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Abstract

:

The article presents the results of the strength calculation of the FLAT RACK removable module design using the finite element method. The FLAT RACK removable module provides higher efficiency of freight transportation. The special features of the removable module are its components made of rectangular tubes and its fittings with viscoelastic bonds. The parameters of the profile for such a removable module are determined through the maximum resistance moments of its components. The research includes mathematical modelling of the dynamic loading on the removable module placed on a flat wagon during a shunting impact. The accelerations to the removable module are also determined. The results are confirmed by computer modelling of the dynamic loading on the removable module. It is found that the strength of the removable module is provided. The research conducted may be used by those who are concerned about designing advanced module-type rail vehicle structures and enhancing their operational efficiency.
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1. Introduction


Railway transport is the key component of the transportation system that provides efficient operation of European and Asian economies. Additionally, rail transport can maintain its leading positions and continue its sustainable development by means of putting into operation advanced types of rail vehicles [1,2,3]. Their structures must have better technical and operational characteristics and be multifunctional, and thus operable for specified operational conditions [4,5,6,7].



Therefore, the introduction of removable modules, the operation principles of which are similar to those of swap bodies, is a reasonable approach. Additionally, at present, such modules are widely used both in Ukraine and other countries. They can be transported by any vehicle. Such removable modules are fastened on the vehicle with fittings mounted in the corner parts of the car body frame.



It is important to say that the demand for such vehicles in international traffic is projected to grow due to their mobility and cost-effectiveness. At the same time, in order to ensure the further competitiveness of modular vehicles, it is important to improve their technical, economic and operational characteristics.



At the stage of the designing of removable modules, it is equally important to implement solutions aimed at reducing their dynamic operational loads, including those occurring during rail transportation, since due to technological gaps between fittings and fitting stops, the loads on removable modules can significantly exceed the normative values. This can cause not only damage to the removable modules, but also to the vehicles on which they are placed. This negatively affects traffic safety, and necessitates unscheduled repairs of the vehicles. In this regard, it is necessary to create measures aimed at reducing the dynamic loading on removable modules in operation. Additionally, it can be achieved by introducing new profiles during their production, flexible bonds in their structure, and others. Therefore, the issue of designing and commissioning removable modules with improved characteristics is quite relevant.



The issue of the introduction of removable modules in operation to improve the efficiency of transportation is very urgent. At present there is a great variety of removable modules in terms of their structure and processing technology. Thus, the structure of the unit for placement and fixation of freight on a flat wagon is proposed in [8]. The unit consists of vertical posts equipped with screws and nuts, and guide beams with locks. The side beams and flexible fastening elements can be coated with absorbing pads on the side of an internal load opening in the platform. The similar structure of a removable module is described in [9]. It can be used for transportation of timber, rolled metal products, pipes, and other types of freight. It is important to say that these modules use typical fittings. Due to technological gaps between the fittings and the fitting stops, if the dynamic loading on the module exceeds the frictional forces between the module and the fitting stops, there is an additional load of the module. The design of these modules does not provide for the possibility of mitigating the longitudinal loads on it.



To reduce the dynamic loads on vehicles, it is possible to introduce flexible bonds by means of sandwich panels.



In studies [10,11] the authors propose using circular tubes filled with energy-absorbing material (e.g., foam aluminium) for the bearing structures to reduce the loading on the open wagon in operation. Additionally, the results of mathematical and computer modelling of the dynamic loads on the bearing structure of such an improved open wagon proved the efficiency of the solution proposed. However, the authors did not study the issue of implementing these solutions for removable modules.



Study [12] describes the concept of improvements in the bearing structure of a rail vehicle by applying standard thin-walled steel profiles. The author presents some applications of the concept proposed. It is mentioned that these improvements are efficient in production of modern transport means. However, the concept proposed was not applied for the bearing structure of a removable module.



The special features of using sandwich panels made of composite material for freight wagons are presented in [13]. It is recommended that these panels should be used both for the modernization of the existing wagons and the production of new trains. They can reduce the loading on bodies at the operational modes.



The issue of applying steel sandwich panels for the bearing structure of a wagon is also studied in [14]. The authors substantiate the possibility to decrease the material capacity of the bearing structure of a wagon, as well as improve its strength by means of these panels. However, these solutions were studied only for wagons, though their application for other transport means can also be promising.



