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To reduce the pollution emissions of bridges to the environment, researchers need to conduct more in-depth
research and design the structure. Today’s architectural, structural, and mechanical engineers pay more atten-
tion to funders’ requirements and pursue the maximization of economic benefits. The research begins with
establishing a theoretical model of the bridge’s robustness under dead and dynamic loads: applying a Three-

Load . . s e . . S . .
Sustainable Dimensional (3D) solid finite element model, swarm intelligence optimization algorithm, and mathematical
Design model of quadratic interpolation approximation solves the problems of multiple loads, discrete data, and

convergence. Based on the establishment and analysis data of the research model, the research and analysis of
the optimal topology bridge model are completed, and the optimal structure size is obtained. The carbon
emissions from the bridge optimization decreased by 2242.92 t, accounting for 25% of the total emissions. This
data is shocking, and it also gives investors and governments a painful reminder that they must pay more
attention to the sustainable construction and development of the construction industry and achieve the goal of

zero carbon emissions in the construction industry as soon as possible.

1. Introduction

In October 2018, a United Nations report concluded that carbon
dioxide emissions from fossil fuels, construction, aviation, and agri-
business continued to rise. The planet could warm by four °C by the end
of the century. Data from the International Energy Agency at the end of
2019 showed that global atmospheric carbon dioxide emissions were 33
billion tonnes (t) (Semenova, 2020).

Building energy consumption reaches 25% of the total global energy
consumption. Building energy in developing countries has increased to
40%,; carbon dioxide has risen to 30%. Specifically, 15% of the emissions
are generated from the construction stage and 21% from the required
transport (Bajzelj et al., 2013). Previous research data on bridge envi-
ronments show that carbon emissions are generated from transportation
(Pons et al., 2018; Zhou et al., 2020a). The key is thus to reduce the
pollution from the transport sector.

In the face of the constant high pollution and energy consumption in
the building industry, it is essential to realize sustainable development
and solve the problems of environmental pollution and excessive energy
consumption (Tsai et al., 2011).
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1.1. Sustainable development

Sustainable bridge research minimizes costs and adverse environ-
mental and social impacts. Therefore, the optimal design has become an
important research method for sustainable development assessment.
Scopus is used as the retrieval software in this study to select key search
terms of high quality (Malhotra et al., 2017). As a result, the three terms
‘Environment,” ‘Sustainable development,” and ‘Building industry’ are
included in the literature retrieval (Secundo et al., 2020), and the period
from 2000 to 2021 is determined as the selection range. A total of 2635
papers are retrieved, and then 270 papers are filtered by entering the
terms ‘Sustainability’ and ‘Optimization.” Through literature research, it
was found that the three pillars of sustainability indicators are still
environmental, economic, and social impacts. Sustainable research in
the construction industry accounted for >67.5% (Paya-Zaforteza et al.,
2010). Environmental control models include recycling, reducing waste
and pollution, and protecting natural resources. The scope of research is
expanding, and research in the field of perfecting large-scale solid
bridges needs to be strengthened. (Aigbavboa et al., 2017).

This paper task is to build a 3D solid model using Abaqus, conduct a
highly detailed analysis of the structural stress and energy on the bridge
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structure, and impose constraints after gaining data. Afterward, Topol-
ogy optimization (TO) is carried out several times to redesign the
structural components. The curve fitting method of swarm intelligence
optimization advanced mathematics is used to approximate the scien-
tific calculation method, and the calculation program is compiled to refit
the structural stress. After many iterations, the optimal models that
minimize material, energy consumption, and environmental pollution is
found.

1.2. Optimization of bridge

Kristine Ek et al. (Ek et al., 2020) studied that early-stage control of
planning and design is an effective measure to improve the sustainability
of bridges. Ignacio J applied multi-objective optimization to find designs
with lower cost, longer corrosion initiation time, and higher safety; This
is also one of the strategies to reduce environmental pollution (Garcia-
Segura et al., 2017). Penadés-Pla et al. (Penadés-Pla et al., 2020) the
evaluation of three prestressed concrete bridges found that the most
significant environmental impact indicators were concrete, steel, and
diesel consumption. The abovementioned studies prove that the optimal
design for concrete and steel bars in the bridge structure can reduce
environmental pollution (optimization of redundant structures of
bridges, under the condition of ensuring quality and safety).

1.3. Concept of TO

Under the circumstance that the bridge structure meets the criteria
for rigidity, strength, and durability, structural optimization will effec-
tively improve the members’ sustainability (Allaire et al., 2004). TO is
one of the three sub-fields of structural optimization, and the others are
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size and shape optimization. TO is used in the early design stage of the
structure. Its principle is to reduce the structural weight by realising the
optimal material distribution, combining and eliminating unnecessary
systems (Zhang and Sun, 2006). Taking TO as the modeling framework
and this paper aims to optimise and eliminate redundant bridge struc-
tures, reduce the consumption of concrete and steel bars, and ultimately
achieve sustainability of the bridge.

Purposes of this paper: To carry out the in-depth design of bridge
structures two and multiple times; reassess the environmental impact of
the bridge using Abaqus CAE (CAE is format file) 6.14 and Open LCA
(Life Cycle Assessment) 1.10.3 based on the in-depth analysis of the
design process; and minimize the structural weight and materials con-
sumption under the premise of satisfying safety and quality re-
quirements, thus achieving the carbon emissions target.

Innovations of this paper:

(1) This work overcomes many difficulties in establishing finite
element models of statically indeterminate structures (for
example, a wide variety of components, huge structural di-
mensions, large slenderness ratios of rods, etc). Finally, model
meshing paradigms had been established through fine segmen-
tation of component and assembly designs.
This work uses a 3D study optimization model from start to finish,
clearly demonstrating the robustness analysis process of each
group of study components and the internal microcell structure. It
fills and enriches the gaps in research models and methodologies
in this field. It expands the research ideas in this field from macro
theory to the micro world.
(3) The research has proved that there are certain defects in the
design code and building code of Chinese bridges. Architectural
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Fig. 1. Flow chart of TO for linear elastic structure.
Notes: The data in Fig has nothing to do with the research in this paper.
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Notes: PSP = Plan stress problems; DD = Dimensional distribution; SFUSC = Structural form under specified conditions; SC = Structural components; PFP = physical
field problem; POM = problem of MPF; DP = dimensional problem (this abbreviation only applies to Fig. 2).

and structural designers’ redundant and conservative design of
bridges needs further refinement and improvement, and there is
still a particular gap with the green sustainable development
design advocated. Moreover, this design concept also exists in
other countries, especially developing countries.

