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Abstract

:

The optimization of the pile driver frame is very important to the overall performance of the pile driver. This paper examines the large body structure of a model of a hydraulic static pile driver as the research object. ANSYS APDL finite element software is used to perform static analysis and sensitivity analysis on the large body structure of the pile driver. On the premise of meeting the design requirements, according to the most dangerous working conditions of the pile driver, the size optimization of the frame structure of the pile driver is carried out based on sensitivity analysis. The mathematical model is established with the plate thickness as the design variable, the strength and stiffness of the body structure as the constraints, and the minimum mass of the body structure as the objective function. The optimization results show that the optimization design model based on sensitivity analysis not only meets the strength and stiffness conditions of the large structure, but also reduces the structural mass by 22.1% and greatly reduces the production cost.
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1. Introduction


In civil engineering infrastructure, the most common form of foundation is the pile foundation. With the development of the mechanical engineering industry, the quality of pile pressing machinery has also developed for the better. In China’s economic construction, pile pressing machinery plays an increasingly critical role. There are various types of pile pressing equipment. The most common ones are as follows: barrel type diesel pile hammer, hydraulic pile hammer, hydraulic static pile hammer, hydraulic vibratory hammer, etc. [1,2,3,4,5]. Compared with other types of pile presses, hydraulic static pile presses have numerous advantages. First, the hydraulic static pile driver does not greatly affect the surrounding buildings or environment while working, so it does not cause damage to the land structure [6]. Secondly, when working, the top of the pile is not easily damaged and the whole pile body is not subject to bending. During the whole construction process, the noise and the vibrational impact on the ground can be ignored. Since the hydraulic pile driver is hydraulically driven, linear motion is easily achieved and the power utilization rate of the entire device is extremely high [7]. Finally, since the hydraulic apparatus has been kept in a relatively steady state during the operation, it is not difficult to achieve a stepless velocity regulation during the motion or over a wide range. As the manufacturing industry has developed, hydraulic components have also become more standardized, it has also become a more versatile part.. Hydraulic static pile drivers gradually became used in civil engineering, as they were more convenient for automated operation and protection against overload [8]. The hydrostatic pile driver is a piling machine that uses static pressure to press piles into various substrates, thus realizing the foundation for building implementation, as shown in Figure 1.



In recent years, with the development of piling technology, hydraulic static pile presses have taken a pivotal role in the construction of pile foundations. However, with the modern demands of green development, energy saving and emission reduction, lightweight vehicles have become a new trend in the development of the manufacturing industry. Product “weight loss” has become the top priority for product design and development in this industry. The lightweight design not only enables efficient product quality and material saving development concepts, but also guarantees product performance. It is also beneficial to enhance the company’s key competitive advantages and major development policies. In order to occupy a favorable position in the international trend of industrial change, China has proposed the “Made in China 2025” strategy in the new international environment. “Made in China 2025” is dedicated to breaking the situation of China’s manufacturing industry being big but not strong, and vigorously carrying out independent research and development. Domestic scholars are working hard to achieve and catch up with the advanced level of the international machinery industry as soon as possible. The pile driver is an integral part of China’s manufacturing [9]. With the improvement of computer technologies, many researchers have gradually mastered some of the advanced software programs such as ANSYS, ABAQUS, MATLAB, and so on. All of these programs can be used for the optimization design of mechanical equipment. The level of mechanical optimization in China has started to improve. By using specific optimization methods, it is possible to optimize multiple objectives with complex linkages at the same time. In this context, the design of pile driving machines is no longer just about achieving the required strength and stiffness of the structure. The aim is also to design mechanical equipment that combines safety and economy. Optimal design methods based on sensitivity analysis have found applications in numerous fields [10] such as automotive, aerospace design, and agricultural machinery. Tang Jing et al. used the structural parameters of commercial vehicle cabs, using thickness as design variables, and applied the sensitivity analysis method to filter out the best variables to achieve the lightweight goal [11]. Wang Li proposed and evaluated a multidisciplinary sensitivity analysis for rotorcraft simulation and applied it to the constrained optimization of rotorcraft configuration [12]. Yu Tongtong et al. proposed a parametric sensitivity analysis of the composite prepreg tape winding process and applied it to the establishment of an optimization method for winding process parameters [13]. Liu Qimao proposed to solve the sensitivity by gradient method and applied it to the lightweight design of combined beams [14]. Kiendl, J. et al. proposed a method for the geometry optimization of shell structures by applying sensitivity weighting [15]. From the literature, it can be seen that the application based on the sensitivity analysis method solves the problem of the optimal design of metal structures such as commercial vehicles and rotorcraft. The optimization of the sensitivity calculation method is also proposed to increase the efficiency of model optimization. However, there has been little research for the application of pile machinery, especially the metal structure of pile machinery. Therefore, the use of an optimal design method for the large body structure of the pile press not only reduces materials waste, but is important to accelerate the realization of the “Made in China 2025” strategy in China.



