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Abstract

:

Box girder is an important bearing and force transmitting component in the gondola car body; the rationality of its structure directly affects the life of the whole car body. In order to solve disadvantage of the traditional box girder optimization method, which mainly depends on design experience, the combined method of orthogonal experimental design and the genetic algorithm-back propagation (GA-BP) algorithm is used for the structural optimization of bolster beam in this paper. Nine groups of parameters were established by orthogonal experiment, which can give typical samples for GA-BP optimization. Then, the bolster beam is optimized by the GA-BP algorithm, and the new gondola car body model is established with the optimized parameters. The finite element analysis results show that the minimum stress is found by using the GA-BP algorithm, which is basically consistent with the simulation results. Finally, the results show that the combined method of orthogonal experimental design and GA-BP algorithm is feasible to the box girder optimization of the gondola car body. Meanwhile, the optimization results of bolster beam will provide a reference for the structural design of the heavy haul wagon body.






Keywords:


structure optimization; GA-BP; orthogonal experimental design; box girder; gondola car body












1. Introduction


The box girder is generally welding or riveting from the outer plate and the internal stiffened plate, which has good characteristics such as high strength, high rigidity, and light weight. It is widely used in the fields of aerospace, aircraft, ship, railway vehicles, automobiles, machine tools, etc. [1,2,3,4], especially in the field of bridges [5,6]. In recent years, many scholars have widely studied the boxed girder structure design. The three-dimensional spreading of the tendon force in flanged sections is researched, and a computer-based tool is developed for plotting load paths in 3D bodies, from which the flow of forces in the box girder anchorage zone can be clearly visualized [7]. The study [8] dealt with the multi-scale optimization of composite structures by adopting a general global-local modeling strategy to assess the structure responses at different scales. The study [9] used the initial parameter method to analyze the distortion of simply supported box girders with an inner diaphragm considering the shear deformation of the diaphragm. The ultimate strength experiment was performed on different box girders, and the theoretical algorithm of ultimate strength was improved by comparative analysis of the experimental results [10]. The progressive collapse behaviors and ultimate strength characteristics of ship hull box girder models, made of high strength steel and ordinary strength steel, are studied by experimental method [11]. Cui [12] optimized the welding sequence of the box girder by the genetic algorithm, and its goal is to achieve reduced welding deformation.



With ten-year’s rapid development and innovation, China railway has achieved the development of speed-up and heavy haul with Chinese characteristics. Whether it is the high-speed railway passenger train or the heavy-duty railway heavy haul wagon, their car body includes a lot of box structures. Box structures are connected with each other in the underframe, which forms the main bearing structure of the car body. At present, the total number of wagons is 929,000 in China. Among them, the number of gondola cars is 528,600 [13]. Therefore, it is of profound significance for the optimization of the box structure in the gondola cars. In addition, the structural optimization of box girder is widely studied in the fields of bridge, ship, high-speed railway bogie, etc. However, the research on the gondola car body is still blank.



This paper systematically researched the optimization method and the optimization process of the box girder of the gondola car body. Meanwhile, according to the important role of bolster beams in the gondola car body, they was determined to be the research object. Firstly, the GA-BP algorithm based on orthogonal experimental design method and its optimization process are researched. Secondly, nine sets of parameters are obtained according to the orthogonal test method, then the finite element models are established and simulated. Finally, the structure of bolster beam is optimized, and the feasibility of the optimization method in this paper is verified.




2. Combination of Orthogonal Experiment and GA-BP


2.1. Mathematical Model


In structural optimization design, most of the optimization problems belong to the constrained optimization [14], and its mathematical expression is generally written as follows:


   {    min   f (  x  )    x  ∈  R n      s . t .    g j  (  x  ) = 0   j = 1 , 2 , … , m       h k  (  x  ) ≥ 0   k = 1 , 2 , … , p      



(1)




where    x    is design variables vector;   f (  x  )   is the objective function;    g j  (  x  ) = 0   and    h k  (  x  ) ≥ 0   are the equality and inequality constraints, respectively.



The box structure in the gondola car body is the most critical load-bearing component, and the fatigue cracks often appear in the box structure. Meanwhile, it is not significant to reduce the weight of the box girder as the optimization target, because the weight of the box girder has little effect on the tare weight. Therefore, the welded joint stress around the box girder is minimized as an optimized goal, and Equation (1) can be rewritten as follows:


   {    min   σ (  x  )    x  ∈  R n      s . t .   a ≤  h k  (  x  ) ≤   b   k = 1 , 2 , … , p      



(2)




where    x    is the thickness of the part or the distance between parts;   σ (  x  )   is the stress of welded joint around the box girder;  a  and  b  are the value ranges of    h k  (  x  )  .