The rest of this paper will be divided into the following sections:
Section 2 methodology, four major categories of theoretical research
systems related to the theme are established; Section 3 results, case
research inference, and bridge TO process; Section 4 analysis, the
components of the bridge were optimized for a second LCA data anal-
ysis; Section 5 conclusions, the paper’s essential to research contents,
limitations, and follow-up research directions are summarized.

2. Methodology
2.1. Research framework principle

Bendsge and Kikuchi (Bendsge and Kikuchi, 1988) proposed the TO
principle in 1988 to optimise linear elastic structures. The researcher
analyses anisotropic materials using a homogenization algorithm and
establishes the finite element Eq. (1).

Kurian et al. (Kurian, 2021) studied the TO of Reinforced Concrete
(RC) dapped-end beams under four conditions and established the
minimum deflection optimization Eq. (2). Fig. 1 is the flow chart,
research steps, and logical relationship of this research. Eq. (2) is suit-
able for the optimal arrangement of materials under given design spaces,
loads, and boundary conditions. It is ideal for beams with simple
structures in the given directions and magnitudes of action of external
loads. The equation is generally used for structural optimization analysis
carried out in laboratories.

Jewett and Carstensen (Jewett and Carstensen, 2019a) adopted the
bilinear hybrid mesh TO algorithm framework. The element stiffness
depends on the stress intensity, and the balance and convergence can be
achieved by updating the stiffness matrix (). Eq. (3) is suitable for the
studies of deep RC beams based on the strut-and-tie model.

Meng et al. (2020) applied the renewal equation of continuous,

discrete variables to optimise the laminated materials, porous materials,
and materials with a periodic composite structure and introduced the
thermoelastic coupling Eq. (4) while considering the impact of tem-
perature stress.

Zhang and Sun (Zhang and Sun, 2006) studied microscale optimi-
zation Eq. (5) for cellular materials and structure sizes. The structure
was regarded as a homogeneous body and discretised as a finite element
model. From Egs. (2) and (5), we can find that they are established for
the TO of a single member and that loads are generally imposed in the
tests. However, many influencing parameters may be involved in the
practical TO design of bridges (Torres-Machi et al., 2015; Cid Montoya
et al., 2018). Thus, the research object in this paper is regarded as the
statically indeterminate structural design.

Fig. 2 shows the whole process of TO in detail. Its purpose is to guide
the modeling framework, thereby minimizing the structural weight and
realising the environmental sustainability under design constraints
(Zhou et al., 2020Db).

Critical points for the design of cable-stayed bridges are determining
the structural system, the sectional dimensions of members, calculation
of the cable force distribution, the construction stage, and geometrically
nonlinear effects. The structure is susceptible to bending failure, shear
failure, and torsion failure under the action of external loads. The
bearing loads mainly include dead loads, traffic and dynamic loads,
permanent, variable and accidental loads, and seismic force (Wang
et al., 2013). The following principles are adopted based on the
complexity and uncertainty of this study:

(1) The structural TO of bridges at the design stage will not consider
external loads in the construction process, and the focus is placed
on the loads at the bridge’s as-built stage.

(2) Taking papers involved in Table 1 and Fig. 2 as references. Only
static and partially dynamic mechanical properties under envi-
ronmental loads are studied (Mao et al., 2018). The structure
must not be subject to body damage.

(3) The loads generated in TO are studied as dead loads (bridge
structure gravity; additional gravity) and variable loads (vehicle
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load; vehicle impact force; wind load and temperature influence),
and accidental loads are not considered.

(4) This study proposes a new research method based on Table 1:
Bidirectional TO of structures under multiple stresses (BTOS): i)
Maximum principal stress of the structure. ii) Sensitivity vector.
iii) Curve fitting approximation.

(5) In the environmental impact assessment of the bridge, the paper
only the impact of raw materials at the design stage will be
analysed.

(6) TO uses Abaqus CAE 6.14 for analysis; the sustainability LCA uses
Open LCA1.10.3; the databases used include Ecoinvent, and Mat
Web (Zhou et al., 2020a).

2.2. Theoretical framework of TO

According to Table 1 and the requirements of structural static stress,
TO under external loads are: y;1, vi2, ***> Yims Y11, 712> ***s Yin:

I=1-n

In,- ko .
Z i=1eom <y':'k"m) ymin § = Za:] Dialia + Z/}:] Yyt
-h) (6)

5

k
. Von Mi i 1 Jeeem
Meanwhile, max {max(aia‘,’fw,jf(sm“ﬂ)) } < Tﬁf(w o e [ ]a’ ) )

YaB) Y k(1--+k)(a-

vim is the cell grid gravity under different loads (KN); y, is the total
gravity of the structure S (KN); (0&9.‘.‘1/1}4..‘.51?5, ,;))k are the Von Mises stress
generated by the structure under the loads of Group K (kPa); o' () a’-----
N &™™ are the maximum control Von Mises stress generated by the

structure under the loads of Group K.
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Eq. (8) expresses the TO process of the effective stress of a single load
and combined loads and serves as the theoretical basis for studying the
modeling framework.

If the effective unit retained under the loads is written as x,, then:

xlc{1727 ...7m}

xzc{l,.Z,---,n} ©)

xzc{l727 "'}la ""k}

Sensitivity vector: The displacement vector generated by each unit of
the stress in the three-dimensional space {d}k; the stress vector of the k™
unit is {o}* = {630 Oyys ozz}i, which can be written as:

{o}' =

where [R]k is the elasticity modulus matrix; [G]k
modulus matrix.
The sensitivity variation of the displacement vector generated during

Y AUX Y
the optimization is {/Ac}; | Aoy,

[RI[G*{d} 10

is the geometry

= [RIF[GI*{A\d}. Substitute Eq.
0z |k
(9) into it to obtain:

lej (""’)T
oy - Z,:xz’
DZ}W

X1, -+, Xz are the number of lines of the matrix [R] k; [G] k; {a}k are the

K] {d'} an
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the jthunit causes”the displacement of i units; x;;(Z = 1,2,3,--,m;j =
1,2,3,---,n) x (uU)T(j = 1,2,3,---,n) are the equilibrium equation of

Table 2
Statistical data of main bridge materials.

v
AO'X Component Asphalt Concrete Steel strand ~ Other steels
loads. The stress variation of the k' unit can be expressed as Aay = name concrete (t) (100 t) ® ®
AUZ k Pier 39 0.00 665.50 0.00 1405.82
Piers 38, 40, 41 0.00 213.33 0.00 611.21
Main tower 0.00 219.37 166.98 1508.80
~1~2 ; : . iy e . i- isi
U L, Uy, [k'] {dl}. Thus, the Von Mises stress of the k™ unit is written Anti-collision 0.00 564.36 0.00 1936.82
pier
Main beam 2982.15 276.66 244.53 2049.80
Transverse 0.00 51.51 189.47 326.10
aso," = \/ 612 + 612 — o*o¥ + 3712, and the sensitivity vector of the k™ beam
k X Y Xy Stay cable 0.00 0.00 0.00 111.82

unit can be written as
Ao =5"o)" (12)

In the process of structural TO, each part of the bridge structure is
subject to the Mises stress analysis to determine whether it is a valid or

End

XTin % (A @A) ]} (20) Py =Wy x 4y x T, (2D)E, =Y

Start

invalid member. Subsequently, TO is directly conducted to eliminate
weak members and reduce materials consumption. Finally, the sensi-
tivity vector is used to determine the rationality of the TO.

