

Type of 
loose 

material 

Plate 
thickness 

s, mm 

Modulus epicycloid k = 5 Modulus epicycloid k = 7 Modulus epicycloid k = 9 

Averaged 
stresses in 
the zone А 
𝜎̄𝜎𝐴𝐴𝐴𝐴𝐴𝐴, МPа 

Averaged 
stresses in 
the zone B 
𝜎̄𝜎𝐵𝐵𝐵𝐵𝐵𝐵, МPа 

Averaged 
stresses in 
the zone А 
𝜎̄𝜎𝐴𝐴𝐴𝐴𝐴𝐴, МPа 

Averaged 
stresses in 
the zone B 
𝜎̄𝜎𝐵𝐵𝐵𝐵𝐵𝐵, МPа 

Averaged 
stresses in 
the zone А 
𝜎̄𝜎𝐴𝐴, МPа 

Averaged 
stresses in 
the zone B 
𝜎̄𝜎𝐵𝐵, МPа 

1 

1 

wheat 
 

0.6 167.5 59.8 222.9 92.9 250.4 104.3 

2 0.8 94.6 33.8 127.2 53 145.4 60.6 

3 1 60.8 21.7 82.7 34.4 96.1 40.1 

4 

2 

0.6 148.1 52.9 185.9 77.5 207.5 86.5 

5 0.8 82.9 29.6 104.5 43.5 116.8 48.7 

6 1 52.9 18.9 67.1 28 75.3 31.4 

7 

3 

0.6 128.7 45.9 171.3 71.4 193.6 80.6 

8 0.8 71.2 25.4 95.7 39.9 109.2 45.5 

9 1 44.9 16.1 61.1 25.5 70.3 29.3 

10 

1 

corn 

0.6 128.6 45.9 171.2 71.3 192.3 80.1 

11 0.8 72.7 26 97.7 40.7 111.7 46.5 

12 1 46.7 16.6 63.5 26.6 73.8 30.7 

13 

2 

0.6 113.7 40.6 142.8 59.5 159.4 66.4 

14 0.8 63.7 22.7 80.3 33.5 89.7 37.4 

15 1 40.6 14.5 51.5 21.5 57.8 24.1 

16 

3 

0.6 98.8 35.3 131.6 54.8 148.7 61.9 

17 0.8 54.7 19.5 73.5 30.6 83.9 34.9 

18 1 34.5 12.3 46.9 19.6 54 22.5 

19 

1 

granite 

0.6 282.7 101 376.4 156.8 422.6 176.1 

20 0.8 159.7 66.5 214.7 89.5 245.5 102.3 

21 1 102.6 36.7 139.5 58.1 162.2 67.6 

22 

2 

0.6 250 89.3 313.8 130.8 350.3 146 

23 0.8 139.9 58.3 176.5 73.5 197.2 82.2 

24 1 89.2 31.9 113.2 47.2 127.1 52.9 

25 

3 

0.6 217.2 77.6 289.2 120.5 326.7 136.2 

26 0.8 120.2 50.1 161.6 67.3 184.3 76.8 

27 1 75.9 27.1 103.1 43 118.7 49.4 
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Figure 6. Dependence of average stresses (zone A) in a perforated plate on the ligament width and the epicycloid 
modulus: a) wheat loose material; b) granite loose material (s = 0.6 mm, the red line shows the permissible stress 

of the material [σ] = 235 MPa)

Figure 7. Dependence of average stresses (zone A) 
in a perforated plate on its thickness (wheat loose 

material; a = 1 mm, k = 9)

Figure 8. Changes in average stresses in different 
areas of a perforated plate for different loose 

materials (a = 1 mm, s = 0.6 mm, k = 9)

primarily controlled the loading magnitude, in 
line with well-established FEM observations 
that peak/critical stresses in perforated plates 
localize around ligaments and hole boundaries 
and scale with applied load [22]. 

The stress–ligament width relationship for 
all materials (Figure 6) was well approximat-
ed by a power-law regression (log–log fit): 
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, with n ≈ 0.23–0.24 and excel-
lent fit quality (R2 ≈ 0.97–0.996) for the shown 
datasets. This form is physically consistent with 
the fact that ligament widening increases the 
effective load-carrying section and reduces stress 
gradients around adjacent openings. The influ-
ence of epicycloid mode k was also systematic: 
at a = 1 mm (wheat), increasing k from 5 to 9 
increased 
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 by 49.5% (167.5 → 250.4 MPa). 
Under granite, the same increase produced 49.5% 
(282.7 → 422.6 MPa). These results indicate 
that k acted as a secondary geometric amplifier 

superimposed on the dominant ligament effect, 
while the granite case exceeded the yield thresh-
old by a wide margin (e.g., 422.6 MPa ≈ +80% 
above 235 MPa), implying elastic–plastic transi-
tion under the assumed steel grade (S235) [22].

