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ABSTRACT

Lattice high-molded support can generally be used for cast-in-place support for bridges, but
for more than 50 meters of lattice high support, due to the wind, load and other factors, due to the
support length and slenderness of the relatively large, relatively light and flexible structure and other
characteristics of the role of the wind load is very sensitive. When the lattice high-molded stent
construction is used in the typhoon area, it is easy to be damaged by the typhoon, and the structural
design of the lattice high-molded stent and the construction of that technology are facing great
challenges. In this paper, based on the new construction of a special bridge in Fujian, finite element
analysis of four-legged and six-legged lattice bracing is carried out by ANSYS, and the effects of
steel pipe diameter, number of columns, longitudinal and transversal spacing of bracing, and
diagonal bracing structural parameters on structural performance are analyzed by using the
coefficients of buckling stability and the coefficients of critical loading. The results of the study show
that the main design variable for displacement sensitivity is the diameter of vertical rod; the main
design variable for stress sensitivity is the diameter of diagonal rod; the main design variable for
overall stability sensitivity is the diameter of diagonal rod; and the main design variable for overall
stability sensitivity of total volume is the diameter of diagonal rod. And the optimal wind resistance
parameters are: 4 lattice high-braced columns are selected, the section length should be controlled
within 15m, and the total height should not be more than 70m, and the spacing of the columns is
controlled between 7m and 8m. This study proposes a set of optimized design process method for
wind-resistant lattice structure under the constraints of stiffness, strength and critical load factor,
which improves the economy and ensures the reasonableness of the design, and can be used for
the design of high-modular lattice bracket in typhoon area.
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INTRODUCTION

With the rapid development of China's economy and technology, coupled with the
implementation of policies such as reform and opening up, and the Belt and Road Initiative, a large
number of large bridges spanning rivers, seas, canyons, lakes, and existing roads have been
successively completed. This has ushered in a golden period of vigorous development in the
country's transportation infrastructure, with constantly refreshed lists of bridge spans. As bridges
gradually move towards large spans, wind damage has also gradually come into view for engineers
[1]. In recent years, with global climate warming and the frequent occurrence of extreme weather,
the frequency of natural disasters has been increasing year by year. Due to geographical
characteristics, coastal areas in China become the main targets of typhoons. Statistics show that
Guangdong, Fujian, Zhejiang, and other regions are affected by typhoons about 7.2 times each year.
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Currently, in China, large-span continuous concrete bridges are mainly constructed using the
scaffolding method. Common types of scaffolding include fastener-type steel pipe scaffolding, bowl-
type steel pipe scaffolding, portal scaffolding, among which the steel pipe truss modular support
system has proven its practicality and effectiveness in practice, playing a crucial role in large-span
bridge construction projects [2]~[6].

In recent years, the grid-type high-modulus support system has been widely used due to its
convenient assembly and strong load-bearing capacity. Due to its towering, flexible structural form,
as well as its light weight and low damping characteristics, the grid-type high-modulus support
system has strong sensitivity to wind. Large-span bridges are usually located in areas with fast winds
such as rivers, seas, and canyons, and the construction area occupied by scaffolding is usually
extensive with high wind resistance. Therefore, it is necessary to carry out experimental research on
the wind-resistant design optimization of scaffolding. During the construction of bridges, scaffolding
not only serves to provide a working surface but also provides structural bearing capacity when the
early concrete strength has not formed. The design and use of scaffolding determine the progress
and safety of engineering projects. The wind stability of scaffolding has attracted the attention of
many scholars at home and abroad.