In this paper, the three-dimensional model of the large body structure of the pile press is established by using the finite element analysis method. Sensitivity analysis was used to optimize the design of the large body structure of the pile press, which minimizes the weight of the large body skeleton structure to meet the strength and stiffness constraints, thereby reducing the production cost [16].




2. Body Model Structure and Analysis


The large body skeleton structure is a key component of the hydraulic static pile driver. Specifically, it is the main load-bearing part of the pile driver. Except for the lower support structure of the pile driver and the walking mechanism, the weight of the rest of the machine is supported by the large body of the pile driver. It enables the pile driver and crane to work properly. In this way, it plays a role in the entire structure of the pile driver. With a large body structure, the motion of the walking and traversing mechanisms will drive the upper parts that cannot move together. Therefore, the design of the large-body skeleton structure plays a crucial role in the working performance and operation of the pile driver.



2.1. Finite Element Model (FEM)


The rapid development of computer technologies has made it possible to use simulation techniques to complete the design and analysis of complex product structures. The finite element method is based on the principle of variability, and is essentially a numerical approximation method. It helps to solve complex engineering problems by approximating the structure as a whole, using a finite number of organic combinations of discrete units. Since the finite element method has a very clear physical concept, this method is also highly suitable for more complex structures. At the same time, the calculations of the finite element method can be implemented by computer and are highly efficient. Currently, the finite element method is widely used in the study of static structural dynamics, fluid analysis, thermal analysis, electromagnetic field analysis and other problem areas. The use of parametric finite element modeling techniques for the modeling, analysis, and optimization of product design is one of the commonly used approaches in engineering practice. A high-precision model construction based on the finite element analysis method is able to recover the true model with relative accuracy. The analysis and design of product batches through parameters considerably improves design efficiency and saves design costs. In this paper, the ANSYS parametric design language provided by the ANSYS finite element analysis software is used to perform computer-aided modeling. The finite element model of the large body structure of the YZY400 hydraulic pile driver is used as the object of study, and all the performance parameters of the pile driver are shown in Table 1.



The large body structure of this model of the static pile driver is welded by steel plates and is a complex space box system structure. In order to ensure that the finite element analysis is carried out properly and effectively, the original model is simplified appropriately. Members without load-bearing effects were removed, details such as unnecessary holes and rounded corners were simplified, and legs attached to the bulk structure were simplified. In this paper, in order to facilitate the optimization analysis of the bulk structure based on its properties, we parametrically model it using the ANSYS APDL pc-software(Mechanical APDL 2020 R1, ANSYS, USA). Since the bulk structure belongs to a large thin plate structure, with a large difference between the thickness and the rest of the dimensions, the plate and shell units are chosen to simulate actual steel plates when modeling. The specific type is chosen from the shell 63 in APDL [17]. During the finite element analysis, the transmission of forces relies on the nodes between the units. In order to ensure that the finite element analysis is performed correctly, a proper meshing is particularly important. Therefore, in this paper, the model is meshed in the form of free triangles. The meshing of local locations in the model is shown in Figure 2.