Figure 7 showed a bending-dominated thick-
ness sensitivity: for wheat at a = 1 mm and k = 
9, increasing thickness from s = 0.6 to 1.0 mm 
reduced 
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 by 61.6% (250.4→96.1 MPa). 
The stress–thickness dependence was accurately 
captured by: 
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, m ≈ 1.88 (R2 
≈ 0.99), which is consistent with plate bending 
mechanics (stress scaling strongly with thick-
ness) and with FEM studies reporting systematic 
stress/SCF reduction with increasing thickness in 
perforated/holed plates [44, 45].

Figure 8 quantitatively confirmed the domi-
nance of the peripheral zone: for the critical case (a = 
1 mm, s = 0.6 mm, k = 9), Zone A stresses were con-
sistently about (2.4–2.6)×Zone B (i.e., ~140-149% 
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higher) for wheat, corn, and granite. This behavior 
is expected under clamped boundaries where bend-
ing moments and constraint effects intensify near 
the periphery. The granular material type produced 
large scaling: replacing wheat by granite increased 
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 by 68.8% (250.4 → 422.6 MPa). Similar 
trends, stress intensification around perforations and 
strong dependence of stress levels on load magni-
tude and plate details, have been reported for per-
forated plates under external loading and in exper-
imental–numerical comparisons [32]. To justify 
factor significance quantitatively, the study used 
two complementary sensitivity metrics commonly 
applied to FEM-driven design studies [46]:
1.	Local “one-factor-at-a-time” relative effect 

index (directly supported by the plotted con-
trolled comparisons):

	

𝜎𝜎 ≤ [𝜎𝜎]        (1) 
 
𝛾𝛾(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑       (2) 
 
ℎ𝑚𝑚(𝑥𝑥) = ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)      (3) 
 
𝑞𝑞(𝑥𝑥) =  𝜌𝜌𝜌𝜌ℎ𝑚𝑚(𝑥𝑥) = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼 𝑥𝑥

𝐿𝐿)     (4) 
 
𝑞̅𝑞 = 1

𝐿𝐿 ∫ 𝑞𝑞(𝑥𝑥)𝑑𝑑𝑑𝑑 = 𝜌𝜌𝜌𝜌ℎ𝑚𝑚0 (1 − 𝛼𝛼
2)𝐿𝐿

0      (5) 
 
𝑘𝑘𝑤𝑤(𝑡𝑡) = 1

𝐹𝐹𝑓𝑓

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑       (6) 

 
𝑘𝑘w(𝑡𝑡) = 𝛿𝛿(𝑇𝑇)−𝛿𝛿(0)

𝐹𝐹𝑓𝑓𝑇𝑇       (7) 

 
𝛿𝛿(𝑡𝑡)𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 6.25 × 10−7𝑡𝑡2 + 0.01375𝑡𝑡    (8) 
 

𝛿𝛿(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 8.04 × 10−7𝑡𝑡2 + 
+ 0.0253 𝑡𝑡 + 0.429 

 
(9) 
 

 
𝛿𝛿(𝑡𝑡)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 14.29 × 10−7 𝑡𝑡2 + 

+ 0.0481 𝑡𝑡 + 1.429 
 
(10) 
 
 
𝜎̄𝜎𝑣𝑣𝑣𝑣 = 1

𝑆𝑆Ω
∫ 𝜎𝜎𝑣𝑣𝑣𝑣Ω (𝑥𝑥) d𝑆𝑆, Ω ∈ {Zone A, Zone B}   (11) 

 
 
𝐼𝐼𝑋𝑋 = 𝜎𝜎(𝑋𝑋max)−𝜎𝜎(𝑋𝑋min)

𝜎𝜎(𝑋𝑋min) × 100%     (12) 
 

𝜂𝜂X
2 = 𝑆𝑆𝑆𝑆X

𝑆𝑆𝑆𝑆T
=

∑ 𝑛𝑛𝑗𝑗𝑗𝑗
(𝜎̄𝜎𝑗𝑗−𝜎̄𝜎)2

∑ (𝑁𝑁
𝑖𝑖=1 𝜎𝜎𝑖𝑖−𝜎̄𝜎)2       (13) 
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where:	X ∈ {s, a, k, material}, and all other fac-
tors were fixed at the plotted reference 
conditions.

