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Highlights  Abstract  

▪ The impact of rotation node degradation of 

BWEs on welded joints' stresses was analysed. 

▪ Models for stress analysis in welded joints 

bucket wheel excavators were built. 

▪ The applied method is useful for assessing 

welded joints exposed to variable loads. 

 The durability of bearing units of large machines depends mainly on the 

condition of their welded joints. With this in mind, we developed 

numerical models of the analyzed bearing units, for which we performed 

FEM simulations of the stresses in welded joints in several basic load 

cases. In each of the respective variants the technical condition of the 

bearing nodes was different and it corresponded to the severity of the 

degradation processes. Different positions of the superstructure in 

relation to the undercarriage were also taken into account. The 

simulations used the hot-spot method dedicated to FEM analyses of 

complex welded structures. We discovered that the loads have a 

significant influence on the values and distribution of von Mises 

principal stresses and their axial components. Based on the carried out 

analyses, we identified the most unfavorable load cases that generate the 

highest stresses in the welded joints of the assessed nodes. We also 

demonstrated that the applied method effectively assesses the stresses of 

welded joints subjected to variable working loads. 
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1. Introduction 

Among the most critical challenges in mounting bearings for 

large machines whose body or working unit rotates around the 

vertical axis is to ensure that the supporting components have 

adequate stiffness and strength. The most popular choice is  

a slewing bearing but the largest machines, such as bucket 

wheel excavators (BWE), stackers, cranes, etc., also use 

mechanisms based on conical wheels [39, 40]. The main 

advantages of the latter solution include the simplicity of its 

structure and manufacturing technology and lower production 

cost. One of its disadvantages are high quasi-point loads acting 

on the supporting structure, which can lead to high stresses and, 

consequently, cause fatigue cracks in the welds and the parent 

material. 

Prevention and identification of failures are fundamental in 

ensuring the reliable operation of BWE. Damages that render  

a machine nonfunctional generate high costs [35]. For example, 

1 hour of downtime of this type of large-scale machine costs 

over €11,000 [7]. For this reason, ensuring that key BWE nodes, 

such as rotation mechanisms, remain operational allows for 

significant financial savings. Both the costs of repairing  

 

Eksploatacja i Niezawodnosc – Maintenance and Reliability 
Volume 26 (2024), Issue 1 

journal homepage: http://www.ein.org.pl 
 

 

Article citation info: 
Smolnicki T, Sokolski P, Strength analysis of welded joints in support structures of heavy machinery subjected to changeable loading 
conditions, Eksploatacja i Niezawodnosc – Maintenance and Reliability 2024: 26(1) http://doi.org/10.17531/ein/175889 

(*) Corresponding author. 

E-mail addresses: 

 

T. Smolnicki (ORCID: 0000-0003-3917-9952) tadeusz.smolnicki@pwr.edu.pl, P. Sokolski (ORCID: 0000-0003-2407-7988) 
piotr.sokolski@pwr.edu.pl,  



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 26, No. 1, 2024 

 

a damaged or broken machine as well as the downtime itself are 

a significant economic factor. Such negative financial 

consequences also pertain to many other systems and machinery 

[37]. For these reasons, great emphasis is placed on reducing 

financial losses resulting from downtime of large mining 

machines [16]. 

Figure 1 shows a diagram of a typical design solution for the 

rotation node of a large-scale construction machine. Four sets 

of conical road wheels with multiple rocker arms transmit the 

resultant vertical force from the body.  

 

Fig. 1. Diagram of the bearing of a superstructure of a heavy-

duty machine machine containing four sets of road wheels 

with four wheels in each. 

Supporting components have the form of complex shell 

structures joined by welds. The durability of these welded joints 

has a decisive impact on the correct operation of bearing nodes 

and, thus, the entire machine. The fatigue lifetime of the entire 

large-scale construction machine is usually limited by the 

durability of welded joints [17]. Therefore, this paper evaluates 

the level of stress of these joints in real working conditions. 