J

En = Rmzi:i[(M,,,- X it e+ My x 4) X Ay ] (19Myy =Y {[Gin x (14 @) X Ty x (4 ®4) ] + - + [Gj x (1 +a)

i

(Rn + M, + Py) (22)
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support.
Table 3
TO unit partition.
Part name Unit Number  Unit name Material
division
Pile foundation, C35 38; 39; 40; 4 pieces PF 38; 39; RC
41 40; 41
Pile platform; Pier base, 38; 39; 40; 4 pieces PP 38; 39; RC
C40 41 40; 41
Pier column, C40 38; 41 2 pieces PC 38; 41 RC
Pier column; Bearing pad 40 1 piece PB 40 RC
stone, C50
Bent cap, Bearing pad 38; 41 2 pieces BB 38; 41 RC
stone, C50
Girder, C55 38-39 1 piece G 38-39 RC
39-41 1 piece G 39-41 RC
Pylon, C50 39-1 1 piece P 39-1 RC
39-2 1 piece P 39-2 RC
39-3 1 piece P 39-3 RC
Stay cable 39 ~R 1 piece S39~R Steel
strand
39~P 1 piece S39~P Steel
strand

Notes: Concrete = C (this abbreviation only applies to Table 3).

2.3. Swarm intelligence optimization algorithm curve fitting
approximation

Because of the discrete data after 2.2 TO, the accuracy and scientific
of the data can be improved by using the scientific higher mathematics
calculation method based on sensitivity analysis and the swarm intelli-
gence optimization of the curve fitting approximation calculation
method is introduced (Kobayashi et al., 2020).

Basic principle: data analysis, the function value of the approxima-
tion function at the sampling point is determined, and the curve fitting
approximation method is adopted. Like data interpolation, the curve
fitting function approximation method.

X X1 Xp X3 -

YY1 Y2 Y3 Yk

Xg -t Xp

Yn

Y= f(x) ¢y = g(x)

The constructor g(x) approximates the unknown function f(x), Make
error Delta §;=g(x;)) — f(x;)) (i = 1,2,3,---,n) is the minimum. The least-
square method (also known as the least square method) is a mathe-
matical optimization technique that seeks the best function matching of
data by minimizing the sum of squares of errors.

Let p(x) be a polynomial function and p(x) = ax™ + a,,,,lxm_l +

n
+ ajx + ay, is the smallest, then >, ; [p(x;) — yi | 2 is the approximation
function of the original function y = f(x).

PAsphalt concrete = 29,225.07 KN.
Pconcrete =17,359.33 KN.

Psteel strana = 5.89 KN.
Pother steel = 77-91 KN.

= .7
Lane 3« %=
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Fig. 6. Design and reduction coefficient model of RAB vehicle load.

The method of curve fitting is as follows:

Polyfit (...) language is used in MATLAB to determine the polynomial
fitting function. Function performance: get the least square fitting
polynomial coefficient.

Call format: (1)> > x = [X1,X2, -, Xnl; (2) ¥ = [y1,¥2,»Ynl; B)p =
polyfit(x,y,m); (4) [p,s] = polyfit(x,y,m); (5) [p,s,m] = polyfie(x,y,m).

According to the sample data x and y, a polynomial P of degree m and
the point error data s are generated. Mu is a binary vector, Mu (1) is
mean (x), and Mu (2) is STD (x).

2.4. The theoretical system of the load

Long-span cable-stayed bridges adopt deterministic methods in the
design and construction stages. For example, ‘Technical Standards,’
‘General Specification for Design,” ‘Code for Design of Bridges with Wind
Resistance,’ etc., do not reveal the variation of structural material pa-
rameters, geometry, and external load’s Intrinsic impact on bridges. As a
high-order hypostatically indeterminate flexible structure, the structural
response of long-span cable-stayed bridges is particularly complex (Hu
et al., 2019; Zhou et al., 2022).

The American AASHTO code, the British BS5400 code, the Canadian
CAN-CSA-S6-00 code, and the European Eurocode code is the same as
the classification of the design load of bridges, mainly divided into
permanent action, variable action, accidental action, and seismic action.
Among them, the wind load of the variable gear is the focus of bridge
structure research (Shao et al., 2018). The wind-induced vibration of
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Fig. 7. Wind rose diagram of year and typhoon season (Cid Montoya et al., 2021). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

bridge structures is divided into two categories: the aerodynamic
instability divergent vibration caused by the destructive consequences
of the bridge caused by the wind power, such as flutter and galloping
vibration; the component fatigue and driving caused by the wind power.
Safely limited vibration. Such as vortex-induced vibration and buffeting
(Cid Montoya et al., 2021).

The critical factors for the occurrence of a flutter: one is the aero-
dynamic factors, mainly the aerodynamic shape of the structural section;
the other is the structural factors, which are primarily the stiffness,
damping, and quality of the structure (Fig. 3).

The buffeting is mainly the forced vibration caused by the pulsating
wind component in the incoming atmospheric flow on the structure,
mainly including the wake buffeting caused by the wake of the system
itself, the path of the adjacent upstream structures, and the atmospheric
turbulence. Among them, the pulsating wind in the atmosphere plays an
important role and is also part of the analysis of this paper.

The flutter analysis of bridge structure is a systematic project
involving all contents of wind tunnel test research, wind resistance
analysis, and aerodynamic technology. This paper focuses on the LCA
and TO study, and the analysis method of the bridge’s wind resistance
system is performed according to the model in Fig. 3 (Wang et al., 2014).