The decrease in the dynamic loading on a container at the operational modes can be achieved through the introduction of elastic-friction bonds in the container fittings, as proposed in [15]. The authors present the results of the dynamic modelling and the strength determination for the improved container structure. At the same time, the introduction of elastic-frictional components into the beams of the container frame, which are made of U-shaped elements with springs overlapped by horizontal sheets, will cause some difficulties in its maintenance and repair, thus, it requires additional maintenance costs. Therefore, the implementation of such a design is quite complicated.



Improved strength of vehicles, including modular ones, is possible due to the use of innovative materials in their designs.



Of special interest is study [16], in which the authors propose using a material with better strength characteristics that can improve the strength of vehicles. They also describe the prospects of the application of these materials in wagon building. However, the study does not present any example of their application for the structural components of rail vehicles.



The analysis of literature has made it possible to conclude that the issue of reducing loading on transport means using energy-absorbing materials and implementing the structural solutions that allow reducing their loading is urgent, however they require further research and development.




2. The Objective and Main Tasks of the Research


The objective of the research is the determination of dynamic loading and strength of the FLAT RACK removable module with viscoelastic bonds in the fittings at the main operational modes. The following tasks were set to achieve the objective:




	
To propose the structure of the FLAT RACK removable module;



	
To determine the dynamic loading on the removable module structure;



	
To calculate the strength of the removable module.









3. The Designing of the FLAT RACK Removable Module


The efficiency of transportation can be enhanced by putting into operation the open-type FLAT RACK removable module. Structurally, such a removable module consists of main longitudinal beams 1, side longitudinal beams 2, end crossbeams 3, intermediate crossbeams 4, and corner fittings 5 (Figure 1). The basic dimensions of the removable module are taken as follows: width—2438 mm and length—6058 mm. Thus, these dimensions are identical to the ISO standards established for removable vehicles for international traffic.



The choice of the optimal profiles in terms of the minimal material capacity for the removable module was made by means of the strength calculation with the finite element method in Lira [17,18]. The removable module was studied as a frame system on the hinged fixed supports in the corners. Two diagrams of loading on the module were studied. Diagram I included the vertical loading equally distributed by its components (Figure 2), and Diagram II included the longitudinal loading (Figure 3) on the module.



For Diagram I, it was assumed that the vertical load on the module was 300 kN. The module was fastened in the corners with the fittings.



During the calculation, the diagrams of bending and torque moments on the model components were obtained (Figure 4 and Figure 5).



The maximum value of the bending moment was recorded on the main longitudinal beams, and it was amounted to 53.9 kN·m. The maximum torque moment also emerged in the main longitudinal beams on the area between the fittings and the first crossbeam from the end cross beam; it amounted to 3.08 kN·m.



The maximum value of the bending moment was recorded on the main longitudinal beams, and it was amounted to 53.9 kN·m. The maximum torque moment also emerged in the main longitudinal beams on the area between the fittings and the first crossbeam from the end crossbeam; it amounted to 3.08 kN∙m.



Under the longitudinal loading on the module, it underwent compression deformation because it was fastened in the corners. In this case, the maximum value of the longitudinal force emerged in the main longitudinal beams on the area between the fittings and the first crossbeam from the end cross beam, and it amounted to 231 kN (Figure 6).



The maximum bending moment on the removable module emerged in the intermediate crossbeams, and it amounted to 309 kN·m (Figure 3). In the end crossbeams, it amounted to 309 kN·m. The value of the bending moment in the longitudinal beams was 283 kN·m.



The value of the optimal profile in terms of the minimal material capacity for the removable module was determined according to the values of moment and longitudinal force.



When the bending moment affected the removable module, the resistance moment of the module components could be determined by formula [19]:


  W =  M   σ    ,  



(1)




where M—the bending moment; [σ]—the allowable stresses.



With the longitudinal force on the module, the cross-section of the profile was determined as follows:


  A =  F   σ    ,  



(2)




where F—the longitudinal force on the module; [σ]—the allowable stresses.



As far as the values of bending moments emerging in the module structure at Diagram I were insignificant, they were neglected for the determination of the profile components.



Taking into account the calculation, the value of the resistance moment for the module components was W = 173.6 cm3. Additionally, the allowable stresses were taken as 0.9σS, where σS was the yield strength of the material. Steel 09C2Cu, widely used for the production of rail vehicles, was used as such a material with a fluidity level of 345 MPa.



