Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2023 d0i:10.20944/preprints202302.0439.v1

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.

Article

Optimization of pile driver frame based on sensitivity analysis
JinMei Wu ¥, Yanqing Yang *, JiaMeng Hu !

1 School of Mechanical Engineering, North China University of Water Resources and Electric Power, Zheng-
zhou 450011, China

* Correspondence: wujinmei@ncwu.edu.cn(J.W.);15638535693@163.com(Y.Y.)

Abstract: The optimization of the pile driver frame is very important to the overall performance of
the pile driver. This paper takes the large body structure of a model of 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 quality by 22.1% and greatly saves the production cost.
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0. Introduction

With the current requirements of green development and energy conservation and
emission reduction, lightweight has become the new trend of manufacturing industry de-
velopment. In the manufacturing industry, product "weight loss" has become the priority
of product design, research and development. While ensuring the performance the prod-
uct should have, its lightweight design not only enables the development of high-effi-
ciency product quality and material savings concepts, but also helps enhance the key com-
petitive advantage of the enterprise. A static pile driver is a piling machine that uses static
pressure to press piles into various substrates, thus implementing a foundation for con-
struction implementation [1], as shown in Figure 1.

Figure 1. YZY400 hydraulic static pile driver.
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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 and walking mechanism of the pile driver, the weight of the rest of the
pile driver is supported by the large body of the pile driver, so that the pile driver and the
crane can work correctly. 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. Optimal design methods based on sensitivity analysis have found appli-
cations in numerous fields [2-3], such as automotive, aerospace design, and agricultural
machinery. However, for the application of pile machinery, especially the metal structure
of pile machinery, there is extremely minor. Therefore, in order to reduce the production
cost, this paper optimizes the large-body structure of the pile press based on sensitivity
analysis, and reduces the weight of the large-body skeleton structure as much as possible
while satisfying the strength and stiffness constraints [4].

1. Body Model Structure and Analysis

1.1 Finite element model

This paper takes the large body skeleton structure of hydraulic static pile driver
model YZY400 as the research object. The finite element model of the large body structure
of the pile driver is established and studied by using ANSYS APDL finite element soft-
ware. The performance parameters of the whole machine of the pile driver are shown in
Table 1.

Table 1. YZY400 pile driver performance table.

Parameter Numerical Parameter Numerical
Value Value
140 Crane rated lift- 16
Total mass )
t mg t
1 . 400 Whole machine 12.9%10.0%7.38
Piling capacity e
t m3
0.119 33
Grounding Longship MPa Line Longship -
specific volt- 0127 Sive 05
age Shortship Shorship
MPa m
i 4.7 250,300,400
Pressing Maximum Stake Sqt.lare
speed m/min Pile mm
piles
Minimum 13 . Round 300,400,500
Speed d . size .
spee m/min pue mm

The large body structure of this model of static pile driver is all welded by steel plates
and it is a complex space box system structure. In order to ensure that the finite element
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analysis is carried out properly and effectively, the original model is simplified appropri-
ately. 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. According to the characteristics of the large body structure itself, in order to
facilitate the parametric optimization analysis of the large body structure, this paper uses
ANSYS APDL modeling software for the parametric modeling of the large body structure.
Since the bulk structure belongs to a large thin plate structure with a large difference be-
tween 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 [5], and the free triangles are used in the face meshing of the large-body skeleton
model to obtain the large-body structure finite element model. As shown in Figure 2, the
model has 19, 728 nodes and 312, 110 cells.

eLzumNTs ANSYS

R19.0

JUN 20 2022
16:16:55

Figure 2. Large body structure finite element model.

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.

1.2 Static analysis

1.2.1 Typical working condition selection

In addition, a hydraulic oil tank and cab, used to power the pile driver for pile ex-
traction and pile pressing, were also mounted on the large body skeleton. The static pile
press operates on the pile by means of a pile-pressing mechanism, powered by a hydraulic
cylinder in the chassis platform, to enable both pile-pressing and pile-pulling actions. 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 ac-
tion. 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 were bolted to the bulkhead structure, and the outriggers had hydraulic cylin-
ders 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 analy-
sis of the pile-pressing operation and its hydrostatic properties under the most dangerous
operating conditions [6].

do0i:10.20944/preprints202302.0439.v1
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1.2.2 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 sup-
ports 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 3.