Table 4

2.4.1. Model of flutter force

Main girder (separation-flow torsional flutter theory of bridge
structures, and Sarkar’s aerodynamic model only analyzes the main
beam (Sarkar et al., 1994):

L, = ! UZ(ZB) KZH +K2H +K2H a+ KH,—+ KHs—+ KH.
se 2/7 4B 68 3 lU 5[, 2 U

Dy, = o228y (k2P + kP K2Pya+ kP kP L+ kP2
se*zp B 45 3 Sy T L

14

1 h h P Ba
M. = 5pU* (25°) <K2A4§ T KZA% + KAyt KA+ KAsp; + KA27>

(15)

Hj is aerodynamic derivative; a is the instantaneous angle of attack
of the main beam; p = 1.225 kg/m2 is air density; U is wind speed; K is
reduced frequency; H;, P;, A; are 18 flutter derivatives; vertical h, lateral
p, the displacement and velocity in three directions of torsion a; Ly, Ds,,
M, are the horizontal and vertical lift, resistance, and lift moment

Related performance parameters of RAB structural materials (OBrien et al., 2020).

AS Concrete grade AT CS Elastic modulus Poisson’s ratio
Pile foundation C35 5°C 23.290 3.133 0.243
10°C 23.483 3.141 0.244
20°C 23.702 3.150 0.244
30°C 23.483 3.141 0.244
Pier base, Pier column C40 5°C 25.865 3.233 0.249
10 °C 26.088 3.241 0.249
20°C 26.342 3.250 0.250
30°C 26.088 3.241 0.249
Pylon C50 5°C 28.383 3.318 0.254
10 °C 30.593 3.384 0.258
20°C 33.068 3.450 0.263
30°C 30.593 3.384 0.258
Girder C55 5°C 31.645 3.413 0.260
10 °C 34.295 3.480 0.266
20°C 37.445 3.550 0.272
30°C 34.337 3.481 0.266
Stay cable ASTM A416-90a 270 grade 5°C Standard strength1,860 MPa 1.95 x 10° MPa Control stress 1395 MPa
10 °C
20 °C
30°C

Notes: AS = Application site; AT = Ambient temperature; CS = Compressive strength.
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aerodynamic force on flutter force.

According to China’s ‘Code for Design of Highway Bridges Against
Wind,” the critical flutter wind speed is calculated and stipulated that
the necessary flutter wind speeds are 111.8 m/s, 97.3 m/s, 120.9 m/s
when the initial wind attack angles are 0, +3, and — 3 (according to Egs.
(19-21), the relevant wind tunnel test data test is required, and this
study does not have the appropriate conditions) (Zhang et al., 2016).

2.4.2. Model of buffeting force

The buffeting force is caused by the pulsating wind and is calculated
using Scanlan’s quasi-steady aerodynamic equation and corrected using
Davenport’s (Davenport, 1962) aerodynamic admittance function, and
can be expressed as:

Ly(r) = % pU*B {2@;&“%) +(C,+Cp) m@} (16)
Dy(t) = %/’UZB {ZCD/‘{DMKIJI) + (CD - CL)XDW@] an
M,(1) = %ﬂUZBZ {ZCM;(MMKUI) + 'M)(Mw@} 18

XLus XDus Y Mus YLws ¥Dws> ¥ Mw are the aerodynamic transfer function; Cy,
Cp, Cy are the three-component force coefficients of the wind axis; C;/,
Cp/, Cp/ are the corresponding derivatives of the three-component force
of the wind axis; u, w are the pulsating wind speed (m/s).

2.5. Sustainable environmental impact modeling

The sustainability assessment framework for bridges covers related
technical, economic, environmental, and social issues. We have
mentioned that only the sustainable ecological impact at the design
stage is studied (Goverse et al., 2001). Zhou et al. (2020b)) created a

practical assessment framework and theoretical model for the three
pillar issues (environmental, economic, and social impacts) of bridges.

2.5.1. Framework and parameters

International Organization for Standardization (ISO) stipulates the
LCA standard research framework: Goal and scope definition, inventory
analysis, impact assessment, and interpretation. The main parameters of
the study are Acidification Potential (AP); Particulate Matter Formation
Potential (PMFP); Global Warming Potential (GWP); Free Water Eutro-
phication Potential (FEP); Smoke, Dust, and Wasted Potential (WP). LCA
is divided into five stages: Survey and design, Material manufacturing,
Construction and installation, Maintenance and operation, and Disas-
sembly and recycling (Zhou et al., 2020b).

2.5.2. Research external conditions

The European Commission Joint Research Centre uses the midpoint
and endpoint models. Yang et al. (Yang et al., 2018) use building in-
formation modeling to model site construction.

Considering the above representative research results and TO con-
clusions, the midpoint and the endpoint used to build an LCA model and
to choose sufficient raw data and practical evaluation, the focus is the
environmental impact at the design stage.

2.5.3. Impact factor

Zhou et al. (Zhou et al., 2020a) studied the influencing factor values
of each stage of the cable-stayed bridge LCA, which laid the foundation
for this paper. Open LCA1.10 software analysis needs to set the impact
factor of each stage (range from 1.00 to 1.50). In this study, the impact
factor of the material design stage is 1.06.

2.5.4. Modeling framework
The environmental impact is:
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Fig. 9. Component Finite Element Data Analysis of RAB. (a) Main beam. (b) Main tower. (c) Stay cable. (d) 38#, 40# and 41+#..

Fig. 10. Special elements analysis. (a) Distribution of maximum stress elements on bridge deck. (b) Distribution of maximum stress elements on bridge pylon (4009,

5244 is under deck).

where Ry, My, Ppare the environmental pollution of raw materials (kg);
the environmental pollution of the equipment (kg); the environmental
pollution of the staff (kg); My;, My; is the quantity of the material i and j
(kg); Gim, Gjm is the fuel consumption and power consumption of
equipment i, j (kg/h, kWh); W, is the total number of staff (Persons); 4;,
Jjis the physical and chemical environmental emission coefficient of the

material i and j (kg); A, is the impact factor of the material,u; 4, 4, is the
physical and chemical environmental emission coefficient of the oil-
bearing material, 4 and v (kg/kg); 4, is the environmental impact fac-
tor of staff (kg/working day/person); Ti, is the normal working hours of
equipment (h); ®is logic ‘Or’; T, is total working hours of staff (working
day); Ey, is the total quantity of environmental pollution generated at the
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Table 5