During bridge construction, supports not only provide a working surface but also provide
structural load-bearing capacity in the early stages before the concrete strength has fully developed.
The design and use of supports determine the progress and safety of engineering projects. Support
wind stability has attracted the attention of many domestic and foreign scholars [7]~[13]. In 2006,
Xiu Lei [14] used simplified formulas and random vibration theory to simplify the wind-induced
response of lattice-type tower structures into algebraic calculations. Using a first-order generalized
load spectrum analytical model, they proposed a simplified calculation formula for the downwind
wind-induced response of lattice-type tower structures. In 2022, Yang Wen [15] conducted nonlinear
analysis research on the yielding mechanism of lattice-type steel-concrete tower structures based
on static experiments of four ball-joint node models simulated using Abaqus finite element simulation
software. The research results showed that node failure is mainly caused by strength failure and
compressive member instability, and the difference in node plate thickness has a more significant
impact on the bearing capacity of ball-joint nodes, while changes in the thickness ratio of the
enclosure diameter have less impact on the bearing capacity of ball-joint nodes. In 2023, Jeddi
Ashkan B [16] and others used the Kalman filter method to study the drag coefficient and gust
response factor of double-loop lattice-type transmission towers, accurately estimating the impact of
extreme wind-induced loads on lattice-type structures. Based on the aerodynamic characteristics
and wind tunnel tests, an optimized Kalman filter model was proposed to integrate measurements
from multiple sensors of the same and different types implemented in wind tunnel experiments. This
approach, combined with optimization techniques, provided estimates of the wind load parameters
of interest with high spatial resolution and accuracy in measuring response.

This study utilizes the ANSYS finite element simulation program to establish lattice-type high
modulus supports under wind load, and, in combination with MATLAB programming software, for
secondary development to improve structural optimization accuracy. The modified optimal criteria
method is used to correct the stiffness, strength, and critical load factor constraint formulas,
proposing a wind-resistant optimization design process for lattice-type high modulus supports based
on the modified optimal rule."
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ESTABLISHMENT OF FINITE ELEMENT ANALYSIS MODEL FOR LATTICE-TYPE
HIGH MODULUS SUPPORT

Project overview

Tab. 1 - Support system material specifications (unit: mm.)

Column steel Flat-coupled Diagonal brace

Number Foundation type . ! X Steel
pipe steel pipe steel pipe
- Reinforced concrete strip
DO~9# foundation ®720%14 ®400%8 ®400%8 Q345
D9~19# Bored pile foundation ®1200x%14 O720x14 ®400%8 Q345

The bridge spans are configured as follows: 4 spans of 40 meters each, 4 spans of 40 meters
each, 6 spans of 40 meters each, 5 spans of 40 meters each, and 4 spans of 32 meters each, with
a total length of 888 meters. This study is based on a representative bridge, and the strait where the
bridge is located can experience gusty winds exceeding 10 on the Beaufort scale in the absence of
typhoon effects. Adequate clearance height is not guaranteed to ensure safe navigation. During the
construction of the supports, the support height exceeds 15 meters, making it a high-modulus
support construction.

Finite element model establishment

According to the design drawings, three-dimensional spatial computational models of four-
legged lattice-type high modulus supports and six-legged lattice-type high modulus supports were
established using finite element analysis software ANSYS for structural simulation analysis. The
four-legged lattice-type high modulus support has a height of 41.7 meters and is divided into 722
nodes and 756 computational elements. The six-legged lattice-type high modulus support has a
height of 52.4 meters and is divided into 1439 nodes and 524 elements. The finite element models
are established as shown in Figure 1 and 2, with the X-direction representing the longitudinal bridge
direction, and the Y-direction representing the transverse bridge direction.

9m 7.61m

7.61m

(a) Overall Diagram of Four-Column (b) Longitudinal Bridge View (¢) Transverse Bridge View (d) Vertical View
Lattice Support

Fig. 1 - Four-Legged Lattice Support
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(a) Overall Diagram of Six-Column (b) Longitudinal Bridge View (c) Transverse Bridge View (d) Vertical View
Lattice Support

Fig. 2 - Six-Legged Lattice Support

Finite element model structural optimization
Node displacement optimization

In the process of structural optimization design for high-modulus supports under wind loads,
displacement deformation is the primary manifestation of the structural stress state. Displacement
constraint factors need to be considered in the structural optimization design. By controlling node
movements, the deformation of the structure gradually decreases, ultimately meeting the constraints
on structural stiffness.

In the structural shape optimization design of high-modulus supports under various load
conditions, there are two control conditions: 1) the displacement of specified nodes must satisfy
constraint conditions, and 2) the structural mass must be minimized. The mathematical model for
the optimization problem is expressed as follows.

