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Annotation. The aim of the work is the strength analysis of structural elements of a modular line. Within the 

subject, an assessment of the structural strength state was made using the finite element method. For the purpose of 

the work, the following computational models were developed: the load-bearing frame of a charging hopper, the 

load-bearing frame of a screen as well as the load-bearing structure of wheels. The problem of load transfer between 

components occurring in mutual contact was discussed. Multi-variant strength calculations were performed later and 

stress patterns were determined for all the most important operating cases. The final stage of the work was the 

verification of the adopted design assumptions in terms of stress with the results obtained during the tests.  
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Introduction 

The first information on application of finite elements was available in the mid-60s in 20th c. At the 

beginning they were used in mechanics and the machine and construction facilities' design process. However, the 

complicated boundary conditions made formulating issues concerning a mathematical analysis impossible.  

Mathematics development allowed of changing the problem description from the analytical to algebraic form and of 

applying this solution to issues related to mechanics [1]. 

The Finite Element Method (FEM) allows of physical calculations based on the discretisation of an area with 

a finite number of elements averaging the body physical state. The finite element is understood as the sub-area of the 

discretised continuum. Its dimension is finite and its shape is simpler than the geometric shape of the examined 

object [2, 7]. The particular elements should be small in size so that the base functions approximated in them could 

be approximated by means of polynomials, but they must differ from zero, whereas the base elements should be 

simple solids while discretising space or simple figures while discretising surfaces [1-3, 33, 35-37].  

The selection of points for analysis, called nodes, aims at determining the input function conditions of 

compatibility and equilibrium, whereas each of the nodes is characterised by an appropriate number of degrees of 

freedom. There are six degrees of freedom for solid elements, hence a three-dimensional model, while for flat 

elements the number of degrees of freedom is three and a two-dimensional model is created. The accuracy of the 

solution depends on the shape function, i.e. the accuracy of the approximation of physical quantities inside the 

element [2-4, 32, 38-40]. 

The shape functions should meet the following assumptions: there is no need for continuity of derivatives 

between the elements, the matrix of the whole system is created on the basis of the matrix of elements. This allows 

the basic system of equations to be solved and on the basis of determined nodal parameters derivative functions are 

calculated [1, 5]. 

Computer programmes making FEM calculations consist in preparing the calculation process, building and 

solving an appropriate system of equations which can be presented in the form of print-outs or graphs [3-4]. 

The finite element method is used by Hou et al. [14] to analyse the helical gear mesh stiffness. Tan, et al. 

[15], uses the FEM to locate mechanical damage, whereas Hakula and Lakksonen [16] to analyse perforated 

material damage. The finite element method is also applied in the shipbuilding industry, e.g. when evaluating the 

thermal properties of fire doors on a ship [17]. The described method does not only concern steel materials, but can 

also be used for the analysis of building materials in order to assess their strength [18] and for the analysis of 

reinforced concrete elements [19-20] used during the construction of large buildings. 

The finite element method is used much more often while designing machines and equipment. Azarinfar and 

Aghaebrahimi [21] applied it to calculate the disk rotor using permanent magnets with cross-flow. Ścieszka and 

Żołnierz [22] used the finite element method to calculate the effect of the hoisting machine disk brake design on its 

thermal-elastic instability. This method is also used during the cracking analysis of machine elements [23,25,34,41] 

and issues related to the contact of machine elements [24,31,35,42]. 