Summary of the stress indexes of six parts of RAB.
Groups 1 2 3 4 5 6
Girder 18,250.79 81,834.54 17,072.38 24,005.77 79,081.15 134,449.21
38-39 stay cable 79,669.71 109,322.34 101,586.21 79,286.84 88,286.05 78,780.07
40-41 Pier 60,861.76 66,173.36 180,756.64 154,364.06 41,775.87 58,918.99
38 Pier 2029.82 94,259.65 25,452.25 5633.69 39,264.78 28,062.85
39 Pier 18,691.48 15,096.44 26,583.56 39,335.48 42.54 7821.16
39-41Stay cable 148,919.83 115,413.73 81,171.76 72,937.16 81,983.13 68,374.01
Groups 7 8 9 10 11 12
Girder 172,291.49 34,652.20 37,391.11 41,832.82 43,558.46 80,168.70
38-39 stay cable 67,451.76 73,512.78 84,955.92 86,473.27 61,203.39 83,944.11
40-41 Pier 48,734.84 76,239.13 211,039.90 211,039.90 155,813.14 142,614.76
38 Pier 29,107.78 17,703.89 207,114.97 187,416.27 205,269.15 174,698.29
39 Pier 10,011.83 24,090.70 39,208.68 0.00 0.00 39,844.66
39-41Stay cable 75,508.47 87,231.28 103,889.62 96,963.19 71,533.10 86,192.13

design stage (kg).
3. Results

Guo et al. (2020) studied the dynamic response of long-span double-
tower cable-stayed bridges under the impact of a ship and the me-
chanical properties of and damage to bridges caused by local scour,
indicating that the studies of solid effect modeling are assumed to be
more scientific. Jewett and Carstensen (2019b)) surveyed the rein-
forcement design of an RC structure after TO and gave an optimization
design for local members. Bao tong Li et al. (Li et al., 2017) proposed
achieving the optimal layout of a welded box girder structure using the
structural foundation method to reduce carbon dioxide emissions. The
authors searched Scopus for studies on TO and the environmental sus-
tainability of bridges. We concluded that no complete studies were being
found about TO on the ecological sustainability of 3D solid bridges.

3.1. Case description

The study case is the Rui An Bridge (RAB), a Grade one highway
bridge located in Rui An City, Zhe Jiang Province, China. The RAB is
composed of the main bridge (470 m) and the approach bridge (2486
m), with a total length of 2956 m (Guide, 2017).

The main span deck has six lanes in two directions, with the designed
speed limit of 100 km/h. The span arrangement of (240 + 170 + 60 m)
was adopted. Specifically, the main span is 240 m long and 33 m wide.
The main beam has an overall width of 36.8 m and a central sectional

central height of 3.2 m. The top plate of the box girder is 0.28 m thick,
and the bottom plate is 0.4 m wide; the lower angle web is 0.25 m thick,
and the web is 0.4 m thick (the research object of this study is the main
bridge).

Fig. 4 shows the structural the RAB main bridge’s composition and
profile diagram and shows the materials of the main bridge. The optimal
combination of structural dimensions is studied under the designed load
constraints. An analysis is conducted when external loads such as tem-
perature stress and wind force are increased (Feng et al., 2020). The
materials consumption after the TO is obtained, and then the LCA
software is used to realize the sustainability of the bridge’s environ-
mental impact (Zhou et al., 2020b)

The major materials consumption of the RAB, as shown in Table 2, is
calculated based on the design drawings. The main distribution of RC:
Pier 39 weighs 66,550 t, consisting of C35, C40, and C50 concretes. The
anti-collision pier was built from bituminous concrete, weighing 56,436
t; the main beam was built from C55 high-performance concrete,
weighing 27,666 t. Reinforcement distribution: main beam ®20; ®16;
®12; transverse beam ®12. Other steel products include stay cables
(1398.28 t) and steel wires (1301.16 t).

The RAB’s concretes are mainly distributed in Pier 39 (38,274 m3),
the anti-collision pier (24,592 m®), the primary and transverse beams
(14,072.3 m?), and Piers 38, 40, and 41 (9398 m®). Class I and II re-
inforcements are mainly distributed at the main beams and central
tower, accounting for 72.22% of the total reinforcements.

10
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Fig. 15. Changes in various indicators during the Pier 40 iteration cycle.

Table 6
TO research progress data (the calculation method is the same as Section 3.3.2).
Bridge part Volume ratio NI (cycle) Stress(Pa) Sensitivity Displacement(m) Conclusion
38 0.50 23 51,800 2,381,400-3,199,800 0.479 Failed
0.70 13 51,521.4 683,470-761,780 0.479 Succeeded
0.80 13 51,714.7 104,500-110,650 0.482 Failed
40 0.60 25 32,670 11,340,000-27,308,000 17.137 Failed
0.70 15 31,360 77,546-86,483 0.915 Failed
0.80 13 31,370 38,147-41,045 0.518 Succeeded
0.90 11 31,370 40,872-41,945 0.318 Failed
41 0.50 25 67,200 4,407,800-2,275,000 9.773 Failed
0.70 17 54,550 4,407,800-2,275,001 4.086 Failed
0.80 13 54,270 40,170-232,590 2.584 Failed
0.90 13 54,271 129,970-347,330 1.551 Failed
0.95 11 54,270 561,010-653,880 1.401 Failed
1.00 0 54,270 1540-154,250 1.075 Failed

Notes: NI = Number of iterations (cycle); Volume ratio = (original volume - reduced volume)/original volume = Remaining volume ratio.

3.2. Calculation of RAB load

The schematic diagram of the RAB loads is analysed and plotted, as
shown in Fig. 5, based on the design documents and the referenced ar-
ticles. The figure indicates the force sizes of the loads and applied forces
by purple lines.

The changes or uncertainties of the load impact factors will signifi-
cantly influence TO. Based on reliability and robustness, the TO is the
primary paradigm used to solve tensions (Wang and Gao, 2019). The
analysis in this study is carried out based on the design documents, and
the changes in boundary conditions are specific. The following two
combinations of loads are mainly considered for the RAB:

(1) Dead load + Vehicle load (Vehicle - over grade 20; Trailer - grade
120).

(2) Dead load + Vehicle load + Wind load + Temperature variation
(the research group discussed and decided to select the maximum
load combination for analysis).

The RAB extends from northeast to southeast. Pier 38 is located on
the northeast side, and pier 41 is located on the southwest side. Pier 38
was designed with movable hinged support, and pier 40 was designed
with an auxiliary pier and portable hinged support. Pier 41 was designed
with fixed, hinged support. Fig. 5 is a schematic diagram of the di-
rections in which the RAB loads act and relevant analysis. The loads
mainly include the bridge structure gravity; vehicle load; vehicle impact
force; wind load; and temperature stress.

Table 3 shows the unit optimization analysis after the RAB is divided

13

into 20 parts according to the structural composition.

3.2.1. Dead load

Dead load = Structure gravity = Material volume -Weight (dead load
range: calculation of the weight of bridge’s main members), as shown in
Table 2 and Fig. 6.