Findx =[x, %5, ..., %;]7 )
n
minW = Z L. p.A, (2)
e=1
u; <ui(i=12,...ml=12,...,p) (3)
X <5 <EHG =12,k (4)

Where: W is the mass of the structure; u; is the displacement of node i under the I-th loading
condition; Lg~ p,, and A, are the length, material density, and cross-sectional area of element e,
respectively; n is the total number of bar elements in the structure; ui*is the upper limit on the
displacement of node i under all conditions; m is the total number of constrained node displacements;
p is the number of loading conditions; k is the number of design variables; X;and xare the upper and
lower limits of the design for the j-th node coordinate x;, respectively.

Assuming that the support is subjected to a set of external forces P and is in equilibrium, the
use of finite element analysis ensures the continuity of truss structure deformation. The structural
equilibrium equations and the overall stiffness matrix, in terms of the change in quantity AK relative
to node j and the displacement Ax;, can be linearly expressed as:

Ku=P (5)
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j jake
AK=ZAkez Zax- - Ax; (6)

In the equation: K is the overall stiffness matrix; k. is the element stiffness matrix; u is the
column array of unknown node displacements; P is the column array of external loads. n; is the
number of elements connected to the movable node j, and n; < n; 4k, is the change in the element
stiffness matrix; Ax; is the displacement step size of node j to node.

It can be derived that the first derivative of the total stiffness matrix with respect to x; is equal
to the sum of the first derivatives of the element stiffness matrices connected to node j. The formula
is expressed as follows:

n
0K MK <ok,
O S e (7)
0x;  axj—0 Ax; et 0x;

Taking the first derivative with respect to the design variable x; on both sides, we obtain the
first derivative of the column array of node displacements with respect to the coordinate x;, %, and
J

simultaneously left multiply it by a unit virtual load array F. The term corresponding to the
displacement-constrained node i is equal to unity, while all other terms are zero. The derivative of
node i's displacement can be expressed as:

Ju;

0x

. oK 0K
_FLTK—1_u — _(uz)T_u (8)
i .

0x; 0x;

FiT

In the equation, u; is the column array of node displacements caused by the unit virtual load
F' acting independently on the structure, and it satisfies:

Ku! = Ft €D

Substituting equation (7) into equation (9), we can calculate the sensitivity of node i's
displacement relative to the movement of node j as:

nj

ou; .0k

= (10)
e=1

0x; 0x;

In the equation, u., and u, are the column arrays of node displacements caused by the unit
virtual load and external load, respectively.

When performing the calculation, it is only necessary to consider the elements in the support
structure that are related to node j, and the elements not connected to node j can be omitted. The
change Au;; in node i's displacement relative to the movement of node j can be approximated as:

nj
ou; 0k
LA _t L= — iT e .
Auy; 5%, Ax; ( _El(ue) ax,-> Ax; (11)

The value of Au;; can be either positive or negative, depending on the direction of movement
for node j. To reduce the displacement u; of the specified node in the direction of its constrained
value u;, we have:

The direction of movement for node j is determined as follows:
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n
.k,
sig(4x;) = sign (Z(ué)T = ug) G=12,..k) (13)
o=1 J

The sig( ) in the equation represents the sign function. It can be seen that the direction of
design variable search, i.e., the movement direction of node positions, is determined by sensitivity
analysis.

Cross-section variation optimization

In the process of structural optimization design, it is necessary to calculate the response of
the structure caused by external excitation. To assess the impact of design parameters on the
structure's response, the problem involves solving the rate of change of structural response with
respect to parameter variations. Taking the example of a plane bending beam element in the local
coordinate system, the stiffness matrix is as follows:

£l 12 6L —12 6L
6L 41 —6L 212
ke=T12 —6L 12 —6L (14)

6L 21> —6L 412
In the calculation process, the plane beam element considers both axial deformation and
bending deformation separately. The first-order derivative of the stiffness matrix for axial deformation
is computed based on the stiffness matrix of the bar element, while the first-order derivative of the
stiffness matrix for bending deformation is calculated using the minimum potential energy principle.
From the stiffness matrix of the beam element, it is evident that the stiffness matrix of a pure bending
beam element is proportional to the section's moment of inertia and does not include the cross-
sectional area A. In most cases, the moment of inertia | of the beam section has a relationship with

the cross-sectional area A and can be expressed using the following formula:

I =cx’ (15)
Where ¢ and s are constants determined by the section shape; x is the design variable.