Side sealing Pile mouth Column Inner
plate sealing  connecting plate longitudinal
plate % plate
Side seal i /
cover i
plate Vi I
T T T Cram—:;t
Middle | SHPPR
seal v v v
cover
plate Middle Leg
longitudinal connecting
plate plate

Figure 3. Large structure component drawing.

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, where the large body structure cross-sectional dimension parameters are
shown in Figure 4.

l R, Column connecting plate l R, Side seal cover plate l R,
e T e [T g
— — — — — k—
Side sealing plate Crane support plate Middle longitudinal plate
l R, l R, Middle seal cover plate
[ R I R,
— — — —
Pile mouth sealing plate Inner longitudinal plate

Figure 4. Section size of large structure.

Appling full constraints for the four legs connected to the large body during solving
for static analysis. 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 5.
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Figure 5. Large body skeleton stress cloud and skeleton displacement cloud. (a) Large body skeleton
stress cloud; (b) Large body skeleton displacement cloud.

From Figure 5 (a), 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 struc-
ture, which is consistent with the actual working condition. According to the crane Chi-
nese standard GBT3811-2008, taking 1.34 as the safety factor, the allowable stress of the
material is 175MPa, which meets the design requirements.

As can be seen from Figure 5 (b), 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.

2. 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. When analyzing the structural stiffness,
the gradient of the variation of the stiffness to the value of the thickness d of each plate of
the large body is the sensitivity [7]. Mathematically speaking, if F(d) is derivable, then the
first-order sensitivity S of this function is:

OF (d) 1
od (1)

J

Where: F(d) is the performance value of the large-body structure. d; is the design
variable of the large-body structure.

Finite element analysis theory emphasizes that for general structural static finite ele-

ment analysis has:

(6D 00 A s = {F o 2

Where: {F},x; denotes the external load vector of the structure. {u},y; is the dis-
placement vector of the structure. [k],x, is the total stiffness matrix of the finite element

model; n is the degrees of freedom of the structure.

[F,q]nx1 is the partial derivative of {F},x; with respect to the design variables d.

[wqlnx: isthe partial derivative of {u},x; withrespectto the design variablesd. [K,q ]nxn
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is the derivative matrix of [K],x, to d, and the derivative of (2) with respect to d is ob-

tained:

(& 4 Lo {u }nxl + {K }nxn {”,d }nxl = {Ed }nxl ©)

If the vector {F},x; isequal to 0, then there is :

[Ed]nxl = {O}nxl (4)

[0 4]0 = {K };>l<n {K d },,x,, {” }nxl (5)

Where: [K]hi, isthe 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] = D [KS] ©6)

Where: e is the cell number; [K®],., isthe expanded cell stiffness matrix. The deriv-

ative of the formula of (6) to d is obtained:

A< @)

Equation (5) can be replaced by :

[u,d ]nxl = _[K];}(n z [Ke’d ]nexne {u'}nexl (8)

Where: [K® 4 ]nexne is the cell stiffness derivative matrix without order expansion,
ne is the cell degrees of freedom. {u'},cx; is the component of the corresponding unit e
in {u},x1, 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},y; 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, so the unit stiff-

ness matrix before the expansion of the plate and shell units is:

(K Lene =K Luesne + K Lune = EATKT e + EA[K3 ], )

nexne nexne ]nexne nexne

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§]nexne and [Kflyexne are the mem-
brane stiffness and bending stiffness of the plate in the stiffness of shell unit. While the
coordinates of each node in the cell of e are related to [K§]pexne and [K$]nexne, Which are

not related to the modulus of elasticity E and the thickness of the plate d, and as we know

[K,de]nexne = E[Kle]nexne + 3Ed2[K26]}'l€><ﬂe = FC[Kle]nexne + 3FC3[K26]71€X}'!€ (10)
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Therefore, the value of [K®,4]hexne Can be obtained by performing only one more

calculation of the stiffness matrix of each cell.
3. Optimized design of structures

3.1 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, so the sensitivity analysis of
the bulk skeleton structure to the thickness of each slab is mainly considered. The results
of the sensitivity calculation are typically derived from the DOE analysis [8]. The experi-
mental factors that have a large effect on the performance of the skeleton structure can be
obtained by screening from several design variables also known as experimental factors.
The sensitivity calculation method can be used to achieve a reasonable allocation of ma-
terials, 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
of the large body structure and its extent are quantitatively studied. Then the parameters
that are most sensitive to the response of the big body structure performance in the opti-
mization 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. It is
discussed that the sensitivity analysis of the large body structure of the pile driver in the
most dangerous working condition involves the large body strength, stiffness and total
mass of the large body structure of the pile driver. Considering that the large body struc-
tural 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 big body structure, the maximum displacement, and the mass of the big body

skeleton of the pile driver.