Figure 2 shows an example of single set of road wheels and 

the relevant diagram. The wheels are conical to eliminate 

slippage on the running rail. Such a system should ensure even 

loads on the road wheels in a single set but because of friction 

in the pin joints of the rocker arms the load acting on individual 

wheels and, consequently, on the supporting components is 

uneven. The worse the condition of the pins, the greater the 

differences in the load on respective wheels [41]. Other 

disadvantages of this type of solution include the lack of  

a rocker arm between the less loaded sets. As a consequence, 

the system is statically indeterminate and the interaction 

between the wheels and the rail is uneven because the 

supporting structure of the chassis and the body is deformed. In 

addition, it was found that the wheels can operate eccentrically. 

 

a) 

 

b) 

Fig. 2. Example of a technological solution for a single set of 

road wheels (a) and its diagram (b). 

Methods of calculating and evaluating the fatigue life of 

welded joints 

Welded joints are characterized by a high heterogeneity of their 

structure [14], which results from the need to connect various 

elements, the use of additional materials and the intensity of 

thermal processes within such a joint. In order to accurately 

assess their resistance to fatigue damage, it is necessary to 

precisely determine the loads and geometrical features of such 

connections. 

The fatigue life of welded structures also depends on factors 

such as nominal stresses in the analyzed cross-section, stresses 

at the weld toe, stresses in the notch at the weld location and 



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 26, No. 1, 2024 

 

stress intensity at the bottom of the crack [18-20, 28, 31, 46]. 

The International Institute of Welding guidelines can be 

used for any welded structure, which is particularly useful in 

cases where there are no normative recommendations and when 

the applied design solution prevents the use of a given standard 

[18, 19]. Different calculation methods are used to assess 

welded joints, including the nominal stress method, the hot-spot 

stress method, the notch stress method and the fracture 

mechanics method. These methods involve the use of computer 

tools based, among others, on FEM [14]. Such an advanced 

method of computer simulations is a great help in determining 

the previously mentioned parameters that are necessary to 

evaluate the analyzed joint. Detailed information on these 

methods can be found e.g. in [12, 14, 18, 19, 27, 32]. 

In the hot-spot stress method, the welded joint is assessed 

without considering the local effect of the notch because the 

non-linear increase in stress is introduced by the weld itself. The 

method consists in surface stress extrapolation at various base 

points between the outer surface of the sheet (plate) and the edge 

of the weld or in the linearization of stresses through the sheet 

(plate) at the edge of the weld. The characteristics and 

differences between the individual methods are presented in 

detail in [21]. It should be emphasized that by adopting the hot-

spot stress method we can use larger finite elements, extend the 

concept of effective notch stress to welded aluminum structures 

and numerically evaluate post-weld heat treatment in the 

context of fatigue properties [14]. 

Figure 3 illustrates the hot-spot method, which involves 

readouts of the stress components at a certain distance from the 

weld edge and their linear or quadratic extrapolation to the weld 

edge.

 

Fig. 3. Extrapolation of stresses to the edge of the weld in the hot-spot method (t – thickness of the sheet).

Many treatments focused on improving the fatigue life of 

welded joints are local because their effects occur primarily 

around the weld toe [3]. A critical factor for the durability of 

welded joints are the residual stresses, which increase the mean 

stress level in the welded joint [22]. At the same time, the 

distribution of residual stresses directly impacts the formation 

of fatigue cracks in welds and is taken into account in the 

fracture mechanics models [9, 22, 44]. It should be noted that 

the steel grade does not affect the fatigue strength of steel 

welded joints [19, 29]. 

An important novelty in the analysis of welded joints is the 

replacement of tests of these joints with numerical simulations. 

It greatly facilitates the evaluation of these connections. An 

example of such an approach can be found in [24]. 

It is worth mentioning that the fatigue life of the analyzed 

welded joints could be increased through additional 

technological measures. High frequency mechanical impact 

(HFMI) is a method that gives outstanding results. It consists of 

hammering the front surface of the weld with a metal pin (weld 

toe). This process is performed with a high frequency. As  

a result, local plastic deformation occurs in the weld and its 

outer surface is rounded. This outcome makes it possible to 

reduce the unfavorable effect of the notch and lower stress 

concentration while creating compressive residual stresses, 
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which is desirable. In addition, hardness increases in the place 

where this treatment is applied [2, 15, 29, 34, 45]. 

Since the HFMI method is also used in the case of welded 

joints with a certain degree of wear, the remaining durability of 

welds in the analyzed load-bearing structures can be extended 

[36]. 

Other recommended post-welding treatment methods that 

increase the durability of these joints are peening, grinding and 

ultrasonic impact treatment [33, 45]. 

