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ABSTRACT. The paper presents an analysis of an isotropic circular axisymmetric 
perforated plate loaded with concentrated force Pi applied in the geometric center of 
the plate using finite element software ANSYS. The test plate with diameter D = 300 
mm has holes arranged at ten different radial spacings. The plate has holes with 
diameter d1 = 3.5 mm on the first inner circle, and holes on the tenth outside circle 
have a diameter d10 = 20.5 mm. The plate of the above geometry was free supported 
and loaded with different values of concentrated force. By means of numerical 
calculations using the finite element method, the coordinates of equivalent (von 
Mises) stress concentration zones in the perforated plate were determined. These 
zones were located on the plate bridges between perforation holes. The most 
hazardous place in the analysed perforated plate is associated with the outer circle, 
Z10, with the hole radius d1 = 3.5 mm at the circle radius R1 = 22.5 mm, where the 
highest stress concentration occurs. In this zone, the equivalent (von Mises) stress is 
σred max = 416.90 MPa (point with the coordinates x, y, z [mm], i.e. P10 [-69.9; 72.5; 
0.0]). The results of numerical calculations were verified with experimental results. 
The differences between the results of numerical calculations of the state of stress 
and those obtained experimentally did not exceed 31%. 
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INTRODUCTION  
 

n engineering practice, a plate construction element is often used in which a series of holes are drilled to form a dense, 
regular mesh. Currently, there are many applications of perforated plates, e.g. in a pressure vessel, chemical apparatus 
(heat exchanger tube walls) [1-4], oil refineries [5], air units, e.g. construction elements of aircraft and spacecraft, robots, 

transport containers, box conveyor or as elements of loose material screens, which can be subjected to a load that varies 
over time [6-9]. This type of girders (perforated plates) can also act as mounting boards in which holes are made for various 
operational reasons [10-12]. 
Literature studies show that there are many publications undertaking an analysis of perforated plates. In general, scientists 
use several methods to analyze the state of stress, strains and deflection in perforated panels. Such methods are divided into 
three groups: analytical [13], experimental [14, 15] and numerical [16-19]. Analytical methods are generally used to analyze 
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very simple and uncomplicated problems. Currently, to solve problems related to plates, a new approach is most often used 
with the help of numerical methods using finite element methods (FEM), which allow solving complex tasks with higher 
accuracy. In [13], the authors propose a mathematical approach to determining internal forces in a circular perforated plate 
of a heat exchanger in a chemical reactor. The plate was subjected to a load that was symmetrical about the center axis of 
the plate and perpendicular to the center surface of the plate. The assumed mathematical algorithm provides a manner in 
which the state of stress in the perforated plate can be evaluated by means of analytical relations. Experimental verification 
of the mathematical model is presented in [14], where a methodology of the research was developed that would allow 
determination of stress history in perforated plates loaded centrally by concentrated force. Examples using the finite element 
method to analyze perforated plates are given in papers [20-22]. Using FEM, the authors [22] examined perforated panels 
for deflections in the center of the plate by changing the number, radius and location of the holes. Perforated plates were 
adopted with round holes in the number of 2 to 200, arranged in a stepped arrangement, simply supported on their four 
sides and subjected to a load resulting from the plate’s own weight. It has been shown that the obtained deflection values 
can be useful in the selection of plate perforation parameters. However, the subject of research in [23-25] was the numerical 
analysis of the state of stress in fixed and free supported, circular axisymmetrical perforated plates loaded centrally with 
concentrated force or external pressure on the entire surface of the plate. In the analysed cases, stress distributions were 
obtained around the holes on the entire surface of the perforated plate, especially in state of stress zones. In turn, 
considerations related to the issue of the analysis of perforated plates included in the heat exchangers were undertaken in 
[26, 27, 28]. 
The aim of the study reported in the present paper is to locate the zones in which maximum stresses occur in a circular 
axisymmetric perforated plate, free supported and loaded with concentrated force Pi applied in the geometric center of the 
plate. Tests of stress concentration zones were performed numerically using the finite element method. 
 

 
Figure 1:  The arrangement of extensometers on a circular axisymmetric perforated plate - schematically (numbered 1-8) [14]. 