3.2.2. Vehicle loads

By reference to JTG D60-2015 General Specifications for Design of
Highway Bridges and Culverts (CC Highway, 2015) on the value of
vehicle load, the value standard of automobile load is selected according
to the standard value of uniform load is gx = 10.5KN/m; the concen-
trated load is px = 360 KN. Pyepicle load = INumber X (LLong X Gk + Pk) =
31,770 KN.

As shown in Fig. 6, the transverse reduction coefficient of the RAB’s
vehicle load is 0.55, and the vertical reduction coefficient is 0.96. The
acting directions of the weights are also shown in Fig. 6 (CC Highway,
2015). Based on the analysis, the pressure generated by the RAB’s
vehicle load can be calculated as follows: Pyahiicioad = Pvehicle load/SArea
x JmaxX(ryy , rpo) = 1660.196 N/m>
3.2.3. Flutter, buffeting, and wind load

The annual data on wind directions and climate and the surveys
conducted in the typhoon season (Fig. 7) show that the prevailing wind
directions throughout the year are northeast (45.57%) and northwest
(25.47%). In the typhoon season (July-September), the prevailing wind
directions are likewise northeast (47.63%) and northwest (25.01%). The
general wind directions throughout the year are thus consistent with
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Table 7
Comparison of RAB environmental impact data.
Material name Number (t) GWP AP FEP PMFP w
Original design emissions (kg)
Concrete 8922.23 8,208,453.44 2230.56 12,758.79 18,022.91 30.60
Transport 21,447.03 0.40 0.13 0.27 0.34
Steel 142.26 638,838.72 6515.59 4042.21 22,331.09 36,464.69
Transport 287.28 0.01 0.00 0.00 0.00
Laboure consumption Days 255.32 0.00 3.12 0.00 12.00
TO design emissions (kg)
Concrete 8922.23 6,156,340.08 1672.92 9569.09 13,517.18 22.95
Transport 16,085.27 0.30 0.10 0.20 0.26
Steel 142.26 479,129.04 4886.69 3031.66 16,748.32 27,348.52
Transport 215.46 0.00 0.00 0.00 0.00
Laboure consumption Days 191.49 0.00 2.34 0.00 9.00

those in the typhoon season. For the dynamic wind loads in this study,
the northeast and northwest are the two prevailing wind directions to
consider, with maximum wind speeds of 2.76 m/s and 3.37 m/s.

The two values are calculated in accordance with JTG/T 3360-01-
2018 Wind-resistant Design Specification for Highway Bridges (Tongji
University, 2018):

(1) Equivalent static gust load on the main beam:

Q:%ﬂ@@D (23)
where Fg is the downwind equivalent static gust load acting on the unit
length of the main beams (N/m); p is the air density with the value of
1.25 kg/ms; Uy, is the wind speed of the equivalent static gust (m/s); Cy is
the cornering ratio of the main beam; D is the featured height of the main
beam (m).

14

(2) Equivalent gust loads on piers, pylons, stay cables, and main
cables:

@:%@qm 24

Where F; is the wind load acting on the unit length of members (N/
m); p is the air density with the value of 1.25 kg/m?; Uy, is the wind speed
of the equivalent static gust on the reference height of the members (m/
s); Cp is the frag coefficient of the members; A, is the downwind pro-
jected area per unit length of the members (m?/m), and this value of the
stay cable or main cable is calculated based on the outer diameter.

The gust load of the main beams can be calculated as follows using
Eq. (23) and the data in Fig. 6: Fy =

% x 1.25%3.372x0.979x 3.2 = 22.237 N/m.

The downwind load of the piers and towers can be calculated as
follows using Eq. (24) and the data in Fig. 7: F, = % X
1.25x3.37%x1.601x9.59 = 109.98 N/m.



Z.W. Zhou et al.

Table 1

Theoretical models for typical TO of bridges.
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Reference

Condition

Formula

Symbol

Bendsge and
Kikuchi (1988)
[€D)]

Kurian (2021) (2)

Jewett and

Carstensen
(2019a, 2019b)
3)

Meng et al.
(2020) (4

Zhang and Sun
(2006) (5)

Linear elastic structure
optimization and
homogenization calculation
method.

Topology optimization
process of continuous
reinforced concrete (RC)
structure.

Algorithm framework of
bilinear hybrid mesh
topology optimization
method.

Renewal formula of

continuous discrete variables.

Homogeneous body, discrete
as finite element model.

max|{(1 — ), 0]
Dy
min[(1 + )y, 1]

if heD) < max{(1 — )., 0]

if min[(1 + ¢)py, 1] < D]
Minimize : C = F'U
Subject : V' — erve =0
x

P E
a = 7;ex§ufkoue :p;:

Minimize f(p,, p,, 6c,01) = F'd
subject to K(p,, p;,0c,00)d —F =0
c(pespe) = Y P+ Y pi-V<0

e, ec,

Priin < Dj < Pk Vi € Q2
of 1 ge\T
e = )" @ K
<
Argmin f(u, p),p = (p1,pa; . PN)
st0<p; <1,i=1,2,--N
g <0j=1,2,-M
GU = F* + F" (Thermal coupling)

m n
Mind = — Z UTK; (y:) Us Z”?j)’i\i <Wxi,i=1,mp(y) =
=

i=1

if max[(1 — {)py, 0] < WD} < min[(1 + {)py, 1]

p is a weighting factor, and ¢ a move limit; y is the
density.

Where C is the compliance; x, is the design variable
indicates the presence or absence of the element;
V*indicates the target volume; v° is the elemental
volume; F and U are the global force vector and
displacement vector; and P is the penalty exponent;
the term xBu’k,u, is exactly the element strain energy.
Where @; are the design variables that control the
element densities in p;The assembly of a new stress-de-
pendent global stiffness matrix K(pc, py, oc, 60)-

The penalization parameter p; Pseudo-density variable
pi; G is the global stiffness matrix; U the nodal
displacement vector; F* and F correspond to the
equivalent force and thermal load vectors.
WhereUjcorresponds to the known nodal displacement
vector of DEin the macroscale; y; ; and v{ ; are the
microscale density design variable and element
volume associated with finite element j involved in
DE; C;, j denote the strain energy and nodal
displacement vector of finite element included in j
density variable i.

The downwind loads of the stay cables and main cables Fg = 1 x

x10°
10

Carbon emission (kg)

5
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Fig. 17. Data comparison of environmental impact optimization on piers 39 and 40.

1.25%3.372x1.601x0.424 = 4.82 N/m.