DOE 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 lim-
its, must be determined. There are numerous commonly used experimental design meth-
ods, such as Central composite [9-11], Fractional Factorial, Full Factorial, Latin Hyper-
cube, Orthogonal Array, Sobol Sequence, etc. After the analysis, the Latin square experi-
mental method was considered for the experimental design. The results of the sensitivity
of the thickness of the steel plate of the large body structure to the mass, displacement and
structural stress were obtained after the arithmetic analysis, as shown in Table 2, Table 3
and Table 4.

Table 2. Sensitivity analysis of mass to plate thickness.

Parameter Name Quality Sensitivity Parameter Name Quality Sensitivity

R 0.94 R4 0.21
R 0.16 Rs 0.23
Rs 0.12 Rs 0.12
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Table 3. Sensitivity of displacement to plate thickness.
Parameter Displacement Sensi- Parameter Displacement Sensi-
Name tivity Name tivity
Ri -0.95 R4 0.04
R2 0.21 Rs -0.21
R3 -0.02 Re 0.05

Table 4. Sensitivity analysis of stress to plate thickness.

Parameter Name Stress Sensitivity Parameter Name Stress Sensitivity

R -0.95 R4 -0.08
R 0.21 Rs -0.22
Rs -0.04 Re 0.03

Combined with the results of the sensitivity analysis of the design parameters, the
parameters that have a greater impact on weight reduction but have minor impact on the
stiffness and strength of the large body structure are selected as design variables. There-

fore, R1, R3~R6, a total of five parameters are selected as design variables [12-14].

3.3 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 varia-
ble.

2) Constraints: The strength and stiffness of the large body skeleton are the con-

straints.
3) Objective function: The large body skeleton mass M is minimized as the objective.
An optimization mathematical model is developed as follows:
Find X =[R,R,,...R ]
Min M

St o, <[o]

0, <lo]

(11)

Where: R, is the thickness of the plate, n is the number of variables, oy, is the
maximum stress obtained by calculation; wy,,, 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 integra-

tion component simcode for efficient and quick simulation. By integrating ANSYS APDL
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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 optimiza-
tion 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 6, a

circular workflow of simcode and optimization is created in ISIGHT [15-16].

Optimization1

o> B — e

Simcode

Figure 6. ISIGHT workflow diagram.

The input variables and output variables are set in simcode as shown in Figure 7 (a)
and Figure 7 (c), and the pointer optimization algorithm is selected to perform the calcu-
lation process as shown in Figure 7 (b), and the mass distribution of the large body struc-

ture is obtained as shown in Figure 7 (d).
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Figure 7. Simulation procedure and results. (a) Input Variable Chart; (b) Output Variable Chart; (c)

Calculation process; (d) Calculation and distribution results of mass of large body structure.
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4. Results

The thicknesses of the design variables before and after optimization and the
rounded thickness after optimization are shown in Table 5, and the comparison results of
the maximum stress and maximum displacement of the structure before and after optimi-

zation are shown in Table 6.

Table 5. Design variables before and after optimization and rounding thickness after optimization.

Thickness before opti- Optimized thick- Thickness after

Variable mization ness rounding
Name
/m /m /m
Ri1 0.04 0.03 0.03
Rs 0.03 0.02 0.02
R4 0.035 0.025 0.025
Rs 0.05 0.0599979 0.06
Re 0.06 0.0500 0.05

Table 6. Comparison of structural stress and displacement before and after optimization.

Maximum stress Maximum displacement
/Mpa /m
Before optimization After qptlmlza— Before 9pt1mlza- After qptlmlza—
tion tion tion
110 162 0.00201 0.00326

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. Although the
maximum displacement is increased to 2.96 mm before and after optimization, compared
to 1.22 mm before optimization, 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 re-

quirements.

4. 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.
We first 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
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element analysis to meet the design requirements. On this basis, the structure optimiza-
tion based on sensitivity analysis is 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 relia-
bility, which can completely ensure the safety of the pile driver during the working pro-
cess. Compared to the mass of the pre-optimized 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 is
highly cost-effective to produce and has some guiding implications for future lightweight
designs of piling machinery.
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