In the calculation, the optimal cross-section of the module profile was 7.4 cm2 according to Formula (2).



According to the value of the resistance moment, the profile for the module components was chosen. It was a rectangular tube with a height of 180 mm and a wall thickness of 4.5 mm at a resistance moment of 175.7 cm3 (Figure 7 [20,21]). One meter of the pipe weighted 24.39 kg.



Taking into account the profile parameters, the cross section was 32.4 cm2. The cross-section area obtained was higher than that calculated by Formula (2). It should be noted that with these cross-section values, the profile strength would not be provided under the bending moment. Therefore, the profile was chosen by the values obtained by Formula (1).



Taking into account the given profile, the module mass was about 0.88 tons. If necessary, the removable module structure can be supplemented with stops (walls), tying rings, brackets, or other devices for securing the freight.




4. The Determination of the Dynamic Loading on the Removable Module Structure


The loading on the removable module at the operational modes can be reduced through mounting viscoelastic bonds in the fittings [22]. The authors have substantiated this solution with the fact that when the dynamic loading on the removable module (container) exceeds the friction forces between the fittings and the fitting stops, the dynamic loading on the module can considerably exceed the normative values.



The dynamic loading of the removable module placed on a flat wagon during a shunting impact was determined with mathematical modelling. The design model is given in Figure 8. The parameter PM is the forces emerging in the contact areas between the fittings and the fitting stops. The dynamic loading on the removable module was studied in the plane coordinates.



It was assumed in the mathematical model that the removable module was loaded with conditional freight at the maximum allowable loading capacity. The natural displacements of the freight relative to the removable module were neglected. The 13-401M flat wagon was taken as the prototype.



The mathematical model for determination of the dynamic loading of the removable module had the form:


         M  F W   ·    q ¨   1  =  P l  −   ∑  i = 1  n      F  F R   · s i g n     q ˙  1  −   q ˙  2    +  C f  ·    q 1  −  q 2    +  β f  ·     q ˙  1  −   q ˙  2      ,        M M  ·    q ¨   2  =    F  F R   · s i g n     q ˙  1  −   q ˙  2    +  C f  ·    q 1  −  q 2    +  β f  ·     q ˙  1  −   q ˙  2      .        



(3)




where MFW—the gross mass of the flat wagon;



	
Pl—the value of the longitudinal force on the coupler (3.5 MN);



	
n—the number of removable modules placed on the flat wagon;



	
FFR—the friction force between the fitting stops and the module fittings;



	
MM—the mass of the loaded removable module;



	
Cf—the rigidity of spring elements in the fittings of the removable module;



	
βf—the coefficient of the viscous resistance in the removable module fittings;



	
q1, q2—the coordinates corresponding to the displacements of the flat wagon and the removable module relative to the longitudinal axis, respectively.






Mathematical model Equation (3) was solved in MathCad with the Runge-Kutta method [23,24,25] at the initial conditions equalling zero [26,27,28]. The integration of differential equations was carried out with a fixed step. In this case, the built-in function rkfixed (Yo, tn, tk, n, F) was used, where Yo is a vector containing the initial conditions, tn and tk are the initial and final integration variables, respectively, n is the number of steps; F is a character vector.



Mathematical model Equation (3) was solved in the following way:


   F   t , y   =        y 2         y 4           P l  −   ∑   i = 1  n     F  F R   · s i g n    y 2  −  y 4    +  C f  ·    y 1  −  y 3    +  β f  ·    y 2  −  y 4         M  F W              F  F R   · s i g n    y 2  −  y 4    +  C f  ·    y 1  −  y 3    +  β f  ·    y 2  −  y 4       M M          ,    Z = r k f i x e d   ( γ ο , t n , t k , n , F ) .   



(4)







Whereas    y 1  =  q 1  ,    y 2  =    q 1   ˙  ,    y 3  =  q 3  ,      y 4  =    q 2   ˙     .



The generalized accelerations were calculated in the array ddqj,i:


  d d  q  j , 2   =   (  F  F R   · s i g n    y 2  −  y 4    +  C f  ·    y 1  −  y 3    +  β f  ·    y 2  −  y 4    )    M M     



(5)






  d d  q  j , 1   =    P l  −   ∑   i = 1  n     F  F R   · s i g n    y 2  −  y 4    +  C f  ·    y 1  −  y 3    +  β f  ·    y 2  −  y 4         M  F W      



(6)







The results of the calculation demonstrated that at the rigidity of a spring element 20 kN/m and the viscous resistance coefficient 30 kN∙s/m, the accelerations to the removable module placed on the flat wagon during a shunting impact were about 34.1 m/s2 (0.34 g) (Figure 9); they did not exceed the allowable values [29,30].