In other words, when the cross-sectional area A is considered as the design variable, the

first-order derivative of the stiffness matrix for the beam element with respect to A is:
ok, okt okb aI K! sK?
A" A a1l A A A

In the equation, k¢ represents the stiffness matrix for the bar element, and k2 represents the
stiffness matrix for the bending element of the beam.

In the process of optimizing the lattice-type support structure, the cross-sectional area A can
be decomposed into independent variables: diameter B and thickness T. The sensitivity of the
diameter is the first-order derivative of the stiffness matrix for the beam element with respect to B,
and the sensitivity of the thickness is the first-order derivative of the stiffness matrix for the beam
element with respect to T. Diameter B and thickness T are not independent variables and can be
converted to a general formula for differentiation with respect to the independent variable B or T.

In other words, when the beam cross-sectional diameter B is considered as the design
variable, the first-order derivative of the stiffness matrix for the beam element with respect to B is:

ok, 0k 0A 0Okb al

9B 0A 0B 9B 0B

The first-order derivative of the stiffness matrix of the beam element with respect to the
thickness T of the beam section is given as follows:

ok, 0kl 0A 0kl dl
aT ~ 9A oT = oT oT

(16)

(17)

(18)
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RESEARCH ON WIND-RESISTANT OPTIMIZATION DESIGN BASED ON THE
OPTIMAL CRITERIA METHOD

Parameter influence analysis

Analysis of the impact of lattice-type high-modulus support steel pipe diameter on the
structure

In order to study the impact of lattice-type high-modulus support steel pipe diameter on the
structure, it is assumed that the material of the lattice-type high-modulus support columns has a
uniform cross-section and is homogeneous and elastic. Euler's critical load formula is used to
calculate the critical load value.

12F  —=—sd-0.019
—— 5/d=0. 012
g 10F  —— 540009

Buckling stability coeff
o v e o ®

. L L L :
600 800 1000 1200 1400 1600
Steel pipe diameter (mm)

Fig. 3 - Trend of buckling stability factor variation for steel pipe piles with non-proportional
diameters.

The ratio of steel pipe wall thickness & to diameter d is an important control parameter for
steel pipe manufacturing. Using this parameter, the critical buckling load factor for steel pipes of
different diameters can be calculated. The relationship between the buckling stability factor and steel
pipe diameter is shown in Figure 3-1.

From the analysis of the above figure, it can be inferred that when the ratio &/d of steel pipes
is the same, the critical buckling load factor of the structure is positively correlated with the steel pipe
diameter, and the overall exponent continuously increases. When the steel pipe diameter remains
unchanged and the wall thickness of the steel pipe is increased, the critical load factor of the structure
increases with the increase of 8/d. This indicates that the cross-sectional dimensions of the support
structure play a crucial role in its stability.

The influence analysis of the number of columns in the lattice-type high-modulus support
structure

Reference to the Engineering Project, with Column Steel Pipe Diameters of $1200mm for
Vertical Columns, ®720mm for Horizontal Pipes, and ®400mm for Diagonal Braces, for Further
Investigation of the Relationship Between the Support Structure and the Number of Columns. By
Establishing Finite Element Models for Single Columns, Double Columns, Four Columns, and Six
Columns, the Critical Load Coefficient of the Support Structure is Calculated, as Detailed in Table 2
Below:

Tab. 2 - Statistical data of different column numbers and critical load coefficients of support

structures
rﬁ?:]%rg:s Critical load coefficients d'i\ggcrj:r; Remarks
Single column 0.3009 (a) Single column
Double column 0.3012 (b Lateral spacing 9.0m
Four column 10.830 (c) Lateral 9.0m, Along-Bridge 7.61m
Six Column 10.890 (d 2x Lateral 9.0m, Along-Bridge 7.61m
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The results of different column numbers in Figure 4 show that when the number of columns
in the lattice-type support increases in the horizontal plane, it has a limited effect on the structural
stability. However, when the number of columns in the vertical plane increases, the critical load
coefficient grows rapidly, indicating improved stability and enhanced resistance to external loads.
When transitioning to a spatial lattice-type support and increasing the number of columns to 6, the
critical load coefficient does not change significantly. Therefore, considering stability and economic
factors, it is optimal to choose 4 columns for the steel pipe lattice columns.
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Fig. 4 - Calculation results of models with different column numbers

Analysis of the impact of lattice-type high-modulus support spacing changes in the
transverse and longitudinal directions

The longitudinal and transverse spacing of lattice-type support columns is an important
parameter for evaluating the stability of the support structure. To investigate the relationship between
longitudinal and transverse spacing and the stability of the support structure, considering a segment
length of 12 meters and an assembly height of 60 meters, we have recorded the numerical variations
in different longitudinal and transverse spacings and critical load values as follows.