 
 
EXPERIMENTAL RESEARCH   
 

he subject for the experimental research of the state of stress was a circular axisymmetric perforated plate with 
dimensions: diameter D = 300 mm, thickness, h = 5 mm, where 200 holes with different radii were placed on the 
plate. These holes were arranged in 10 circles with 20 holes in each circle, as shown in Fig. 1. The plate was made T 
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of S235JR steel sheet with the following material parameters: Young's modulus E = 200 GPa, Poisson's ratio ν = 0.3, tensile 
strength Rm = 340 - 470 MPa, yield strength Re = 235 MPa. The strain gauges were stuck on the previously prepared plate 
surface at the points shown in Fig. 1. Foil strain gauges type TF - 1/120, TFW - 2/120, TFP - 2/120 were used for the 
measurement of strains in the perforated plate. For practical reasons, the strain gauges were placed in eight circles, meaning 
with radii R3, R4, ..., R10. Since the tested perforated plate was axially symmetric, the strain gauges were placed in the first 
and fourth quarter [14].  
The perforated plate prepared for testing with glued strain gauges was placed on an appropriately prepared annular support 
centrally with respect to the loading mandrel of the universal testing machine. The diagram of mounting the plate and the 
place of applied load is shown in Fig. 2. The load was implemented directly using the universal testing machine mandrel, 
which corresponds to the case of concentrated force applied in the center of the plate. The following values of the load 
were assumed Pi: P1 = 410 N; P2 = 875 N; P3 = 1365 N; P4 = 1925 N; P5 = 2510 N.  

 
 

Figure 2: A scheme of the perforated plate on the test stand [14]. 
 

Knowing the radial strain values r and circumferential strain values θ in these directions calculated from the relationship: 
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After determining the radial stress values r and circumferential stresses values θ, these values were introduced into the 
formula for equivalent stress red, using the von Misses hypothesis in the form [29]: 
 

2 2
1 2 1 2red                                                                                   (3) 

 
 
NUMERICAL CALCULATIONS    
 

he subject for the numerical calculations of the state of stress was a circular axisymmetric perforated plate with 
dimensions: diameter D = 300 mm, thickness, h = 5 mm, where 200 holes with different radii were placed on the 
plate. These holes were arranged in 10 circles with 20 holes in each circle, as shown in Fig. 3. The plate was made 

of S235JR steel sheet with the following material parameters: Young's modulus E = 200 GPa, Poisson's ratio ν = 0.3, tensile 
strength Rm = 340 - 470 MPa, yield strength Re = 235 MPa.  
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The perforated plate was free supported on the entire perimeter and loaded with a concentrated force Pi applied in the 
geometric center of the plate (Fig. 4). Free support of the plate was realized by designing a special annular support. The 
perforated plate was placed on the annular support and contact between the plate and the support was used in the form of 
a low friction value. The following values of the load were assumed Pi: P1 = 410 N; P2 = 875 N; P3 = 1365 N; P4 = 1925 N; 
P5 = 2510 N. To determine the areas of maximum stress in a plate ten measuring zones, i.e. from Z1 to Z10 (Fig. 3), were 
placed on the circular axisymmetric perforated plate. 
 

 
 

Figure 3: Model of perforated plate with ten measuring zones, i.e. from Z1 to Z10 [14]. 
 

 
Figure 4: A circular axisymmetric perforated plate loaded with concentrated force Pi applied in the geometric center of the plate and free 
supported over the entire perimeter. 
 
Numerical calculations were carried out using the ANSYS program [30]. ANSYS is a program for numerical calculations 
using the finite element method (FEM). It allows solving complex tasks with high accuracy. ANSYS uses a range of advanced 
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and universal technologies that enable quick, efficient and simple preparation of the calculation model. Numerical 
calculations were carried out in a linearly elastic range. 
The solid plate was modelled using cubic spatial finite elements (3D) with square sides containing twenty nodes (eight nodes 
in the corners and twelve on the edges of the element sides), i.e. W20, described by a square shape function (Fig. 3). The 
computational model contained the total number of finite elements 615202, while the total number of nodes was 2817069. 
The solid plate had 7 layers of finite elements. 
 

 
 

Figure 5: Division of the plate into finite elements. 
 
For example, in Fig. 6, the distribution of equivalent stresses red is given, calculated according to the von Misses hypothesis 
in a circular axisymmetrical perforated plate, free supported and loaded with concentrated force Pi applied in the geometric 
center of the plate with the value P5 = 2510 N. However, the location of stress concentration zones in the tested plate is 
shown in Fig. 7. The figure illustrates the distribution of equivalent stresses given in MPa in ten measuring zones (Fig. 3). 
Points T1 to T10 define the values of equivalent stresses obtained numerically at control measuring points, and P1 to P10 
are points that identify the maximum numerical values of stress. In square brackets, the values of three coordinates, i.e. x, 
y, z coordinates, are given (Fig. 7).  
 