2.2. Orthogonal Experimental Design


At present, there have been many experimental design methods, such as single factor test, double factor test, full factor test, Latin hypercube design, orthogonal experimental design, uniform experimental design, central composite design, Box-Behnken design, robust experimental design, etc. [15]. Each test method has a specific statistical model and applicability. Therefore, it is necessary to select the optimal test method according to the specific analysis model. The optimization of box structure is usually to optimize the position between parts or the parts’ dimension and thickness, and the control parameters are relatively few. Orthogonal experimental design has the characteristic that can give the optimal test scheme for the smaller number of levels.



The orthogonal test method is based on the principles of mathematical statistics. It selects the representative test samples from a large number of samples and uses the standardized orthogonal table to schedule a multiple factors test. Meanwhile, it has the characteristics of homogeneity and regularity, test efficiency can be improved, and the number of tests is reduced [16]. The accuracy of the neural network response surface is closely related to its generalization capabilities, generally by training and learning a set of samples and learning the relationship between sample input and output. Therefore, training samples are very important for neural networks. The training sample given by the orthogonal test form is not only general and can guarantee a certain number of samples, reducing the time of network learning sample training, increasing efficiency, and ensuring the generalization ability of the neural network response surface model.




2.3. Genetic Algorithm


Genetic algorithm (GA) can simulate the natural selection of organisms in nature and the biological evolution based on the genetic theory that derived from Darwin’s theory of evolution [17]. It has many advantages, such as it directly operates on objects so there is no limitation of derivation and continuity of function; it has inherent parallelism and fine global search capability; it uses a probabilistic optimization method, which can automatically obtain the search space and adaptively adjust the search direction without the certain rules. If the reasonable fitness function is selected, the structural optimization based on GA can achieve faster convergence calculation, and the optimization result is more reasonable. The calculation flow of the GA algorithm is shown in Figure 1.



According to the Figure 2, the calculation process of GA is as follows:



	
Coding. Coding is similar to a gene that represents the necessary information in DNA, the selected features that are coded, and the solution is a chromosome that is composed of a set of genes. The chromosome of the BP neural network is composed of weights and thresholds, and its length is determined by the numbers of input layers, hidden layers, and output layers.



	
Generating initial population. The individuals are randomly generated as the initial population, and the population is a set of feasible solutions of the objective function. The parameter N is determined according to the scale of the problem.



	
Individual evaluation. The initial population is substituted into the objective function, and the fitness of each population in the current population is calculated according to the fitness function. If the calculation result satisfies the requirements, the highest fitness individual in the objective function is obtained, which is output as the optimal solution of the problem, and the calculation is terminated. Otherwise, the calculation process is transferred to the selection operation.



	
Selection operation. The selection operation is to select excellent individuals from the population. Then it is used as a parent to breed offspring. This operation embodies the principle of survival of the fittest in Darwin’s theory of evolution.



	
Crossover operation. The crossover operation is to exchange some genes in the two parents by the crossover probability, to realize the exchange of information between individuals. This operation realizes the information exchange between individuals.



	
Mutation operation. Mutation operation is to select a certain number of individuals in the population and randomly change a certain gene value with the probability for the selected individuals. This operation provides opportunities for new individuals.







2.4. Combination of Orthogonal Experiment and GA-BP


Back propagation (BP) neural network is a multi-layer feedforward neural network that is trained with error back propagation [18]. According to the characteristics of the box girder optimization in the gondola car body, the three-layer BP neural network can be used, and literature [19] gives the basic principle and calculation method of the three-layer BP neural network in detail.



BP algorithm is a local search optimization method [20], it is easy to fall into local optimum, especially when the quantity of the sample is small, but we need to find the global optimal solution in structural optimization. Genetic algorithm has a good global search ability, and it can quickly search out all solutions in the solution space without falling into the trap of local optimal solutions; it can take advantage of inherent parallelism to solve quickly. However, the local search ability of genetic algorithm is poor, which makes the pure genetic algorithm time-consuming, and the search efficiency is low in the later stage of evolution. Therefore, GA and BP algorithm are combined to find the optimal solution in structural optimization. In addition, the orthogonal experimental design can provide the most typical samples. The calculation flowchart of the combined method is shown in Figure 2.



According to Figure 2, the detailed calculation process is as follows:



	
The three-layer BP neural network is adopted and coded with real numbers. The chromosome is encoded by the weight V, W, thresholds A, B of the BP neural network, and the chromosome length is


  S = n × m + m × l + m + l  



(3)







	
The genetic algorithm is based on the fitness function during the evolutionary search process, and the fitness value of each chromosome is a basis for a gene in the next generation probability. The reciprocal of average difference error is used as the fitness function, and its calculation formula is


  f ( r ) =  1     ∑    ( D − O )  2     N     



(4)




where   f ( r )   is the fitness value of the rnd chromosome, and N is the quantity of chromosomes.