The mathematical model designed was also verified with computer modelling of the dynamic loading on the removable module placed on the bearing structure of the flat wagon. The spatial models of the bearing structure of the flat wagon and the removable modules were built in SolidWorks. The calculation was made with the finite element method in SolidWorks Simulation [31,32,33]. The finite element model consisted of isoparametric tetrahedrons [34,35]. To determine the optimal number of mesh elements, a graphoanalytical method was used. At the same time, the mesh was of good quality. In the rounding areas (fittings), the mesh was automatically compacted. The number of nodes in the model was 350,869 and the number of elements was 1,045,294. The maximum element size was 80 mm, the minimum element size was 16 mm. Steel 09C2Cu was taken as the structural material. The main technical characteristics of the steel are presented in Table 1.



The model was secured in the areas of support on the bogies. The calculation included the vertical loading Pv on the removable modules at the full loading capacity (Figure 10).



The longitudinal load Pl equalling 3.5 MN was applied to the rear coupler support of the flat car. The fittings of the removable module had the bonds with the rigidity 20 kN/m and the viscous resistance coefficient 30 kN∙s/m. The friction forces between the fittings of the removable modules and the fixed fittings of the flat wagon were neglected.



The results of the calculation are given in Figure 11.



The maximum accelerations were recorded in the middle part of the flat wagon frame and on the areas where the removable modules were placed behind the middle part; they amounted to 30.5 m/s2. In the end parts the acceleration value was lower and amounted to 4.5 m/s2.



Mathematical model Equation (3) and the design diagram given in Figure 11 were used for the variation calculations and determination of the dependencies between the accelerations to the removable module placed on the flat wagon and the impact force to the coupler (Figure 12). That is, taking into account the variation of the impact force, a spectrum of accelerations acting on the removable module was obtained. At the same time, the reliability of the sample was determined by Student’s t-test.



The results given in Figure 12 were used for verification of the models of the dynamic loading on the flat wagon with removable modules. The calculation was made with an F-test [36,37,38].


   F  c a l c   =    S  a d  2     S  s q  2    ,  



(7)




where    S  a d  2   —the dispersion of adequacy;    S  s q  2   —the error mean square.



The dispersion of adequacy was calculated by the formula:


   S  a d  2  =     ∑   i = 1  n     y i  −  y i p       f i     



(8)




where    y i p   —the design value of the variable obtained in modelling;    f i   —the number of freedom degrees.


   f i  = N − q ,  



(9)




where N—the number of tests in the planning matrix; q—the number of equation coefficients.



The error mean square was defined by the formula:


   S y 2  =  1 N    ∑   i = 1  n   S i 2  ,  



(10)




where    S i 2   —the dispersion in each line with parallel tests.



It was found that the error mean square was Ssq = 21.64, and the dispersion of adequacy was Sad = 22.1; the actual value of an F-test amounted to Fsq = 1.02, which was lower than its tabular value (Ft = 3.07). Thus, the hypothesis on adequacy was not rejected. Additionally, the maximum difference between the results of mathematic and computer modelling was about 11%, which could happen under an impact force to the coupler of 3.5 MN.




5. The Strength Calculation for the Removable Module


The acceleration value obtained by means of model (3) was included in the strength calculation for the removable module. The strength of the removable module was determined with the finite element method in SolidWorks Simulation.



The design model included the following forces: the vertical loading Pv (Figure 13) to the removable module and the longitudinal loading Pl to the corner fittings.



The removable module was secured in the areas of support on the flat wagon. The finite element model of the removable module was built with isoparametric tetrahedrons. The number of nodes in the model was 9814 and the number of elements was 33,490. The maximum element size was 110 mm and the minimum element size was 22 mm.



The results of the calculation have made it possible to conclude that the maximum equivalent stresses emerge in the contact areas between side longitudinal beams and fittings; they have amounted to 282.2 MPa (Figure 14) and have not exceeded the allowable values.



The distribution of the maximum equivalent stresses along the side beams is given in Figure 15. The stresses were taken on the bottom tube wall of the side beam with a step of 600 mm by applying the standard options of SolidWorks Simulation.