After the establishment of the finite element model of the large body structure, the boundary conditions are applied to the model, and the static analysis is carried out based on the loads that the large body skeleton is subjected to in the actual work.




2.2. Static Analysis


2.2.1. Typical Working Condition Selection


As shown in Figure 3, a hydraulic oil tank and cab, used to power the pile driver for pile extraction and pile pressing, are also mounted on the large body skeleton. The static pile driver works on the pile by means of a pile pressing mechanism. Hydraulic cylinders in the chassis platform provide the power for the pile pressing and pile pulling action.



The static pile driver operates on the pile through a pile pressing mechanism, powered by hydraulic cylinders in the chassis platform to enable a pile pressing and pile pulling action. The pile pressing mechanism is connected to the large body in the upper part of the massive body skeleton structure. The entire pile driver travels and moves through a travel mechanism and a traverse mechanism in the lower part of the large body platform. The outriggers are bolted to the bulkhead structure, and the outriggers have hydraulic cylinders attached to the long boat by hinges. The ball head of the ball hinge is attached to the slewing mechanism and the short boat. The large body platform structure will link the static pile drivers into a single unit that will directly bear the reaction force when the pile is pressed. The maximum deformation of the bulk structure occurs when the static pile driver implements the pile pressing action. In this paper, we present a hydrostatic analysis of the pile pressing operation and its hydrostatic properties under the most dangerous operating conditions.




2.2.2. Analysis of Stress Results in Typical Working Conditions


The maximum pile-up force of the pile-up driver is 400 t. The combined effect of the maximum pile-up reaction force, and the gravity of the pile-up table itself, has an upward effect on the pile-up driver’s bulk structure. The longitudinal meander mechanism supports the entire structure, and the combined force acts on the connecting surfaces of the cylinder and column in the form of a uniform load q. The calculated load q is 3.061 Mpa, and a diagram of the bulk structure is shown in Figure 4.



In the finite element, the transmission of force is carried out with the help of nodes, so the load can be applied either centrally on the nodes or uniformly on the surface. This calculation applies the load q on the connection surface of the column with the uniform load applied. The large body structure cross-sectional dimension parameters are shown in Figure 5.



In the above figure, R1 is the thickness of the crane support plate. R2 is the thickness of the side seal cover plate. R3 is the thickness of the inner longitudinal plate. R4 is the thickness of the side sealing plate. R5 and R6 are the thickness of the pile mouth sealing plate and the middle longitudinal plate, respectively.



In actual operation, the big body structure is lifted on the ground by four cylinders, and the pile is pulled or pressed along the cylinder legs in an up and down direction to complete the working condition. The degrees of freedom of the cylinder legs in other directions are limited, so the big body structure has only one degree of freedom. When the constraints are set for the large body structure model, the degrees of freedom in all directions of the large body structure are restricted, except for the release of the Z-axis degrees of freedom. Therefore, the pile driver is restrained at the connection between the large body structure and the legs. There are 2 degrees of freedom in the translation direction and 3 degrees of freedom in the rotation direction (ROTX, ROTY, ROTZ), as shown in Figure 6.



The structure was analyzed in ANSYS APDL, and the stress cloud and displacement cloud of the large body skeleton under the compression pile condition were obtained, as shown in Figure 7.



From Figure 7a, it can be seen that the maximum stress of the big body skeleton is 110 MPa. The maximum stress appears at the connection of the legs of the big body structure, which is consistent with the actual working condition. According to the crane Chinese standard GBT3811-2008, taking 1.34 as the safety factor, the allowable stress of the material is 175 MPa, which meets the design requirements.



As can be seen from Figure 7b, the maximum displacement is 2.01 mm under the pile pressing condition, which meets the requirements. The maximum deformation near the hydraulic cylinder cover plate is also in line with the actual situation.