Tab. 3 - Statistical table of different longitudinal and transverse spacing with critical load

coefficients
Longitudinal and
transverse 5.0x5.0m 6.0x6.0m 7.0x7.0m 8.0x8.0m 9.0x9.0m 10.0x10.0m
arrangement
Critical load 561 6.15 6.36 6.34 6.21 6.03
coefficient

65
6.4 e

6.3} / .
621 " N
6.1} h
6.0}
59f
58}
57F
56

ent

Critical Load Coefficit

s ) L s . s
5 6 7 8 9 10

Longitudinal and Lateral Spacing(m)

Fig. 5 - Graph of longitudinal and transverse spacing of braces and critical load factor variations.

The curve depicting the variation in longitudinal and transverse spacing and the critical load
factor for grid-type braces exhibits a parabolic distribution. The spacing between braces falls within
the range of 5-7m. The critical load factor increases with the widening of the brace spacing, reaching
its peak at 7m. Between 7m and 10m, there is a decreasing trend in the critical load factor, indicating
a decline in bracing stability. Notably, at a spacing of 8m, the critical load factor is slightly lower than
at 7m, suggesting the possibility of the maximum critical load factor occurring within the range of 7m-
8m. Therefore, for brace design, it is advisable to consider a spacing between 7m and 8m.

Impact analysis of diagonal bracing in grid-formwork high-shoring structures

The primary components of the grid-formwork high-scoring system include columns and
horizontal struts. Diagonal bracing, serving as an auxiliary element, introduces certain effects.
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Utilizing finite element analysis models for comparative analysis, the impact of diagonal bracing is
assessed by contrasting the first three unstable modes.

For a grid-form column support system with diagonal bracing, the first-order critical load factor
is 6.28, whereas without diagonal bracing, the factor reduces to 4.91. The second-order critical load
factor is 6.46 with diagonal bracing and decreases to 5.18 without diagonal bracing. In the case of
the third-order critical load factor, with diagonal bracing, it is 10.86, while without diagonal bracing, it
reduces to 8.08. It is evident that the addition of diagonal bracing enhances the critical load factors
of the support structure, resulting in an improvement ranging approximately between 25% and 35%.
In structural design, diagonal bracing plays a crucial role.

Optimal criterion modification

Optimization is the process of simplifying a problem into a mathematical model that aligns with the
practical loading conditions, and solving it through appropriate solution methods. Structural
optimization requires determining three key aspects: 1) Independently varying optimization design
variables; 2) An objective function concerning the design variables; 3) Constraint functions related
to the feasible domain limits of the design variables.

Design variables: {X} = [X{, X5, ... X;, Xy]T (19)

Objective function: minimize(W({X})) (20)

Constraint function: f,({X}) = g ({X}) —g¥ < 0(k = 1,2,---m) 1)
XF <X, <X

In the equation: N is the total number of design variables X;; m is the total number of
constraint functions; W ({X}) is the expression of the objective function; g is the limit value; X" and
X} are, respectively, the lower and upper limits of the design variable X} .

H.W. Kuhn and A.W. Tucker introduced the Kuhn-Tucker (K-T) conditions in 1951, which
have become foundational in the field of nonlinear programming. The equation can be rewritten in
the following form:

L{X}, A) = W(EXD + Z A (X3} = gi) (22)
k=1

Applying partial differentiation, the quadratic formula, and linear term simplification, we
obtain:

Xyt =xr1+ -

m
1 o) ow
_ZA"& /1
n SXL 6Xl

k=1

} (23)

In the equation, as the value of n increases, the differences in design variables decrease,
controlled by dynamic changes to achieve convergence effects.Before obtaining the new design
variables X}*!, we first need to calculate the Lagrange multiplier 1,. Considering the change in
constraint functions (gy** — gy) due to variations in design variables (X/*' — Xx7), this can be
expressed as:

N
o)
a =gt =) () (- x) (24)
i=1 Vv

Considering that after the v+1 iteration, constraint k becomes an active constraint, i.e., we

can derive a system of linear equations, expressed as follows:
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m N ggk ggs N

X; 6X
> b Z( ) X =il - g (25)
s=1 i=1 6X =1

When a value exceeds the predefined upper or lower limit for a variable, it is set equal to the
upper or lower limit and remains unchanged within the current design cycle. At this point, the variable
becomes inactive and remains unchanged in the next iteration when solving for 17

m Na ?;?(kg)g(s Na s

g
d>x xr == (32) xr-n(gf - g0 (26)
s=1 i=1 6X i=1 Uy

In the equation, Na is the number of active variables. After obtaining the Lagrange multiplier
{A}mx1 and substituting it into the solution to get X?'**, if X** exceeds the predefined limits of X’ or

Xf, itis set as X/*'=x or X/**=x!, and the solution is carried out in the v+1 iteration.Therefore,
when situation X/**>X" (or X’*'<X!) occurs in the current iteration, it is possible to modify the
equation in the next iteration as the sum of active and inactive variables.

+1 Na (89k +1 Np (69K U +1,, U
{%M%W)MMMWW

(27)
o7 -ok=ni (55), (-2 (58) (bt

In the equation, Np is the number of inactive variables in the current iteration. The stiffness
matrix is modified as follows:

89k69s
Na 6X;8X; Na (89 U 1\, U
TR TN = I (55) XP-n(ol e (GF) (1) xh
3X; v
ggkggs s s (28)
Na 0Xi0X Na (69K Np(6gk L 1y yL
3 2L T xS (5) Xt n(ol ok ensi(G) (fx) xp

3%;

Therefore, when conducting the vv-th iteration of variable optimization using the optimal
criterion method, if it is found that the results of the design variables in this iteration exceed the limit
values, a new iteration is performed.

Optimization of grid-formwork high-shoring against wind based on geometric nonlinear
analysis

Optimization of mathematical computational models

The objective of optimization is to minimize the weight of the grid-formwork high-shoring while
meeting the requirements of various mechanical performances. Therefore, the mathematical model
for the optimization of wind-resistant grid-formwork high-shoring structures based on geometric
nonlinear analysis is as follows:

N6
W= Z Yidil; (29)
i=1

Constraint conditions:

@ DOI 10.14311/CEJ.2023.04.0040 542



Article no. 40
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 4-2023
JOURNAL

umax
u n
O-m ax

u LSO (30)
‘A
c <-1

In the equation, ©A is the critical load factor considering geometric nonlinear analysis, with a
value of °A>5; displacement and stress constraints are set to the same limits as in linear analysis
conditions.

Taking a four-legged grid-formwork high-shoring structure as a reference, the structural
parameters are set as follows: the width of the shoring in the transverse bridge direction is
determined to be 9m. The optimization variables include the thickness of the vertical strut T1, the
thickness of the horizontal strut T2, the thickness of the diagonal strut T3, the width of the vertical
strut in the along-bridge direction LL, and the diameters of the vertical B1, horizontal B2, and diagonal
B3 struts—totaling 7 design variables. The initial design values are set as follows: T1=18 mm, T2=12
mm, T3= =10 mm, L=8000 mm, B1=1400 mm, B2=800 mm, B3=500 mm.

Displacement control follows the People's Republic of China's "Code for Design of Steel
Structures" GB50017-2017 B.2, adopting the conservative value L/400. The safety factor for stress
is set at 1.2, with a controlled stress of 179 MPa and a buckling coefficient control of 55. Using the
ANSYS optimization calculation program with the OPT module, the structure is subjected to
displacement, stress, structural stability, and volume sensitivity analyses. The main design variables
influencing each control variable are determined, and significant adjustments are made to their
design ranges. The sensitivity analysis is shown in Figure 6.