(3) Analysis of flutter force and buffeting force

The maximum wind speed of the designed bridge within 100 years is
36.8 m/s, which is much lower than the critical wind speed. According

to the research data of Bin Jian (Jian et al., 2020), the buffeting

displacement of the main bridge and the central tower is more signifi-
cant in the standard wind spectrum and wind tunnel measurement. The

wind speed and displacement data in three directions are obtained. The

maximum wind speed in this paper is 36.8 m/s. Therefore, the

15

displacement data corresponding to the top wind speed of 40 m/s is
selected for analysis: the mid-span of the main beam (the most affected
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area) L, = 0.115 m, Dy, = 0.008 m, M, = 0.052 m; the top of the central
tower (the most affected area) Ly = 0.007,6 m, D,, = 0.028 m.

RAB has set up longitudinal viscous dampers (model: DAMP-HX1-3)
and transverse viscous dampers (model: DAMP-ZX) in the design
scheme. The bridge design uses nonlinear viscous dampers. Eight groups
(39#) are installed at the connection between the central tower and the
main beam, and twelve groups (4 groups/pier) are established at the
relationship between the 38#, 40#, and 41# piers and the main beam.
Wang et al. (Wang et al., 2005) studied and determined the damping
parameters and the maximum displacement of the double-tower cable-
stayed bridge using the nonlinear dynamic time history analysis method.

According to the research conclusions of Wang and the analysis of
the mechanical characteristics of the viscous damper designed by the
case, it is determined that (Fig. 4): When C is 20,000 (damping coeffi-
cient), a is 1.0 (damping index), the maximum displacement of the top of
the tower is 0.345 m, the relative displacement between the tower and
the main beam is 0.326 m, the relative displacement between the main
beam and 40# is 0.324 m, the main beam, and 39# And 41# relative
displacement are 0.267 m. Damper damping force F is 15,680 KN
(theoretical formula F is Cx V¥, V = relative velocity (m/s)). Comparing
the above analysis data, the authors show that the damper settings fully
satisfy the dynamic response of wind loads and the seismic performance
of the bridge.

The above analysis proves that 3.2.3’s analysis process and the
conclusion fully consider the dynamic performance of wind load (static
wind speed, galloping vibration, flutter, and buffeting vibration).

3.2.4. Temperature stress

The highest temperature in a year is 28 °C, and the extreme
maximum temperature is 37.2 °C (in 1978, which can be ignored). The
annual average temperature is 18 °C; the lowest average temperature is
7.7 °C; the extreme minimum temperature is - 4.3 °C (in 1967, which can
be ignored). The impact of temperature is divided into five intervals in
the process of the primary bridge analysis: 5°C ~ 10°C ~ 15°C ~ 20 °C
~ 25°C ~ 30 °C. Since the relative stiffness of all parts of the bridge is
changed due to the impact of air temperature variation on the concrete’s
Young’s modulus, the changes in the stress and Young’s modulus caused
by temperature variations are considered (OBrien et al., 2020).

Table 4 shows the values of the compressive strength, elastic
modulus, and Poisson’s ratio of RAB’s members under different
temperatures.

3.3. Finite element model

A 3D solid model of RAB is built-in Abaqus, and a complete step and
9,641,110 elements are created in the model. The fine mesh is essential
for the convergence of simulation results. But fine meshes of different
sizes are adopted in each structural unit due to RAB’s complex structures
(Table 3), making the numerical convergence of the model tend to
multiple elements of stable unique values (Al-Rousan, 2019).

Fig. 8 shows RAB’s vibration mode and internal force distribution
under the combined load (2) (maximum elements). It can be prelimi-
narily estimated that RAB’s maximum distortion appears on the main
beam, the central tower, and stay cables. Establishing a 3D solid finite
element model of large bridges is the first difficulty in this field of
research: many researchers use the plate, shell, and rod elements instead
of solid main beams, main towers, and stay cables, and simplify high-
order and high-dimensional elements into two. Two orders reduce the
difficulty of grid boundary division, data discretization accuracy, and
research robustness, and it is challenging to realize single lattice
research.

3.3.1. Analysis data of RAB

Under the action of the combined load, RAB is observed with
apparent displacements during the loading. The Abaqus software is used
to adjust the scale factor of vibration displacement to 1:12. In this way,
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the vibration mode and the changing responses of various bridge parts
can be clearly observed.

Fig. 9a is the distribution of four types of parameters of the main
beam, and 79 sets of measuring points are monitored, all of which are
valid measuring points. The top five measuring points of each type are
strain: 4664 (0.161) > 5462 (0.108) > 6474 (0.094) > 6466 (0.050) >
6464 (0.029). The positions of the five measuring points are all
concentrated at the consolidation of the main beam, the central tower,
and the main pier. The data proves that no support is set at the position
of the cable tower. At the same time, stress and strain are concentrated
in this area (the weakest part of the cable-stayed bridge structure).
Stress: 6474 (275,517.0 Pa) > 6466 (211,866.0 Pa) > 5461 (119,632.0
Pa) > 6464 (96,816.7 Pa) > 12,379 (79,246.1 Pa). See Fig. 11 for the
specific locations.

Displacement:12325 (1.162 m) > 12,395 (1.159 m) > 50,982 (1.100
m) > 50,128 (1.041 m) > 50,123 (1.031 m). The maximum displace-
ment is at the middle position of the 83.94 m main beams in the di-
rection of 38# — 39# (about 1/3 of the length of 38# ~ 39#). Under the
action of multiple loads, the bending moment at the mid-span position of
the cable-stayed bridge is not necessarily the largest. The other four
groups of measuring points are distributed around the mid-span of 39#
~ 40#. Energy density: 4664 (227,323.5 J/m®) > 6466 (23,826.94 J/
m® > 6629 (20,764.94 J/m®) > 6474 (20,403.21 J/m%) > 6963
(11,152.85 J/m>).This data represents how much energy is contained in
a unit volume. The five sets of data are consistent with stress.

Fig. 9b data analysis of the central tower, a crucial stress-bearing
structure of the cable-stayed bridge, monitored 77 sets of measuring
points. The data are strain, 5463 (0.022) > 6632 (0.011) > 6631 (0.008)
> 10,538 (0.008) > 5267 (0.005). The analysis conclusion is consistent
with the main beam, and all focus on the main beam, tower, and pier
consolidation; comparing the first five sets of strain data between the
main beam and the tower, it is found that, Sgirder: STower=8.11:1.00. The
strain concentration of the main beam is much larger than that of the
central tower. Stress: 4664 (453,672.5 Pa) > 5463 (106,762.4 Pa) >
4622 (80,354.5 Pa) > 6632 (71,702.5 Pa) > 6631 (58,230.5 Pa). The
stress distribution position of the central tower is consistent with that of
the main beam, and the two data are equal (the ratio is 1.02).