The maximum stresses were recorded in the end parts of the beam, and in the middle part they were lower—about 180 MPa.




6. Results and Discussion


The authors of the article propose using the removable module design in order to increase the efficiency of rail transportation. The peculiarity of the removable module is its rectangular-pipe components and elastic-viscous fittings, which will help to reduce the loading of the removable module in operation.



The profile of the removable module is chosen through its calculating as a rod system on hinged fixed supports. The results of the calculation have made it possible to determine the resistance moments of the module cross-sections. With this in mind, a rectangular pipe is selected as the profile of the removable module (Figure 7). Such an intersection is chosen due to the fact that it has a better resistance moment compared to the typical profiles of vehicles: I-beam, channel, lane, etc. For example, in comparison with an I-beam profile of the same height as a rectangular pipe, the resistance moment of the rectangular pipe is almost 20% greater.



To determine the dynamic loads on the removable module, the authors have proposed mathematical model (3). The model’s limitation is the absence of vertical movements of the flat car with removable modules in the vertical plane, that is, jumping oscillations. In addition, the model does not include possible movements of the freight relative to the removable module. This assumption will be taken into account in subsequent studies by the author’s team.



The results of the solution to the mathematical model have made it possible to determine the accelerations to the removable module and include them as a component of the dynamic loading when calculating the structural strength. The acceleration value obtained is 15% lower than that on the removable module, if one takes into account the typical diagram of interaction between fittings and fitting stops and if it is stationary. It should be noted that the model is verified by the F-criterion.



The results of the calculations for the removable module strength have showed that the maximum stresses in the structure are 282.2 MPa and they do not exceed the permissible values (Figure 14). These stresses occur in the areas of interaction between the side beams and the fittings. Additionally, the stress concentration in the corner parts of the module is avoided due to the fact that the fitting is solid, and the longitudinal beam is made of a pipe with a smaller moment of resistance than that of the fitting. Therefore, maximum stresses occur precisely in these areas.



The advantage of this study, in comparison with [8,9], is that the design of the removable module can reduce the dynamic loading on it due to the elastic-viscous bonds in the fittings. Unlike works [10,11,12,13,14], the introduction of flexible bonds is implemented not in the design of traction vehicles, but in a modular-type vehicle intended for transportation by various modes of transport, including international transport. In contrast to work [15], the reduction of the dynamic loading on the removable module is achieved by introducing elastic-viscous bonds in the fittings, rather than elastic-friction ones. In addition, the main load-bearing frame elements of the removable module are made of rectangular pipes, and not of U-shaped profiles with resilient elements inside overlapped by horizontal sheets, which significantly complicates the design, and, accordingly, its maintenance and repair. If compared to [16], the vehicle strength is improved not by introducing materials with improved strength characteristics, but by reducing dynamic loads.



A further area of this study is to determine the feasibility of using lightweight fillers in the removable module components to further reduce its load in operation. In addition, the issues of experimental determination of the strength of the removable module require attention. This study can be carried out using the similarity method in laboratory conditions. It is also planned to consider the determination of tolerances in the manufacture of a removable module. At the same time, it is important to comply with its basic dimensions in accordance with international standards, as well as taking into account the welding seams in the structure. All these issues will be addressed in subsequent studies.




7. Conclusions


	
The authors have proposed the FLAT RACK removable module structure and determined the optimal profile for the removable module in terms of the minimal material capacity; this profile is the rectangular tube. In this case, the parameters of the profile are determined by the resistance moment of the cross-sections of the module components. With this profile, the mass of the module is about 0.88 tons. The loading on the removable module at the operational modes can be decreased by means of viscoelastic bonds in the fittings.



	
The research included the determination of the dynamic loading on the removable module structure. The results of the calculation demonstrate that if the rigidity of an elastic element is 20 kN/m and the viscous resistance coefficient is 30 kN∙s/m, the accelerations to the removable module placed on the flat car during a shunting impact are about 34.1 m/s2 (0.34 g). The acceleration value obtained is 15% lower than that on the removable module under the typical diagram of interaction between fittings and fitting stops, provided that it is stationary.



	
The numerical values of the accelerations to the removable module and their distribution fields are determined by means of computer modelling. The maximum accelerations are recorded in the middle part of the flat wagon and on the areas with the removable modules located behind the middle part; they amount to 30.5 m/s2. The models of the dynamic loading of the removable module are verified with an F-test. It is found that the hypothesis on adequacy is not rejected.