Rank-Order Correlation Sensitivities ANSYS Rank-Order Correlation Sensitivities ANSYS
Result Set LHSRUN Result Set LHSRUN

s

ANSYS Rank-order Correlatic ANDYS

'f’ - |

Parameter BULK output Parameter

Fig. 6 - Sensitivity analysis of the shoring structure

Performing displacement, stress, structural stability, and volume sensitivity analyses on the
model structure, as shown in Figure 5, reveals the following main design variables for each
sensitivity: For displacement sensitivity, the primary design variable is the diameter of the vertical
strut B1.For stress sensitivity, the primary design variable is the diameter of the diagonal strut B3.For
overall stability sensitivity, the main design variable is the diameter of the diagonal strut B3.For
overall volume stability sensitivity, the main design variable is the diameter of the diagonal strut B1.

Optimization objectives and constraint conditions must be defined numerically in the
command flow so that they can be later read and called for algorithmic optimization. In APDL,
extracting output results parameters (using the maximum displacement of the structure as an
example) is done with the following command:
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/POST1$DMAX=0$NSORT,U,Z$*GET,D_MAX,SORT, MAX$*GET,D_MIN,SORT, MAXS$IF,ABS,(
D_MAX),GT,ABS(D_MIN), THEN$DMAX=ABS(D_MAX)$ELSE$DMAX=ABS(D_MIN)$*ENDIF$PL
NSOL,S,EQV,0$GET,EQVMAX,0,MAX

Based on the chosen constraint conditions, the wind-resistant optimization program
calculations are conducted following the process outlined in Figure 6.

| Setting v=0, Giventhat (X; g; “4 % |

|

| Calculate 257" according to formulas (13) and (21) |

!

| Calculate X7+ according to formulas (11) |

| Calculate 25+ according to formulas (13) and (21) |<—

All no -
—————— XPE < XF or XPH < X2 |
Record inactive variable X}'**, set X{** = X" or X}, and
modify according to Equation (19)

l

|Calculate/iil“ according to formulas (16) and (21) |

l

Calculate X" *according to formulas  (11) ( Sgk  SW,
| | Xio Gk sX;' 68X’

Allno 1

— X < XEor KPP < XP 2 |

| Record inactive variable X7+*, X}** = XYor XiL |

no

The inactive variables are inconsistent between the two
instances?

1 no, X+l = xv

l X" —X¥) ~02

v=v+1

| End |

Fig. 7- Modified flow chart of optimal criterion method
Optimization of Mathematical Computational Models
(1) Iterative Results of Constraint Functions

Setting displacement and stress as constraint conditions, with a displacement constraint of
155mm and a stress constraint of 195MPa, plot the displacement response and the iterative
representation of maximum equivalent stress as shown in Figures 8 and 9 after computational
analysis.

Severe
0 10 20 30 40 50 60 70 80 90

Severe
0 10 20 30 40 50 60 70 80 90
160

150

140 5.1 ) — Vertical rod
Maximun displacement 2 55
130 isplacement limit 2

g
120 £ 50p
2
=
110 -
45 f
L .

100 s s L s
0 5 10 15 20 25 30 35 40
Number of iterations

Maxinum displacement

s s s L 1 s s 4
0 5 10 15 20 25 30 35 40
Number of iterations

Fig. 8 - Iterative results of maximum Fig. 9 - lterative results of the maximum
displacement response of the structure equivalent stress of the structure

(2) lterative Results of Section Dimensions and Total Weight The iterative results of section
dimensions and total weight are shown in Figures 10 and 11, respectively.
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Number of iterations Number of iterations
Fig. 10 - Iteration results of section width of Fig. 11 - The total weight of the structure is
member iterated

Based on the analysis of the iterative curves above, the following conclusions can be drawn:

1) Geometric non-linear analysis is controlled by the top displacement constraint;

2) The maximum stress value occurs in the lower layer of the component's corner column;

3) The final section dimensions of the component decrease sequentially from the lower layer to
the upper layer;

4) The curves exhibit good convergence;

5) Geometric non-linearity has an impact on the support structure.

Critical Load Factor Constraint

Setting the critical load factor as a constraint condition, with a constraint value of 5, perform
computational analysis. Plot the iterative results of the structure's critical factor, section dimensions,
and total weight, as shown in the respective figures.