In the case of excessive contact stress values, surface 

treatment might be necessary to increase the wear resistance of 

the surface layer [23, 26]. 

It should be emphasized that numerous activities are carried 

out to improve the quality of welded joints and their fatigue life. 

It is equally important to assess the durability of joints that have 

undergone additional treatment aimed at increasing their 

durability. Another method worth mentioning is based on 

assessing the threshold stress intensity after needle peening and 

is used to improve the durability of butt welds with cracks [13]. 

There is also a method of determining the relationship between 

fatigue life and stresses with consideration of selected 

parameters, such as local deformations. This method was used 

to evaluate welds whose quality was improved by peening [1, 

30]. The last method that is worthy of attention is the application 

of the Paris-Erdogan equation after using the HFMI intender. 

This method makes it possible to obtain a high degree of 

agreement between the results of the analyses and the 

experiment [2]. 

A more detailed overview of the methods for determining 

the expected life of steel welded joints can be found in [25, 33].  

Materials and methods 

The object of the study is a KWK-1500s wheeled excavator (Fig. 

4), six units of which were produced for operation in Polish 

open-pit lignite mines. The theoretical capacity of the excavator 

is 4100 m3/h. It is an excavator with a fixed-length boom. The 

bridge of the excavator is supported on the chassis. The body 

turntable 200-mm-wide rail has a radius 6 m, and is supported 

on the open-section portal frame of the chassis. The wheels are 

600 mm in diameter. The height of the ring beam is 4 m. 

According to the machine documentation, the nominal mining 

force is 235 kN, and the maximum mining force is 392 kN. 

According to the machine's stability proof, the body's weight 

with ballast is 893 Mg, and with the boom horizontally located, 

the eccentricity of the body load is at a distance of 0.55 m from 

the axis of rotation in the direction of the counterweight. The 

body's center of gravity position was verified experimentally 

before its commissioning.

 

Fig. 4. View of the KWK-1500s excavator.

We focused our research on the rotation node in one of the 

KWK-1500s wheeled excavators, with the resultant load from 

the body equal to about 9.5 MN. The machine uses bogies. The 

ring girder of the chassis has an open structure similar to an 

open channel. Figure 5 shows the angle of the body position 

relative to the chassis. The zero angle was assumed for the body 
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positioned perpendicular to the plane of symmetry of the chassis. 

The support structure of the excavator is made of S355 steel, 

which provides good weldability and stable high-strength 

properties. At the same time, this material is relatively 

inexpensive. On the other hand, the rails of the excavator are 

made of C55 steel. During the modelling of the object, all 

elements were given appropriate parameters. 

After 20 years of the machine’s operation, the load-bearing 

structure of its chassis suffered significant degradation and the 

welded connection between the 40 mm thick flange and the 25 

mm thick web located under the running rail was destroyed. An 

incomplete butt weld had been used for the connection and 

about 50% of the total circumferential length of the weld was 

damaged. Damage locations are shown in Figure 6.

 

Fig. 5. Chassis model of a large excavator with a running rail and wheels.

 

Fig. 6. Zones of complete failure of the weld between the 

flange and the web under the running rail. Location of zones 

marked according to [38]. 

We used flaw detection tests to assess the technical condition 

of welded joints. By carrying out experiments we verified the 

weight and location of the body's center of gravity. Additionally, 

we measured the deformations caused by road wheels in the web 

of the ring girder. These measurements showed wheel overload 

due to pin locking (Fig. 2b): 32.5% due to pin A locking and 

33.7% due to pin B or pin C locking. We decided to carry out 

an advanced FEM analysis of the level of stress in welds. The 

nominal stress method, the hot-spot method or the effective 

notch stress method [4, 5, 8, 12, 18-20, 42, 43, , 47] are most 

often used to asses stresses in welds subjected to variable loads. 

However, typical strength models built during the design of 

superstructures turned out to be unusable due to too low 

discretization density and model size. The minimum size of 

finite elements in such models is two or three sheet thicknesses, 

which in the analyzed case is approximately 50 mm. The size of 

the machine also makes it impossible to discretize by volume 

elements. The only alternative is the hot-spot method developed 

by Hobbacher and the application of the shell model. We used a 

4-node thick shell finite element from the ABAQUS library to 

build the gantry frame model. The rail was modeled with 

hexahedral elements, and the wheels as discrete rigids (Fig. 7). 