The finite element method used for the stress analysis requires a lot of work on model preparation and 

synthesis of results [43]. It is now an integral part of the design process [44]. It is applied in the stress analysis in 

complex mechanical systems [45-46]. Due to the FEM, it is possible to examine the strength of the structure, its 

dynamics, stresses, displacements, kinematics and statics, simulate deflections and check the flow of liquids and 

heat [47]. Apart from its application in many fields of technology, it is also used in bioengineering and medicine [6-

8]. 
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1. Purpose and Scope of work 

The investigated constructions were designed as space frame systems which are the basic load-bearing 

system for the charging hopper (Fig. 1) and the vibrating screen (Fig. 2). Due to the nature of input functions, the 

adopted construction solutions were selected in order to ensure full structure stability even in unstable foundation 

conditions on demanding ground therefore most of the structural joints are designed as welded joints. In the 

structure of both frame structures, as the basic construction elements there were used I-section stringers connected 

with crossbars and reinforced columns, which were reinforced with braces at critical points. For strength reasons, 

the number of bolted joints is limited to the minimum to maintain the proper functionality of the designed structures 

[9-10]. 

Strength considerations also regarded a driving unit, additional equipment of the discussed frame systems 

(Fig. 3) which is an innovative solution on the market and can also be used as a bogie for transporting heavy and 

bulky materials. The construction supported by eight wheels in twin subsystems was designed to guarantee the 

mobility of the newly designed technological line. In the construction structure, a load-bearing element in the form 

of a lateral axis and articulated bogies mounted at its ends can be distinguished. 

 
 

 
 

Fig. 1. - Charging hopper frame 
 
 
 

 
      Fig. 2. - Vibrating screen frame 

 

 
Fig. 3. - Driving unit model – top view 
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Only selected system components were analysed in the work. Commercial components and those which are 

not affected by high amplitude loads, i.e. crucial from the strength point of view, were omitted in the analysis. 

For the main structural elements in the design, unalloyed structural steel, hot-rolled S355 J0, for which the 

yield stress is 355 MPa, was selected. It is killed steel of a ferritic-perlite structure in delivery condition, usually 

used in the construction of sensitive machine and equipment elements [11]. 

 

2. Strength analyses using the fem and the computational model construction 

For the load-bearing frame, intermediate frames and all other non-integral elements, the standard rules for the 

conclusion of the material stress were applied, based on the hypothesis of the highest energy of effort state (Huber-

Misses Hencky hypothesis) [13]. The following assumption was made (1): 

 

𝒌𝒅𝒐𝒑 ≤
𝑅𝑒

𝑥
,  (1) 

where: 

Re - material yield stress (355 MPa), 

x - safety factor adopted arbitrarily. 

 On the basis of the experiments of the research team performing the calculations, the following safety 

factor values were adopted: 

xnative = 1.2 - for a native material, 

xjoints = 1.6 – for joints. 

Hence: 

kdop native = 295 MPa, 

kdop joints = 221 MPa. 

 In order to construct the computational model, there were used techniques facilitating the imposition of the 

finite element mesh, while maintaining a high reflection of the geometric form of the analysed structure. The first 

step in the process was to simplify the virtual model. 

In the context of load-bearing frames, the simplification consisted in replacing the volumetric model with the 

surface one, and as it was decided to use two-dimensional meshes, inclinations and slight rounding radii were 

removed. These elements in the virtual space have a certain height and width, while the thickness is stored in the 

computer memory as a single scalar size. Such an approach is appropriate for modelling fragments of slender, long, 

extensive structures whose thickness does not exceed 10% of their length or width [12]. Usually these are sheet 

metal elements as well as sections with open and closed cross-sections. 

This process was carried out by the use of a function which automatically searches the central surface. This 

results in deactivating the view of elements containing finite volume and displaying only generated surfaces. 

For the model prepared in this way it is possible to superimpose two-dimensional meshes which will help to 

perform calculations (Fig. 4 and 5). Additionally, it is possible to change quickly the thickness of T-profiles, 

structural channels, angles and sheet metal by changing one parameter, without the necessity to update the finite 

element meshes, which also increases the efficiency of the considerations. 