(1) Iterative Results of Constraint Functions

Weighted severity
0 10 20 30 40 50 60 70 80 90

— Critical load factor
— Factor limit
20

Critical load factor

0

0 5 10 15 20 25 30 35 40
Number of iterations

Fig. 12 - Iterative results of critical load factor of structure

(2) Iterative Results of Section Dimensions and Total Weight
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% 400 F
Z
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o P 0 L
0 5 10 15 20 25 30 35 40 0 5 35 40

100 15 20 25 30
Number of iterations Number of iterations

Fig. 13 - Iteration results of section width of ~ Fig. 14 - Iterative results of section thickness of
member members
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Fig. 15 - The total weight of the structure is iterated

From the analysis of the iterative curves above, the following results are obtained:

1. The critical load factor shows a good convergence in the inner loops, obtaining the
corresponding limiting values.

2. The final section width of the components decreases sequentially from the bottom layer to
the top layer.

3. All curves eventually converge.

4. The constraint conditions for the support structure are looser than those corresponding to the

constraint conditions for the maximum structural displacement.
Displacement, stress, and critical load factor as constraint conditions

Setting displacement, stress, and critical load factor as constraint conditions with displacement
constraint at 155mm, stress constraint at 195MPa, and critical load factor constraint at 5. After
computational analysis, the iterative results of structural critical factor, maximum displacement
response, section dimensions, and total weight are shown in Figures 16 to 21:

Iterative results of constraint functions.

Severity

Severity ~
0 10 20 30 40 50 60 70 80 90 1ol 10 20 30 40 50 60 70 8 9
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n
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— Critical load factor
— Factor limit
20

Critical load factor

100

0

0 5 100 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Number of iterations Number of iterations

Fig. 16 - Iterative results of structural critical Fig. 17 - Iterative results of maximum
load factor displacement response in the structure
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Fig. 18 - Iterative results of maximum Fig. 19 - Iterative results of component section
equivalent stress in the structure width
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Fig. 20 - Iterative results of component section Fig. 21 - Iterative results of structural total
thickness weight

The results obtained from the above iterative curve analysis are as follows:

1) The support structure is controlled by the top displacement constraint;

2) The maximum stress value occurs in the lower layer of the component's corner column;

3) The final section dimensions of the component decrease sequentially from the lower layer to
the upper layer;

4) All curves eventually converge.

CONCLUSIONS

Based on finite element analysis using ANSYS, a simultaneous optimization of finite element
models is conducted for four-leg and six-leg lattice-type supports, considering displacement
deformation constraints and stiffness constraints. The study employs buckling stability coefficients
and critical load factors to analyze the influence of steel tube diameter, the number of columns,
longitudinal and transverse spacing of the support, and diagonal brace structural parameters on the
structural stress performance. The optimal design process utilizes a modified optimal criterion
method with relevant formulas, and a design flowchart is proposed for the wind-resistant optimization
of lattice-type structures satisfying constraints such as stiffness, strength, and critical load factors.

Results obtained are as follows:

1. The iterative curves of constraint functions, section dimensions, and total weight exhibit good
convergence under various conditions, indicating the feasibility of the proposed method;

2. When the ratio 6/d of column steel tubes is the same, there is a positive correlation between
the structural critical buckling load factor and the steel tube diameter. The section dimensions of the
support structure play a crucial role in its stability. The optimal number of columns for spatial lattice-
type supports is four. The variation curve of longitudinal and transverse spacing of the lattice-type
support and the critical load factor shows a parabolic distribution. Increasing diagonal braces
enhances the critical load factor of the support structure;

3. In the optimization process of the lattice-type support structure, the main design variable for
displacement sensitivity is the vertical rod diameter (B1); for stress sensitivity, it is the diagonal rod
diameter (B3); for overall stability sensitivity, it is the diagonal rod diameter (B3); and for overall
volume stability sensitivity, it is the diagonal rod diameter (B1). The set top displacement limit serves
a controlling role, and the maximum stress value occurs in the lower-layer corner column.

According to this optimized design process, the multi-leg lattice-type high support structure
meets all control values within the national safety standards during construction. This implies an
improvement in economic efficiency while ensuring the rationality of the design.

This study will provide a favorable basis for the design of the construction system for future
sea-crossing bridges in China. However, there is still room for improvement in the simulation
technology of the structure. Further research is needed for the refinement of node finite element
simulation and the multi-scale modeling of the overall-local structure.
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