3. Theoretical Foundations of Sensitivity Analysis


We refer to the gradient of variation of the structural or product performance values with respect to the design variables as sensitivity. The design variables in this paper are the thickness of each plate among the large body structure mentioned above. Changes in the design variables cause changes in the product performance values, such as the mass, strength, and stiffness of the structure. When analyzing the structural stiffness, the gradient of the stiffness variation to the value of the thickness (d) of each plate of the large body is the sensitivity [18]. Mathematically, if F(d) is continuous and derivable, the first-order sensitivity S of this function when Equation (1) exists is:


    ∂ F  ( d )    ∂  d j     



(1)




where:   F  ( d )    is the performance value of the large body structure,    d j    is the design variable of the large body structure.



Finite element analysis theory emphasizes that the general structural static finite element analysis has:


    [ K ]   n × n      { u }    n × 1      { F }    n × 1   =    { F }    n × 1      



(2)




where:      { F }    n × 1     denotes the external load vector of the structure,      { u }    n × 1     is the displacement vector of the structure.      [ K ]    n × n     is the total stiffness matrix of the finite element model; n is the degrees of freedom of the structure.



    [ F  , d  ]   n × 1     is the partial derivative of      { F }    n × 1     with respect to the design variables d.     [ u  , d  ]   n × 1     is the partial derivative of      { u }    n × 1     with respect to the design variables d.     [ K  , d  ]   n × n     is the derivative matrix of      [ K ]    n × n     to d, and the derivative of (2) with respect to d is obtained:


    [  K  , d   ]   n × n      { u }    n × 1   +    { K }    n × n      {   u  , d    }    n × 1   =    {   F  , d    }    n × 1      



(3)







If the vector      { F }    n × 1     is equal to 0, then there is:


    [  F  , d   ]   n × 1   =    { 0 }    n × 1    



(4)






    [  u  , d   ]   n × 1   =    { K }    n × n   − 1      {   K  , d    }    n × n      { u }    n × 1    



(5)




where:      [ K ]    n × n   − 1     is the inverse matrix of the total stiffness matrix of the structural finite element model. The total stiffness matrix of the structural finite element model is obtained after summing the corresponding matrices of each cell, which is:


    [ K ]   n × n   =  ∑     [   K  , d  i   ]    n × n      



(6)




where: i is the cell number;     [  K i  ]   n × n     is the expanded cell stiffness matrix. The derivative of the formula of (6) to d is obtained:


    [  K  , d   ]   n × n   =  ∑  i    [   K i     , d    ]    n × n    



(7)







Equation (5) can be replaced by:


   [   u  , d    ]  n × 1   = −  [  K  ]  n × n   − 1    ∑     [   K i     , d    ]    n i × n i      {  u ′  }    n i × 1    



(8)




where:     [  K i   , d  ]   n i × n i     is the cell stiffness derivative matrix without order expansion, ni is the cell degrees of freedom.      {  u ′  }    n i × 1     is the component of the corresponding unit i in      { u }    n × 1    , which is the vector of the individual unit displacements. Then, the formula of (8) is required to calculate the sensitivity of the structural displacement vector      { u }    n × 1     to the design variable d. In the optimization analysis of the large body skeleton structure, the large body finite element model is composed of plate and shell units. Therefore, the unit stiffness matrix before the expansion of the plate and shell units is:


   [   K i   ]  n i × n i   =  [   K m i   ]  n i × n i   +  [   K b i   ]  n i × n i   = E d  [   K 1 i   ]  n i × n i   + E  d 3    [  K 2 i  ]   n i × n i      



(9)




where: E is the modulus of elasticity of the material, d is the real constant of the plate and shell unit, which is the thickness of the plate.     [  K m i  ]   n i × n i     and     [  K b i  ]   n i × n i     are the membrane stiffness and bending stiffness of the plate in the stiffness of the shell unit. While the coordinates of each node in the cell of i are related to     [  K 1 i  ]   n i × n i     and     [  K 2 i  ]   n i × n i    , they are not related to the modulus of elasticity E and the thickness of the plate d, and as we know:


   [   K  , d     i   ]  n i × n i   = E  [   K 1 i   ]  n i × n i   + 3 E  d 2   [   K 2 i   ]  n i × n i   = F c  [   K 1 i   ]  n i × n i   + 3 F  c 3    [  K 2 i  ]   n i × n i      



(10)







Therefore, the value of     [  K i   , d  ]   n i × n i     can be obtained by performing only one more calculation of the stiffness matrix of each cell.