 

 
Fig. 4. - Mesh of two-dimensional elements of the charging hopper frame 

 

 

 
Fig. 5. - Mesh of two-dimensional elements of vibrating screen load-bearing frame 
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In the both analysed cases (Fig. 4 and 5), the second order (parabolic) mesh was used - it consists in the 

superimposition of additional calculation nodes between nodes located in the vertices of geometric figures, which 

increases the accuracy of calculations. The triangular mesh was used in places where the degree of geometric 

complexity of a structural element was large and the superimposition of the square mesh was impossible or 

significantly impeded by the impossibility of superimposing the square element without the introduction of the so-

called "deformations", which consisted in the appearance of open angles between the sides of the quadrilateral with 

a value equal or exceeding 180 degrees. Then it is impossible to properly determine the stiffness matrix of the 

element. 

During the development of the computational model, the geometry was simplified by removing minor 

rounding, undercutting and chamfering. However, holes were left which will then be used to model the bolted joints. 

Superimposing three-dimensional meshes was performed using tools for automatic filling of selected 

volumes with finite elements. For the purpose of the discretisation, three-dimensional second-order pyramidal 

elements with additional nodes between the vertices and medium-density meshes were applied, whereas for the 

bearing frame a low-density mesh was used (Fig. 6). 

 

 
Fig. 6. - Mesh of two-dimensional elements of vibrating screen load-bearing frame 

 

The analyses took into account the presence of bolts and their interactions with structural elements of the 

system. In case of the bolt-nut combination, the bolt head and nut were modelled using one-dimensional elements of 

RBE2 type. These elements are characterised by infinite stiffness, i.e. not susceptible to deformation. These 

elements were distributed using the so-called "spider" technique, i.e. a node, called the central node, was placed in 

the axis of the bolt, with which all nodes lying on the circles of holes through which the bolts are installed were 

connected via RBE2. 

The core of the bolt itself was modelled from CBAR type elements, i.e. beam elements transferring tensile 

forces and bending moments. These elements were placed between the central nodes. This way of implementing 

bolted joints allows of reading the forces' values occurring in the joints during operation without going into details 

of stress patterns, displacements or deflections. At the same time, bolt stiffness (by using CBAR) is reflected in the 

correct way; hence the whole structure will be reliable. 

The so-called "preload", i.e. the initial tension resulting from tightening the bolts to a given torque, is 

introduced in all bolt joints. The value of the preload was determined depending on the bolt size and strength class. 

All significant force interactions, i.e. gravity and external input functions were taken into account to develop 

boundary conditions of the analyses (loads and supports). 

For load-bearing frames, loads were applied over the entire length of the main beams. The load value is 100 

kN, which corresponds to an application of 10 tons of mass. The degrees of freedom were reduced so that the 

possibility of longitudinal movement with all the nodes belonging to the lower beams was restrained, as shown in 

Figure 7. 

 
Fig. 7. - The method of modelling the boundary conditions of the analysis on the example of a vibrating screen frame. The red arrows illustrate 

the forces, whereas the blue arrows illustrate the reduced degrees of freedom 
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Figures 7 and 8 show the layout of boundary conditions for the analysed load cases. In such a state it was 

assumed that the main load of the tested structures is a vertical force Fy (10 t) generated by the mass of installed 

devices and gravitational acceleration g. The distribution of forces affecting the structural elements was carried out 

in accordance with the distribution resulting from the construction of the installed devices. 

 
 

 
 

 

Receiving a 

displacement along 

an axis Ox, Oy, Oz 

 

Simulating the presence of a 

locating bearing by making it 

possible to move only along 

the longitudinal axis of the 

head 

Receiving a 

displacement along 

an axis Oy 

 

Simulate the presence of the bearing 
  

 
Fig. 8. - The reduced degrees of freedom for the computational model of a driving unit 

 

Then, strength analyses were carried out for: the charging hopper frame, the vibrating screen frame and the 

driving unit.  

For the frame of the charging hopper, the stress map H-M-H is shown in Fig. 9 because only these stresses 

are relevant for the accepted criteria, whereas Fig. 10 shows its displacements. 