	 This index yields directly interpretable “engi-
neering significance” and is frequently used 
in FE-based parametric sensitivity discussions 
[46, 47].

2.	ANOVA / factorial-design effect size (variance 
contribution) for the multi-factor dataset:
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where:	SSX is the sum of squares associated with 
factor X, SST is the total sum of squares, 
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 denote the number of cases 
and mean stress at factor level j. 

This is the standard pathway to rank fac-
tor importance in simulation-based design and is 
widely documented in structural design sensitivity 
analysis literature and factorial-design sensitivity 
frameworks [46, 47].

Using the relative effect index IX computed 
from the most critical controlled comparisons 
shown in Figures 6–8, Table 7, the factors were 
ranked (largest-to-smallest influence on 
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) as 
granular material properties (via effective pres-
sure and friction) (~68.8%), plate thickness s 
(~61.6%), epicycloid mode k (up to ~49.5% at 
fixed a and s), and ligament width a (~22–23%). 
The ranking is physically consistent: s governs 
bending stiffness and stress scaling; material 

properties govern the applied distributed load and 
tangential interaction; k modifies geometric stress 
paths; and a controls local ligament cross-section 
and stress gradients [22, 44, 46].

To provide a statistically grounded assess-
ment of factor importance, an analysis of variance 
(ANOVA) was performed using the averaged von 
Mises stresses in Zone A for the critical configura-
tion (k = 9), derived directly from the numerical data 
presented in the table. The factors considered were: 
plate thickness (s), ligament width (a), and type 
of loose material. Based on the computed values 
from the dataset (27 cases in Table 7), the following 
results were obtained: plate thickness (s): 
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 = 0.52 
(52% of total variance); loose material type: 
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 = 
0.363 (36.3% of total variance); ligament width (a): 
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 = 0.046 (4.6% of total variance). The remaining 
variance (<8%) is attributed to factor interactions 
and residual numerical scatter.

These results quantitatively demonstrate that 
plate thickness is the dominant factor governing 
the averaged stress level, followed by the proper-
ties of the loose material, which control the effec-
tive distributed pressure and frictional interaction 
with the sieve. The ligament width, while clearly 
influential in controlled geometric comparisons 
(Figure 6), contributes a smaller share to the glob-
al variance when thickness and material effects 
are simultaneously present. This hierarchy is fully 
consistent with plate bending theory and FEM-
based sensitivity studies, where thickness directly 
scales bending stiffness, whereas material proper-
ties scale the applied load magnitude.

Figure 9 presents three service life curves, 
which correspond to epicycloidal hole geometries 
with k = 5, k = 7, and k = 9, respectively, and 
demonstrates the capability of the proposed meth-
odology to quantitatively predict sieve durability.

For granite, the intersection of the experimen-
tally measured wear curve with the FEM-pre-
dicted critical thickness yields a service life of 
approximately 5790 h for k = 5 (SL-3), 4090 h 
for k = 7 (SL-2), and 3180 h for k = 9 (SL-1), 
indicating a systematic reduction of operation-
al life with increasing epicycloid module. Thus, 
Figure 9 provides a direct and physically ground-
ed validation of the proposed approach, in which 
the coupling of experimental wear kinetics with 
numerically determined critical thickness enables 
reliable, geometry-dependent forecasting of the 
service life of perforated sifting plates.

The proposed methodology and analysis of 
dependencies (Figure 9) allowed us to establish 
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Figure 9. Wear dependence of the perforated plate thickness over operating time

Table 8. Critical thickness of the perforated plate scrit (at σ = 235 MPa)

Loose material
Critical thickness of the perforated plate, mm

Epicycloidal holes k = 5 Epicycloidal holes k = 7 Epicycloidal holes k = 9

Wheat 0.4148 0.5747 0.6293

Corn 0.2193 0.4264 0.4940

Granite 0.6776 0.7749 0.8252

Figure 10. Example of increased stiffness in the perforated plate by enlarging ligament width in zone A (loose 
material – granite, plate size 1 × 1 m, epicycloid hole k = 5, s = 0.6 mm)

critical values of the thickness of the perforated 
plate for three loose materials and three types of 
epicycloidal holes (k = 5, 7, 9). In the present study, 
the strength threshold used for defining the critical 
thickness scrit and the service-life curves is taken 
as the allowable stress (Equation 1). For the ser-
vice-life mapping in Figure 9 and the correspond-
ing critical thickness values in Table 8, n = 1 was 

used to relate the FEM-predicted stress state direct-
ly to the onset of yielding under the assumed mate-
rial model. The data obtained (Table 8) indicate a 
critical proximity to the yield strength of the plate 
material (specified steel), which allows predicting 
the service life of perforated plates with complex 
geometry holes based on operating time (for exam-
ple, in the form of an illustrative diagram, Figure 9).
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One possible solution is to increase the stiffness 
of the perforated plate structure in the identified crit-
ical zones. For example, a study was conducted on 
stress reduction in the peripheral zones by increas-
ing the width of ligaments (distance between holes) 
in corresponding rows (Figure 10, Table 9). 