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 26, No. 1, 2024 

 

 

Fig. 7. Discretization of the system: undercarriage gantry 

frame - running rail - running wheels (fragment). 

The computational models used in constructing the KWK-

1500s excavators were highly simplified and did not consider 

local phenomena since the ring girder was treated as a curved 

beam. Later FEM models used for numerical analyses after 

weld cracking between the top flange of the girder and the web 

were shell models. However, the size of the finite elements did 

not allow an accurate analysis of the phenomena occurring in 

those joints. 

FEM does not allow reading the stress values directly in the 

welded joint. The International Institute of Welding 

recommends the stress extrapolation method proposed by 

Hobbacher. However, the problem occurs while applying this 

method to such large structures as bucket wheel excavators. It 

is necessary to find out the stress values at well-defined points 

at a small distance from the weld edge. The models built are 

characterized by very small finite element discretization. It also 

became necessary to carry out calculations for many different 

positions of the body relative to the chassis (every half 

wheelbase of the running wheel). It is also needed to consider 

the contact between the running rail and the girder flange, and 

between the running wheels and the rail. Such detailed analyses 

of comparable large objects considering local phenomena are 

lacking in the literature. 

During the operation of the machine, both the value of the 

resultant vertical load from the body and its position change. 

DIN 22261 [48] gives the combinations of loads for strength 

calculations. In the case of operational strength, the weight of 

the body, the peripheral and lateral forces of mining, the weight 

of debris and excavated material, the longitudinal ground 

inclination and transverse ground inclination, and the dynamic 

excesses are adopted for the calculations. At the nominal mining 

force, the eccentricity of the axial load is 0.97 m, and at the 

maximum, it increases to a value of 1.64 m. The maximum 

eccentricity is at the horizontal position of the bucket wheel 

boom. In the case of the analyzed machine, measurements were 

also carried out to determine the forces in the ropes of the draw-

wheel system during mining [6, 10, 11]. Based on the 

measurements and the proof of the machine's stability, it was 

found that during mining, the machine is overloaded, and the 

value of the peripheral excavating force is higher than that 

stated in the machine's documentation and reaches a value of 

about 330 kN. In such a case, the load distribution for wheel sets 

is 68% on the side of the bucket wheel to 32% under the 

counterweight. That corresponds to an eccentricity of 1.4 m. 

Such a distribution of loads was assumed in the simulations. 

Due to the distance of the rotation node from the bucket 

wheel, mining dynamics have less influence on the fatigue of 

the weld under the running rail than the rolling of successive 

running wheels. 

Due to the different possible conditions of the rocker arm 

pins, three loading scenarios were assumed: fully operational 

rocker arms (no friction), pin A locked, and pin B locked (Fig. 

8). Based on the tests carried out on the physical object, the 

eccentricity of the wheels was assumed to be equal to 0.5 of the 

width of the running rail. 

 

Fig. 8. Different loading scenarios for the wheel in the set: a) pins in working order, b) pin A locked, c) pin B locked.
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Results and discussion 

We calculated different positions of the superstructure in 

relation to the undercarriage with an increment equal to the 

wheelbase of the road wheels. Geometrical nonlinearity is 

included. We chose the most representative results for the 

selected locations. 

Figure 9 shows the stress in the flange in the axial direction 

Y, i.e. in the direction of the load from the wheels, when all 

pins are operational, with the body rotated by the angle  

64 relative to the chassis. The angle is defined in Figure 5. For 

ease of reading, subsequent results are limited to the web of the 

annular girder only at a short distance from the weld. 

 

Fig. 9. Stress in the axial direction on the outer wall of the web, superstructure position 64, fully operational pins (markings limited 

to a negative stress range) in [MPa].