 
Figure 6: Distribution of equivalent (von Mises) stress σred given in MPa for the circular axisymmetric perforated plate free supported 
and loaded with concentrated force Pi applied in the geometric center of the plate with the value P5 = 2510 N, σred max = 416.79 MPa. 
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1) zone Z1: σred max = 131.28 MPa 2) zone Z2: σred max = 176.02 MPa 
 

3) zone Z3: red max = 208.97 MPa 4) zone Z4: σred max = 224.17 MPa 
 

5) zone Z5: σred max = 254.12 MPa 6) zone Z6: σred max = 285.51 MPa 
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7) zone Z7: σred max = 310.54 MPa 8) zone Z8: σred max = 339.06 MPa 
 

9) zone Z9: σred max = 381.73 MPa 10) zone Z10: σred max = 416.79 MPa 
 

Figure 7. Equivalent (von Mises) stress zones σred given in MPa for the circular axisymmetric perforated plate free supported and loaded 
with concentrated force Pi applied in the geometric center of the plate with the value P5 = 2510 N.  
 

 
Figure 8: The course of the equivalent stresses changes using the von Mises hypothesis for a circular axisymmetric perforated plate, free 
supported and loaded with concentrated force Pi applied in the geometric center of the plate, experimentally determined. 
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CONCLUSIONS 
 

ased on numerical calculations using the finite element method (FEM) and experimental research, the results that 
were obtained could be compared. The Figs. 8 - 10 present the values of the equivalent (von Mises) stresses σred in 
the stress concentrated zones for a circular axisymmetric perforated plate, free supported and loaded with 

concentrated force Pi applied in the geometric center of the plate, numerically and experimentally determined in eight 
measuring points and the difference between the results obtained methods δσ. 
 

 
 

Figure 9: The course of equivalent stresses changes using the von Mises hypothesis for a circular axisymmetric perforated plate, free 
supported and loaded with concentrated force Pi applied in the geometric center of the plate, numerically determined. 
 

 
 

Figure 10: Percentage difference in equivalent stress variations δσred according to von Mises hypothesis for a circular axisymmetric 
perforated plate, free supported and loaded with concentrated force Pi applied in the geometric center of the plate, numerically and 
experimentally determined. 
 
The results of calculations indicate that the highest value of equivalent (von Mises) stress σred occurred when the perforated 
plate was loaded with concentrated force Pi applied in the geometrical center of the plate with the value P5 = 2510 N, both 
in the case of experimental research and numerical calculations. For example, in second zone Z2, the equivalent (von Mises) 
stress determined experimentally was equal to σered = 55.62 MPa, and the calculated numerically was equal to σnred = 57.54 
MPa (Fig. 7, zone 2). The relative difference in this case was 3.34%. In the Z8 eighth zone, the equivalent (von Mises) stress 
determined experimentally was equal to σered = 160.03 MPa, and the numerical calculated was equal to σnred = 160.74 MPa 
(Fig. 7, zone 8). The relative difference in this case was 0.44%. The state of stress in the perforated plate free supported on 
the entire perimeter and loaded with a concentrated force Pi applied in the geometric center of the plate determined by the 
finite element method (FEM) of the ANSYS program, can be considered sufficiently accurate for engineering calculations. 
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The diameter of the perforation hole in the perforated plate has a significant impact on the stress distribution in the plate 
in which such geometric discontinuity occurs. The most hazardous place in a circular axisymmetric perforated plate, free 
supported and loaded with concentrated force Pi applied in the geometric center of the plate with the highest stress 
concentration is located in zone Z10 with the hole radius d1 = 3.5 mm and the radius of the circle on which the hole R1 = 
22.5 mm is located, the equivalent (von Mises) stress is σred max = 416.79 MPa (point with the coordinates x,y,z [mm], i.e.. P10 
[-69.9; 72.5; 0.0]), (Fig. 7, zone Z10). Maximum relative disaggregations expressed in terms of the values of equivalent (von 
Mises) stresses σred obtained by the numerical method using the finite element method and the experimental method, in a 
circular axisymmetric perforated plate, with free edge support, did not exceed 31% in the present research. Significant values 
of equivalent (von Mises) stress σred form the common reason for the development of microcracks in the area of the 
perforation hole. In the case of variable (fatigue) loads, microcracks start to develop and, as a consequence, they may cause 
the failure of a machine element or in a part in which the perforated element is located. In connection with the above, it is 
very important to determine the value and location of stress concentration in machine components representing the reasons 
responsible for their occurrence.  
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