	
According to the fitness value of the individual, the individual selection probability is calculated using a roulette gamble. Meanwhile, single point cross and uniform variation are used for genetic operation.



	
Finally, the initial weight and threshold of the BP neural network are obtained, and the calculation of the neural network is performed.








3. Research on Stress Distribution of Box Girder


3.1. The Structure of Gondola Car Body and Bolster Beam


In general, the gondola car body is welded with weathering steel Q450NQR1, and the study [21] gives structure introduction in detail. The car body includes two key types of box girders, which are the bolster beam and cross bearer. The 1/4 car body is shown in Figure 3.



The bolster beam is not only an important carrying component, but it is also the most important part used to transmit vertical and longitudinal forces that are from the coupler. Therefore, the bolster beam is taken as the research object in this paper. The bolster beam is the variable-section box structure, which is composed of upper cover, web, partition, lower cover, and bolster beam weld. The structure and part names are shown in Figure 4a. For easy description, the weld to the end of the car body is defined as bolster beam weld 1 (weld 1 for short), and the weld to the center of the car body is defined as bolster beam weld 2 (weld 2 for short), which are shown in Figure 4b.




3.2. Finite Element Model and Loading Method


The thickness of each plate is much smaller than the length, width, and height of the car body, so we can use shell elements for finite element simulation by Abaqus software. The mesh model is shown in Figure 5 and the weld line 1 is marked. The mesh is refined on a local part that connects with the bolster beam, and the model has 1,250,555 nodes and 1,262,507 units.



The load and loading method can refer to TB/T1335-1996 [22]. The load of the car body used in the finite element simulation is 80 tons, and the vertical force of the gondola car body is 1053.5 kN. The car body is respectively loaded with the stretch force of 1780 kN and the compression force of 1920 kN.




3.3. The Stress Distributions of Bolster Beam Welds


The finite element simulation results under vertical loading are shown in Figure 6, and the stresses of the bolster beam welds are extracted, which start from the side sill as shown in Figure 7. The same operation and the stress distributions under stretch force and compression force are shown in Figure 7. The following conclusions can be summarized as follows:



	
On the whole, the stress under vertical condition is highest, and the maximum of stress exceeds 100 MPa. Meanwhile, the stress gradient changes greatly, especially at 150 mm and 375 mm. The fundamental reason for the stress mutation is the stiffness mutation, and the positions of the stiffness mutations are shown in the Figure 7.



	
During vertical loading, the stress of weld 1 is higher than that of weld 2, and the stress of the two welds decreases gradually with the increase of distance. During stretch loading and compressive loading, the stress change trend is gentle and the upward trend except at 500 mm, and the stress is slightly fluctuated away from partition 1; the stress of weld 2 is higher than that of weld 1.






In addition, in the survey, the number of cracks in weld 1 is more than weld 2. Therefore, the stress distribution of weld 1 should be focused on analysis and research, and the stress on the key point can be considered as the optimized target in this paper.





4. Structure Optimization of Box Girder


4.1. Determination of Optimization Parameters


According to the structure of the gondola car body and bolster beam, we know that there are many factors affecting the stress of weld 1. The most important factors are the thickness of the upper cover and the web and the distance between two webs. Meanwhile, the increase or decrease the plate thickness of the bolster beam’s parts has little effect on the self-weight coefficient, so the lightweight design of the bolster beam is meaningless. In fact, during the actual application process, most of the cracks of the gondola car body are due to the low strength in key part. Therefore, the stress at the critical position is the most practical significance as optimization goals. In addition, combined with the design experience of the gondola car body, the mathematical model of bolster beam structure optimization is:


   {    σ (  t u  ,  t w  , d )     4 ≤  t u  ≤ 8     4 ≤  t w  ≤ 10     300 ≤ d ≤ 340      



(5)




where   σ (  t u  ,  t w  , d )   is the target function that is stress at the critical position;    t u    is the thickness of the upper cover;    t w    is the thickness of two webs;  d  is the distance between the two webs.




4.2. Stresses Extraction


In order to obtain the typical training samples of GA-BP, according to three independent variables of optimization functions, as well as typical plate’s thickness and distance between the two webs. We can define three levels of the orthogonal experiment table with    t u   ,    t w   , and  d , as shown in Table 1. Then, the orthogonal experiment table with four-factor and three-level is established, as shown in Table 2.