4. Optimized Design of Structures


4.1. Sensitivity Analysis


The mass of the large body skeleton of a pile driver is related to the mass of each of the thin plates that make up its structure. For thin slabs, the dimensional properties that affect their mass are dominated by the thickness of the slabs. Therefore, the sensitivity analysis of the bulk skeleton structure to the thickness of each slab is the main consideration. The results of the sensitivity calculation are typically derived from the design of experiment analysis [19]. The experimental factors that have a big effect on the performance of the skeleton structure can be obtained by screening from several design variables. The sensitivity calculation method can be used to achieve a reasonable allocation of materials, so as to improve the light weight of the large body structure. The influence of the change of the design parameters of the large body skeleton structure on the performance and extent of the large body structure are quantitatively studied. Then, the parameters that are most sensitive to the response of the large body structure performance in the optimization design process will be screened out. In turn, the optimal range of variables for optimal design is obtained, and the optimal design variables are further extracted. The sensitivity analysis of the large body structure of the pile driver in the most dangerous working conditions involves the large body strength, stiffness and total mass of the large body structure of the pile driver. Considering that the large body structural members are all thin steel plates, the thickness of large body plates is selected as the structural design variable. Sensitivity analysis is performed for the maximum stress at the nodes of the large body structure, the maximum displacement, and the mass of the large body skeleton of the pile driver.



Design of experiment is computed analytically using an iterative approach, and for experiments, the maximum and minimum values of the design variables, that is, the upper and lower limits, must be determined. After consulting with relevant technical experts, R1 is taken as between 0.03 m and 0.05 m, R2 is taken as between 0.02 m and 0.04 m, R3 is taken as between 0.025 m and 0.045 m, R4 is taken as between 0.025 m and 0.045 m, R5 is taken as between 0.04 m and 0.06 m, and R6 is taken as between 0.05 m and 0.07 m. There are numerous commonly used experimental design methods, such as Central Composite [20,21,22], Fractional Factorial, Full Factorial, Latin Hypercube, Orthogonal Array, Sobol Sequence, etc. The Latin square experimental method is a sampling method based on the principle of equal probability or equal distance for multidimensional stratified sampling by constraining the locations of sample points. It allows the sample points to be distributed more evenly throughout the design space. Compared with other experimental methods, the advantage of this sampling method is that it has a sampling memory function, which can avoid repeated sampling. The Latin square experimental method can cover the whole design space with a smaller number of sample points, so as to efficiently obtain more comprehensive spatial information. Moreover, this sampling method does not require too much for the number of sample dimensions and sample points. Therefore, in order to obtain sample points for experimental design more efficiently and comprehensively, this paper adopts the Latin square experimental method to obtain data on the variation of each performance value of the large body structure with independent variables [23]. The sensitivity analysis results of the thickness of the large body structure’s steel plate to the mass, displacement and structural stress were obtained after the arithmetic analysis, as shown in Table 2, Table 3 and Table 4.



Combined with the results of the sensitivity analysis of the design parameters, the parameters that have a greater impact on weight reduction, but have a minor impact on the stiffness and strength of the large body structure, are selected as design variables. Therefore, R1, R3~R6, a total of five parameters, are selected as design variables [24].




4.2. Constructing Optimal Design Model


	(1)

	
Design variables: The large body skeleton of the pile driver is mainly made of thin steel plates welded together, and the steel plate thickness R is chosen as the design variable.




	(2)

	
Constraints: The strength and stiffness of the large body skeleton are the constraints.




	(3)

	
Objective function: The large body skeleton mass M is minimized as the objective.