	
The removable module is calculated for strength. The maximum equivalent stresses are recorded in the contact areas between the side beams and fittings; they amount to 282.2 MPa and do not exceed the allowable values. In the middle parts of the longitudinal beams, the maximum stresses are about 180 MPa.



	
The research conducted can be used by those concerned about designing modern module structures for rail vehicles and enhancing the operational efficiency of rail transportation.
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Figure 1. FLAT RACK removable module: (a) Structural elements of the removable module; (b) removable module on a flat wagon. 
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Figure 2. Design diagram of the module at loading Diagram I (kN). 
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Figure 3. Design diagram of the module at loading Diagram II (kN). 
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Figure 4. Diagram of the bending moments on the module (kN·m). 
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Figure 5. Diagram of the torque moments on the module (kN·m). 
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Figure 6. Diagram of the longitudinal forces (kN). 
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Figure 7. Cross-section of the rectangular tube: H—height; B—width; S—wall thickness. 
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Figure 8. Design diagram of a flat wagon loaded with two removable modules. 
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Figure 9. Accelerations on the removable module. 
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Figure 10. Design diagram of the bearing structure of a flat wagon loaded with removable modules. 
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Figure 11. Design diagram of the bearing structure of a flat wagon loaded with removable modules (AX is the acceleration that acts about the longitudinal axis X). 
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Figure 12. Dependencies between the accelerations to the removable module placed on a flat wagon and the impact force to the coupler. 
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Figure 13. Design diagram of the removable module. 
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Figure 14. Stress–strain state of the removable module. 
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Figure 15. Distribution of the stresses along the side beam of the removable module (l is the length of the removable module). 
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Table 1. Basic technical characteristics of Steel 09C2Cu.
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	Parameter
	Value





	Elasticity modulus, MPa
	2.1 × 105



	Poisson’s ratio
	0.28



	Density, t/m3
	7.8



	Shear modulus, MPa
	7.9 × 104



	Strength limit, MPa
	490



	Fluidity limit, MPa
	345
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
_,AA

2N

il &

A 4





media/file4.png





media/file30.png
Stresses, MPa

350

300

250

200

150

100

50






media/file18.png
10

S
-

- O S
g ifdH

-S/W ‘SUOIBID[QIIY/

o
i

5

1.5





media/file21.jpg
AX (m/s?)
30.52

18.86
1595
13.03
10.12
720
429
137






media/file26.png





media/file27.jpg
von Mises (MPa)
2822
2587
2352
2117
188.1
164.6
1411
117.6
94.08
70.57
47.05
23.54
0.001





media/file3.jpg





media/file22.png
AX (m/s?)

V4 30.52
27.60
24.69
21.77
18.86
15.95
13.03
10.12
7.20

4.29

1.37

— 1.5
—4.46






media/file19.jpg





media/file7.jpg





media/file28.png
von Mises (MPa)
282.2
258.7
235.2
2117
188.1
164.6
141.1
117.6
94.08
70:57
47.05
23.54
0.001






media/file10.png





media/file14.png





media/file11.jpg





media/file6.png





media/file15.jpg





nav.xhtml


  applsci-13-00079


  
    		
      applsci-13-00079
    


  




  





media/file16.png
—> ||| —>

MFW

A L N L e e A L 1 o e o G S G G S G B





media/file2.png
(b)





media/file20.png





media/file23.jpg
%) w &
S =3 S

Accelerations, m/s?

=)

y=1.8667x +17.75

22 24 26

28 3

mathematical model

3 383 35
Impact force, MN
- computer model





media/file5.jpg





media/file24.png
Accelerations, m/s?

N
o
|

.
30 - y=18667x +17.75 . "
g ¢ B
P :,-l """" w
......... o R
20 A :I L y =1.9095x + 14.707
10 -
0 T T l ' ! ! ! !
22 24 26 28 3 3.1 33 35
Impact force, MN

mathematical model

computer model





media/file29.jpg
Stresses, MPa

350

300

250

200

150

100

50

v =2.3205x% - 34.807x + 322.14






media/file1.jpg
(b)





media/file25.jpg





media/file12.png





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg
10

LS

S =) =) =) =
— — o
| | J.

=)
aq

£S/W ‘SUOIIBIO[O00Y