Figure 10 shows the stresses Y on both sides of the web 

shell when the body is rotated relative to the chassis by 32. The 

areas of operation of the successive road wheels have been 

marked. The force the wheels exerts propagates in the girder 

shell similarly to the Flamant solution [41]. Differences from 

the Boussinesq equation result from the curvature of the shell, 

changes in sheet thickness and the presence of supports, ribs and 

webs. For this reason, despite equal forces, the effort under each 

wheel is different. There is compression at the edge of the weld 

directly below the wheels and tension between the wheels. This 

means that the rolling of the wheels causes a cyclic change in 

the stress sign. When the body is in the abovementioned 

position, the point under wheel I, located away from any 

reinforcements, is the most sensitive, whereas the point under 

wheel IV, located at the far end of the support arm, is the least 

sensitive. Von Mises stresses for the same conditions are shown 

in Figure 11. What is noticeable are lower values of von Mises 

stresses than the value of the axial component Y and a different 

character of the stress distribution on both sides of the web. This 

is due to the eccentric influence of the wheel on the rail and the 

curvature of the web. 

For the same body position, calculations were made with pin 

A locked. According to the strain gauge measurements, in this 

case, every first and second wheel in each set is loaded with a 

force equal to 32.5% of the total load, as shown in the diagram 

in Figure 8b. The results are shown in Figures 12 and 13. There 

was a significant increase of 19% in stress values. A similar 

increase was observed with pin B locked. Extreme values are 

listed in Table 1. 

Table. 1. Summary of extreme stress values with operable and 

locked pins in MPa. 

 

von Mises 

stress 

HM 

min axial stress 

Ymin 

max axial 

stress 

Ymax 

stress range 

 

operable pins 86.2 -99.1 16.6 115.5 

locked pin A 102.4 -117.6 17.6 135.2 

locked pin B 100.7 -115.3 16.9 132.2 

The determined stress values do not take into account the 

hot-spot method. The stress values in the FEM mesh nodes in 

the web-flange connection are averaged. A linear extrapolation 

was performed. The results from the weld edge are presented as 

stress curves along the circumferential path, i.e., along the weld, 

and axial (vertical) path under each trolley wheel (Fig. 14). 



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 26, No. 1, 2024 

 

 

Fig. 10. Stress in the axial direction Y on the outer and inner wall of the web, superstructure position 32, operable pins in [MPa]. 

 

Fig. 11. Von Mises stress on the outer and inner wall of the web, superstructure position 32, operable pins, in [MPa]. 

 

Fig. 12. Stress in the axial direction on the outer and inner wall of the web, superstructure position 32, locked pin A in [MPa]. 
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Fig. 13. Von Mises stress on the outer and inner wall of the web, superstructure position 32, locked pin A in [MPa]. 

 

Fig. 14: Schematic of the paths on which the stress values were read along the web in the axial and circumferential directions.

Figure 15 presents the course of stresses on the paths along 

the web for the body positioned at an angle of 32. The curves 

at the functional pins are marked in blue, and the curves at the 

locked pin A in red. The last value of the curve at the weld edge 

was determined by interpolation. When the pin is locked, there 

is an increase in the level of stress under each wheel. The course 

of stresses is different on the outer wall where the stress 

increases parabolically as it approaches the weld, than on the 

inner wall, where the extreme value is several dozen millimeters 

away from the weld.
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Fig. 15. Stresses in the axial direction on the path along the web under wheels I - IV on the outside (unfilled markers) and inside 

(filled markers) of the web with the pins functional (triangular markers) and the pin A blocked (square markers).  

 

Fig. 16. Stress hot-spots in the axial direction at the weld edge on the outer side determined by the hot-spot method for four different 

superstructure positions (51, 55, 58, 64).
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The course of stress along the perimeter of the weld was 

analyzed for various body positions in relation to the chassis. 

Figure 16 shows the waveforms for the angles  equal to 51, 

55, 58 and 64 and for fully functional pins. In this angular 

range, strain gauge measurements revealed that the differences 

in the impact of particular wheels were the most significant due 

to the locking of the pins. Depending on the position, there are 

clear differences in the weld effort under the individual wheels 

of the bogie. Extreme values are obtained when the wheel is 

located between the diaphragms and the ribs relieving the web. 

Figure 17 shows the course of the stress for the angle  equal to 

64 with marked extremes related to the successive wheels. In 

order to validate the values of the courses with locked pins, the 

calculations for these operating cases were repeated. Figure 18 

shows a graph with results limited to the interaction of circles I 

- IV. The graph shows extreme values in boxes. It was found 

that when the bogie with damaged rocker arms is traveling, the 

stress range  exceeds the value of 135 MPa. 