An optimization mathematical model is developed as follows:


   {          F i n d     X =  [   R 1  ,  R 2  , ... ,  R n   ]                M i n    M              S . t      σ  m a x              ω  m a x          



(11)




where:    R n    is the thickness of the plate, n is the number of variables,    σ  m a x     is the maximum stress obtained by calculation,    ω  m a x     is the maximum deflection obtained by calculation, and M is the mass of the large body structure.



ISIGHT software is a “software robot” that can quickly integrate and couple various software by building blocks. It includes specialized integration components for various CAE software such as Abaqus, CATIA, SolidWorks, ANSYS, MATLAB, etc. ISIGHT can also integrate various software that cannot be used directly through the common integration component SIMCODE for efficient and quick simulation. By integrating ANSYS APDL parametric language design programs, Windows batch files and output files into ISIGHT, calls to ANSYS can be implemented. In this paper, a workflow consisting of an optimization calculation component and a call to the SIMCODE component of the ANSYS APDL software is used to perform the optimization model calculation. As shown in Figure 8, a circular workflow of SIMCODE and optimization is created in ISIGHT.



In engineering practice, there are three main types of optimization algorithms: direct search, gradient optimization, and global optimization algorithms. The pointer algorithm is actually a library of algorithms. During the optimization process, the pointer algorithm automatically captures information about the design space, and automatically combines four of the three types of optimization algorithms to form an optimal strategy. During computation, the algorithm can switch between the four algorithms and continue to find a better design solution as long as it is still running. Therefore, in order to find a better optimal solution for the optimization mathematical model and to use the minimum number of optimization computation simulations, this paper adopts the pointer algorithm for solving the optimization mathematical model [25].





5. Results


After calculation, the variable values, maximum stress, maximum displacement and structural mass of the optimization process can be obtained, as shown in Figure 9. The thickness of the design variables before and after optimization and the rounded thickness after optimization are shown in Table 5. The comparison results of mass, maximum stress and maximum displacement of the structure before and after optimization are shown in Table 6.



In practice, design variables are always subject to artificial influences that lead to uncertainty. Uncertainty often makes the optimal solution beyond the feasible range, and it eventually becomes infeasible. Moreover, the complex structure of the pile driver makes it difficult to directly design the dimensions of each design variable, and judge whether the design requirements are satisfied. As shown in Table 5, the values of each variable are well optimized and satisfy the respective value ranges. Therefore, the method of constructing parametric modeling, building a mathematical model, and finding the optimal solution is to satisfy the expected effect of the design.



As can be seen from Table 6, the maximum stress value of the large body skeleton is 110 MPa under pile compression before optimization and 162 MPa after optimization. With a safety factor of 1.34 and a maximum safe stress value of 175 MPa, the optimized stress value still has a large margin and thus meets the design requirements. The maximum displacement is increased to 3.26 mm before and after optimization, compared to 2.01 mm before optimization. However, there is still a large excess for the stiffness condition for large body structures. It can be seen that the optimized structure satisfies the design requirements. At the same time, the mass of the optimized large body structure was reduced from 82,556.1 kg to 64,282.6 kg before optimization, which is in line with the optimization goal of reducing the structural mass in this paper.




6. Conclusions


In this paper, the typical working conditions of a pile press are used as an example to study how to improve the light weight of the large body structure of a static pile press. This paper first aimed to develop a finite element model of the large body structure of a static pile driver. The strength and stiffness of the large body of the pile driver were verified through finite element analysis to meet the design requirements. On this basis, the structure optimization based on sensitivity analysis was carried out. A mathematical analytical model of the optimization was constructed, and the results of the optimization showed that the strength and stiffness of the optimized large body structure of the hydrostatic pile driver are within reasonable limits. Therefore, the hydrostatic pile driver has great safety and reliability, which can completely ensure the safety of the pile driver during the working process. Compared to the mass of the preoptimized bulk structure, which was 82,556.1 kg, the optimized bulk structure has a mass of 64,282.6 kg, a 22.1% reduction in mass. It reduces the production cost and has some guiding implications for future lightweight designs of piling machinery. The shortcoming of this paper is that the effectiveness of various single optimization algorithms for solving the mathematical model of the large body structure is not verified due to time constraints. In future research work, the construction of some optimization algorithms such as genetic algorithm, particle swarm algorithm, etc. and the comparison of their respective optimal solutions will be added.
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Figure 1. YZY400 hydraulic static pile driver. 
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Figure 2. Large body structure finite element model. 
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Figure 3. Hydraulic pile driving mechanism and cab. 
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Figure 4. Large structure component drawing. 