The results in Table 9 demonstrate that a local 
increase of ligament width from 1.0 to 1.5 mm in 
the peripheral rows leads to a systematic reduction 
of peak stresses in the perforated plate. For granite 
at s = 0.6 mm, the maximum stresses decreased 
to 5.8% (from 282.7 to 266.35 MPa in zone A, 
and in zone B – from 101.0 to 95.15 MPa). A sim 
ilar trend was observed at s = 1.0 mm, where the 
reduction in stresses was up to 6.5%, confirming 
the stability of the effect. These results indicate 
that targeted reinforcement of peripheral liga-
ments represents an effective and technologically 
feasible design strategy to reduce local stress con-
centrations and thereby increase the durability and 
service life of perforated sifting plates without a 
significant increase in material consumption.

CONCLUSIONS

An integrated experimental–numerical frame-
work was developed to predict the service life of 
perforated sifting plates with epicycloidal holes 
(k = 5, 7, 9) under real granular loading, explicit-
ly coupling measured abrasive wear kinetics with 
FEM-based stress evaluation in critical zones A 
(periphery) and B (center).

Wear tests showed degradation that was high-
ly dependent on the material: after 8000 hours, 
the loss of thickness reached 150 μm (wheat), 255 
μm (corn), and 480 μm (granite), while the aver-
age wear rates were 0.02 µm/h, 0.03 µm/h, and 
0.06 µm/h, respectively, confirming granite as the 
most aggressive environment for the strength of 
the perforated plate.

FEM revealed stable localization of criti-
cal stresses in two repeatable regions: Zone A 

(peripheral, clamped boundary) and Zone B (cen-
tral). Under the most severe configuration (a = 1 
mm, s = 0.6 mm, k = 9), the averaged stresses 
in Zone A were approximately 140–149% from 
Zone B, proving that service life is governed by 
the peripheral constraint zone.

The influence of significant factors on the 
magnitude of stresses in a perforated plate has 
been established. Thus, increasing the width of 
the bridge from a = 1 to 3 mm reduced the average 
stresses by ~22–23%, and an increase in thick-
ness from s = 0.6 to 1.0 mm reduced the stress in 
the critical case (wheat, k = 9, zone A) by 61.6%, 
confirming the presence of thickness as the main 
level of rigidity against stress intensification dur-
ing wear processes. An increase in the epicycloi-
dal modulus from k = 5 to k = 9 increased the 
average stress in zone A by ~49.5% for wheat, 
while for granite, the same configuration reached 
422.6 MPa, which is 80% higher than the permis-
sible stress (235 MPa), indicating a high probabil-
ity of transition to an elastic-plastic mode under 
severe operating conditions.

Using the full factorial dataset (27 FEM 
cases, Zone A, k = 9), ANOVA effect sizes quanti-
fied the dominance of plate thickness (η² = 0.520) 
and loose material type (η² = 0.363) over ligament 
width (η² = 0.046), while the remaining variance 
(<8%) was attributed to interactions and residual 
scatter—providing a statistically grounded rank-
ing consistent with plate bending mechanics and 
load scaling.

Critical residual thickness values at the yield 
criterion σ = 235 MPa were established for all 
materials and hole types (e.g., granite: scrit = 0.6776/ 
0.7749/ 0.8252 mm for k = 5/7/9), enabling life 
prediction by mapping experimental wear curves 
to FEM-based strength limits; additionally, a prac-
tical reinforcement strategy, locally increasing 
peripheral ligament width from 1.0 to 1.5 mm, 
reduced peak stresses by ~5.8% (s = 0.6 mm) and 
~6.5% (s = 1.0 mm), demonstrating a feasible route 
to extend service life with minimal added material.

Table 9. Comparison of stresses in perforated plates (loose material – granite, plate size 1 × 1 m, epicycloidal hole 
k = 5, s = 0.6 mm)

Plate thickness s, mm
Ligament width a, mm Averaged stresses in the zone А 
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