 

 
 

Fig. 9. - The stress map H-M-H, for the charging hopper frame (load 10t) – displacements in scale 200:1 – general view unit 
 

 
 

Fig. 10. - Displacement map, for the charging hopper frame (load 10t) – displacements in scale 100:1 – general view 
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Fig. 11. - The stress map H-M-H, for the frame of the vibrating screen (load 10t) – displacements in scale 1000:1 – general view 

 

 
Fig. 12. - The displacement map for the Frome of the vibrating screen (load10t) – displacements in scale 100:1 – general view 

 

The last stage was to present the stress map H-M-H for the frame of the driving unit (Fig. 13) and the map of its 

displacements (Fig. 14). 

 
  

 

 

P1 

P2 

P3 

 
Fig. 13. - The stress map H-M-H, for the frame of the driving unit (load 10t) – top view 

 

 
Fig. 14. - Displacements of mesh nods for the frame of the driving unit 
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3. Fatigue analysis 

For the purpose of estimating the fatigue durability of the S355 steel structure, the Goodman-Smith diagram 

was utilized. Among the considered cases, the driving unit frame was taken into consideration. For the analyzed 

scenario, the stress amplitude was determined from the difference between the stress values obtained for the static 

loading case and the maximum operational loading case. For the construction of the computational model in the 

analyzed scenario, asymmetric loads were assumed in the form of unloading on one side. In this particular case, one 

side of the frame is completely unloaded (reaction forces equal zero), and the other side is maximally loaded. 

Based on the analysis results for the examined points, average stress values were determined. In Fig. 13, the 

locations where maximum stress values were read for the mentioned two load cases are shown. The determined 

stress amplitudes and averages are plotted on the Goodman-Smith diagram for S355JO steel (Fig. 15). 

  

 

                                          
 

Fig. 15. - The Smith chart for S355JO steel, with selected mean and amplitude stresses plotted at measurement points for the frame of the 
driving unit 

 

Conclusions 

According to the above results, it is concluded that the device load-bearing structure meets the strength 

criteria [28]: 

kdop native = 295 MPa, 

kdop joints = 221 MPa . 
The applied method is consistent with the method adopted by Truty et al. [26] in their work on the strength of 

the press adaptation table, Selech et al. [27] and Marcinkiewicz et al. [29, 30] in their work presenting a machine for 

laying drainage hoses.  

In the analysed model, no points were observed where the stresses would exceed a value greater than 20% of 

the joint's permissible stresses. The analyzed structure is characterised by high stiffness and is not susceptible to 

deflections, which makes it possible to reduce its weight by implementing beams, sheet metal and profiles with 

smaller cross-sections and strength indicators. The material used is appropriate, and the von Misses stress values 

obtained during simulation tests are lower than the Re value. The risk of plasticization is very low. There is no 

possibility of replacing the material with another one with a lower yield strength. In order to verify the above 

calculations, it is necessary to make a prototype and perform tests with the use of strain gauges to validate computer 

calculations of the structure.  

The forces in the bolts connecting the individual sections are low and reach a value of at most several percent 

of their load capacity. It has been observed that some of the bolts transmit compressive forces, which should be 

interpreted as the fact that they take over the compressive loads between the structural elements being in contact 

with each other.  

The designed model is characterised by high load capacity, if the prototype and later serial production are 

made according to the above recommendations; the risk of malfunctioning due to improper stress is minimal.  

In the context of fatigue analysis, it was not observed that in the three analyzed points (P1, P2 and P3), the 

lines representing the stress range went beyond the area of the permanent fatigue limit for the Goodman-Smith chart. 

This means that there is a possibility of long-term cyclic loading of the tested object without the risk of fatigue 

P3 

P1 

P

2 
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cracks. In the context of fatigue analysis, it was not observed that in the three analyzed points (P1, P2 and P3) the 

lines representing the stress range went beyond the area of the permanent fatigue limit for the Goodman-Smith chart. 

This means that it is possible to load the tested object for a long time, cyclically, without the risk of fatigue cracks. 
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