According to the Table 2, nine finite element models of the car body are established, and the finite element simulation is performed. The simulation results are shown in Figure 8.



According to Figure 8, the variation trend of the nine stress distribution curves is basically the same, and all points of the maximum stresses are around 150 mm. Therefore, we can take the minimum stress at 150 mm as the optimization goal. The stress of each model at 150 mm is shown in Table 2.




4.3. GA-BP Optimization Analysis


Firstly, according to the data from Table 2, we can use them as the training samples for BP neural networks, and they are normalized. Secondly, the three-layer neural network is created by the newff() function in the MATLAB toolbox, in which three input neurons, seven hidden layer neurons, one output neuron, and the mean variance target is 10−3. Thirdly, the GA method is used to further optimize the data. The initial population size is 50 and the number of iterations is 1000, which were coded with real numbers and new individuals were selected with the roulette method. In addition, in order to compare and analyze the convergence effect of method GA-BP, the data in Table 2 are also trained by the BP algorithm. The two average fitness curves are shown in Figure 9. We can clearly see from Figure 9 that the convergence speed by BP-GA algorithm is faster, and the efficiency is higher. The best fitness value is found after about 650 generations by BP-GA algorithm, in other words, the optimal solution is found, and the optimization results are listed in Table 3.




4.4. Optimization Results Verification


According to the optimization parameters, the new finite element model is established. In order to be clear, visible, and convenient for comparative analysis, this stress distribution curve is plotted in Figure 10, which is shown together with the curve in Figure 8. We can see that the optimized model is minimal at 150 mm, which is shown in Table 3, and the stress on the entire weld is less than other models. This result shows that the GA-BP method is reasonable and feasible in the box girder optimization of the gondola car body.





5. Conclusions


The main conclusions are as follows:



	(a)

	
GA-BP algorithm and the orthogonal experiment method were first applied to optimize the box girder of the gondola car body, and the optimization process is systematically given in this paper. The results show that the stress of optimized bolster beam at 150 mm is the smallest, which is consistent with expectations.




	(b)

	
The disadvantage of traditional car body finite element simulation analysis, that the designer only pays attention to the point of maximum stress, has been avoided, and the stress distribution curve of the bolster beam weld is also focused on. This analysis method can visually see the stress extreme points and can provide the basis for determining the optimization target of the bolster beam.




	(c)

	
Nine bolster beam models have been established and simulated through orthogonal experimental design. The GA-BP algorithm calculated the stresses of nine stress distribution curves at 150 mm, and the results show that the algorithm converges fast and finds the optimal parameters easily.
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Figure 1. The flowchart of GA. 






Figure 1. The flowchart of GA.
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Figure 2. The flowchart of the combined method. 






Figure 2. The flowchart of the combined method.
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Figure 3. The structure of gondola car body and its key box girders. 
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Figure 4. Bolster beam and its weld (a) the structure and parts’ name; (b) the definition of bolster beam weld. 
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Figure 5. Finite element model of the gondola car body. 
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Figure 6. The finite element simulation results under vertical loading. 
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Figure 7. The stress distribution of bolster beam welds: (a) the distance between side sill and outer edge of interior reinforcement; (b) the distance between side sill and partition 1; (c) the distance between side sill and partition 2. 
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Figure 8. The stresses distributions of weld 1 under vertical conditions. 
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Figure 9. The average fitness curves. 
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Figure 10. Stress distribution curve before and after optimization. 
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Table 1. Factors and levels of orthogonal experiment.






Table 1. Factors and levels of orthogonal experiment.





	Level
	     t u    ( mm )    
	     t w    ( mm )    
	d (mm)





	1
	4
	4
	340



	2
	6
	7
	320



	3
	8
	10
	300
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Table 2. Orthogonal experiment data of L9(34).






Table 2. Orthogonal experiment data of L9(34).





	Test Number
	     t u    ( mm )    
	     t w    ( mm )    
	d (mm)
	  σ   (Mpa)





	1
	4
	4
	340
	122



	2
	4
	7
	320
	113



	3
	4
	10
	300
	98



	4
	6
	4
	320
	121



	5
	6
	7
	300
	96



	6
	6
	10
	340
	81



	7
	8
	4
	300
	107



	8
	8
	7
	340
	81



	9
	8
	10
	320
	79
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Table 3. Comparative table before and after optimization.






Table 3. Comparative table before and after optimization.





	Level
	     t u    ( mm )    
	     t w    ( mm )    
	d (mm)
	  σ   (Mpa)





	Original
	6
	7
	320
	100



	GA-BP
	8
	7
	312
	78



	Verified by simulation
	8
	7
	310
	74
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