Figure 4. Large structure component drawing.
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Figure 5. Section size of large structure. 






Figure 5. Section size of large structure.



[image: Applsci 13 04774 g005]







[image: Applsci 13 04774 g006 550] 





Figure 6. Large body structure constraint diagram. 
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Figure 7. Large body skeleton stress cloud and skeleton displacement cloud. (a) Large body skeleton stress cloud; (b) large body skeleton displacement cloud. 
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Figure 8. ISIGHT workflow diagram. 
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Figure 9. The value of each variable in the optimization. (a) The value of R1; (b) the value of R3; (c) the value of R4; (d) the value of R5; (e) the value of R6; (f) the value of stress; (g) the value of displacement; (h) the value of mass. 
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Table 1. YZY400 pile driver performance table.
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Parameter

	
Numerical Value

	
Parameter

	
Numerical Value






	
Total mass

	
140 t

	
Crane rated lifting

	
16 t




	
Piling capacity

	
400 t

	
Whole machine size

	
12.9  × 10.0  × 7.38 m3




	
Grounding

specific voltage

	
Longship

	
0.119 MPa

	
Line

Size

	
Longship

	
3.3 m




	
Shortship

	
0.127 MPa

	
Shortship

	
0.8 m




	
Pressing

piles

Speed

	
Maximum speed

	
4.7 m/min

	
Stake

size

	
Square pile

	
250, 300, 400 mm




	
Minimum speed

	
1.3 m/min

	
Round pile

	
300, 400, 500 mm
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Table 2. Sensitivity analysis of mass to plate thickness.
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	Parameter Name
	Quality Sensitivity
	Parameter Name
	Quality Sensitivity





	R1
	0.94
	R4
	0.21



	R2
	0.16
	R5
	0.23



	R3
	0.12
	R6
	0.12
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Table 3. Sensitivity of displacement to plate thickness.






Table 3. Sensitivity of displacement to plate thickness.





	Parameter Name
	Displacement Sensitivity
	Parameter Name
	Displacement Sensitivity





	R1
	−0.95
	R4
	0.04



	R2
	0.21
	R5
	−0.21



	R3
	−0.02
	R6
	0.05










[image: Table] 





Table 4. Sensitivity analysis of stress to plate thickness.






Table 4. Sensitivity analysis of stress to plate thickness.





	Parameter Name
	Stress Sensitivity
	Parameter Name
	Stress Sensitivity





	R1
	−0.95
	R4
	−0.08



	R2
	0.21
	R5
	−0.22



	R3
	−0.04
	R6
	0.03
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Table 5. Design variables before and after optimization and rounding thickness after optimization.
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	Variable Name
	Thickness before Optimization

/m
	Optimized Thickness

/m
	Thickness after Rounding

/m





	R1
	0.04
	0.03
	0.03



	R3
	0.03
	0.02
	0.02



	R4
	0.035
	0.025
	0.025



	R5
	0.05
	0.0599979
	0.06



	R6
	0.06
	0.0500
	0.05
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Table 6. Comparison of structural stress and displacement before and after optimization.
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Maximum Stress

/Mpa

	
Mass

/kg

	
Maximum Displacement

/m






	
Before optimization

	
After optimization

	
Before optimization

	
After optimization

	
Before optimization

	
After optimization




	
110

	
162

	
82,556.1

	
64,282.6

	
0.00201

	
0.00326
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