 

Fig. 17. Stresses in the axial direction at the weld edge on the outer side determined by the hot-spot method at superstructure position 

64, marked wheels. 

 

Fig. 18. Stresses in the axial direction at the edge of the weld from the outside determined by the hot-spot method at superstructure 

position 64 in the area of wheels I-IV, with fully functional pins (black), locked pin A (red), locked pin B (blue). Extreme values are 

given.
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Before commissioning the machine, strain gauge 

measurements of the chassis superstructure's strain when 

rotating without mining were carried out [6, 10, 11]. We used 

those results for the validation of our model. Figure 19 shows 

the maximum values of von Mises stresses in six sections of the 

excavator. Low values of von Mises stresses were obtained. 

However, the stresses were not determined directly in the weld 

but at selected cross-section points distant from the weld. 

 

 

Fig. 19. Von Mises stresses in different sections of the excavator (based on [6, 10, 11]).

Conclusions 

Using the portal frame of an excavator chassis as an example, 

we have shown the impact of road wheels on the load-bearing 

structure of the chassis, and in particular on the effort of the 

weld between the web and the upper flange of the ring girder. 

The analysis revealed significant fatigue damage to these welds. 

The performed strain gauge measurements [41] showed 

deteriorated pin connections and uneven loads of the road 

wheels, and the observations of the interaction between the 

wheels and the rails showed an eccentric impact of the wheels 

on the rail. 

Due to the size of this type of machinery, the only 

computational model that can be used is a shell model with 

dense discretization and distribution of FEM mesh nodes in 

accordance with the hot-spot method. Calculations were carried 

out for different body positions in relation to the chassis and 

different operating conditions of the bogie rocker pins. The hot-

spot method was used to determine stresses on the weld edge 

inside and outside the girder and the results are presented for 

selected body positions relative to the chassis. 

Depending on the position of the body, there were 

differences in the sensitivity of the weld to the impact of the 

wheel. The impact was the highest when the wheel was located 

between the diaphragms of the ring girder. Below the wheel, the 

weld is compressed, but halfway between the wheels it is 

subject to tension. Subsequently, the sign of the stress changes, 

which considerably increases the value of the stress range. For 

this reason, the usual von Mises stresses are unsuitable for stress 

analysis of the weld. When performing calculations, the 

assumed position of the body in relation to the chassis should 

ensure that the wheels are between the diaphragms. It is also 

necessary to check the different positions of the body relative to 

the chassis. The best course of action would be to analyze all 

possible body positions within the operational range at angle 

increments equal to half the wheelbase. However, that would 

produce several dozen load cases requiring significant 

computational time and an automated generation of individual 

models, as well as extraction and analysis of results. For a 

researcher experienced in analyzing this type of load-bearing 

structures it is sufficient to select the worst positions, 

particularly when the places of weld damage are known, as in 

the analyzed example. 

We found that, unlike slewing bearings which act “smoothly” 

on the load-carrying structures of machines, the same 

interaction in the case of bogies with wheels, despite the use of 

massive rails, causes many defects in the load-carrying structure, 

especially in the weld located under the rail, whereas the 

considerable distance between the wheels changes the sign of 

stress. 

The condition of the load-carrying structure is also 

influenced by the locking of the rocker arm pins. In the analyzed 
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example, an increase in the wheel load by 30% due to pin lock 

causes an increase in stress in the weld by about 20% and a 

similar increase in the range of stresses. With locked rocker 

arms, the maximum value of the stress range, i.e. the difference 

between the maximum and minimum stress value in the weld, 

was as high as 135 MPa. According to the guidelines for 

constructing welded joints, this value should not exceed 

100 MPa. It should be noted that von Mises stresses did not 

exceed 100 MPa at the connection of the web and flange. 

The presented results show that this type of procedure is 

useful in analyzing the effort of welded joints subjected to 

variable loads from road wheels. However, this method requires 

an accurate discretization under the requirements of the hot-spot 

method, a regular mesh of finite elements, a good knowledge of 

modeling in the field of geometric nonlinearity, and an 

outstanding ability to analyze the results. 

One should be aware that FEM is an approximate method 

due to simplifications in modeling, interpolation in finite 

elements and the adoption of boundary conditions and load 

associations. However, due to our model's details in the 

analyzed area, it is much more accurate than those used so far 

and enables us to demonstrate the cause of cracks.
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