Displacement:4622 (1.931 m) > 5463 (1.695 m) > 4007 (1.441 m)
> 3050 (1.277 m) > 4664 (1.135 m). We were comparing the data, and
it was found that the displacement of the central tower is more signifi-
cant than that of the main beam. The area is concentrated between the
cap and the main beam. Energy density: 6971 (0.2937 J/m?) > 12,720
(0.284 J/m® > 6659 (0.261 J/m*) > 6968 (0.240 J/m®) > 6472
(0.1712 J/m>). The analysis results show that concentrated in the same
position (consolidation), the energy per unit volume of the central tower
is lower, and the data is close to zero.

Fig. 9c shows 95 sets of monitoring points for the stay cable, and the
data are: strain: 5087 (0.048) > 5147 (0.038) > 5514 (0.037) > 5122
(0.037) > 5092 (0.035). Among the five sets of data, four sets of stay
cables are located at the mid-span positions of 38# ~ 39# ~ 41#, which
are consistent with the maximum displacement of the main beam. Stress:
5092 (204,586.86 Pa) > 5087 (175,434.02 Pa) > 5126 (173,999.23 Pa)
> 5217 (160,018.70 Pa) > 5147 (142,925.88 Pa). The five groups of sets
are all concentrated in the middle and sides of the 38# ~ 39# span.

Displacement:5217 (6.335 m) > 5748 (4.384 m) > 5389 (4.314 m)
> 5147 (4.014 m) > 5052(3.891 m). The maximum displacement is on
the R36 stay cable, and the 5087 is on the R18 stay cable (38# ~ 39#
mid-span). The displacement of the stay cable is the largest among the
components. During the maintenance period, the fatigue and aging
damage of the stay cable should be strictly checked. Energy density:
5182 (1.117 J/m®) > 5126 (1.112 J/m%) > 5224 (1.111 J/m®) > 5113
(1.091 J/m?) > 5688 (1.086 J/m?).

An abrupt change is detected from stress 2278 and stress 5625. The
two points are located above support 40. The stay cables (made of
elastoplastic materials) bear external load actions during the loading,
resulting in a rapid increase of stress. The bearing capacity of the support
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40 also increased, resulting in continuous fluctuations of the stress of the
stay cables, as shown in Fig. 9c.

Fig. 9d sets 44 sets of monitoring points for piers 38#, 40# and 41#,
and the data are: strain: 2568 (0.060) > 4985 (0.013) > 4973 (0.012) >
6959 (0.011) > 761 (0.011). 2568 is at the support position of the 38#
pier, and the other three points are at the 41# pier. Stress: 2568
(258,220.80 Pa) > 6959 (159,557.89 Pa) > 4159 (142,913.41 Pa) >
2499 (115,392.09 Pa) > 2470 (106,970.04 Pa). The position of the first
group of points is determined, and the other three groups are in the 40#
pier.

Displacement: 4159 (1.081 m) > 2568 (1.057 m) > 6959 (0.893 m)
> 2499 (0.225 m) > 2470 (0.209 m). The first two groups are on the top
of the 38+# pier; the other three are on the top of the 40# pier. Energy
density: 6959 (0.639 J/m®) > 2470 (0.560 J/m>) > 2468 (0.544 J/m®)
> 9470 (0.524 J/m>) > 2499 (0.479 J/m?). The five groups of points are
all in the 40# pier; the data is small and relatively concentrated.

Fig. 10a and b show the towers’consolidation area, beams and the
area where the stress is concentrated. The maximum concentrated stress
is 890,650 Pa (located at the consolidation area of the towers and beams
on the left side of the 39 main towers). The node is also the maximum
stress action point of the entire RAB.

Fig. 11 is the stress gradient of the 39 central tower, showing an
inverted trapezoidal profile. The minimum stress of the cable tower
above 100 m is 122.3 Pa.

Table 5 and Fig. 11 show the computational analysis results and data
statistics of the finite element model. The RAB’s stress and energy are
concentrated on the 39 main tower and the 38-41 main beams and stay
cables.

According to the research data provided in Figs. 9-11 and Table 5,
the parts with less stress and displacement are concentrated on the lower
part of 38, 40, and 41, so TO for these parts is conducted over two times.
No optimization is performed for the pile foundation because it bears
complex actions from geology and lithology (Mohamad et al., 2021).
Other stress concentrations, large displacement, and deformation of
members have been optimized in the original design, so they will not be
analysed again.

3.3.2. Sensitivity

The sensitivities of all parts of RAB under the load action are ana-
lysed based on Egs. (10) and (11), and the parts are divided as shown in
Table 5.

The main beam sensitivity can be expressed as {o}k = [R]k[G]k{d}k,
where {d}* is the time corresponding to the stress frame number; [R1¥is
the stress matrix; and [G]* is the corresponding displacement matrix. To
enhance the accuracy of the analysis, the top 12 groups of node stress
and displacement are selected for each member (calculation example:
main beam).

[R]k, [G]k, {d}k, {a}k, Zak (determined after data analysis and
calculation). The remaining RAB parts are calculated in the same way
(the calculation and analysis process is omitted).

1
Zo'ﬁllax{ {U}Zirder max

2 3 4
{6}38—39 Stay cable max{0}39—415tay cable max{o'};»SPier max

{G}Z?QPier max{a}i?)l)ier max{a}i71 Pier max257 517.00
Pal75,434.00 Pal45,364.7 Pa

241,129.80 Pa63,152.98 Pa244,960.22 Pa240,974.00 Pa

*1 *2
ZVO*_{ {V}Girder O max {v}38—39 Stay cable O max

*3 *4 *5
{v}39—415tay cable O max{v}38 Pier O max {V}39 Pier O max
{V}:l?) Pier O max{v}4i Pier O ma.x0786 m1.098 m1.070 m0.479 m

0.288 m0.656 m0.399 m
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The high-order matrix multiplication is calculated by the Matlab
software programming (Mathworks, 2021) in order to ensure the
computational accuracy. The value ranges of {c}* are shown as follows:
4510-750,330 for {6}&kder; 11,800-1,816,000 for {o}53 39 stay cable;
57,000-1,002,500 for {6}53_41 stay cable; 1760-377,500 for {6354 pies;
239-14,441 for {653 pier; 133-85,486 for {658 pier; 29-42,443 for {o}4
pierk7 (Unit: Pa/m-s).

3.3.3. Curve fitting approximation analysis

According to the criteria of displacement, stress, and sensitivity data,
in order to avoid falling into local optimum and better solve the rela-
tionship between randomness parameters and diversity and conver-
gence, the diversity data is transformed into a suitable measure related
to the performance of the scientific algorithm. The swarm intelligence
optimization algorithm is more complex than the actual stress situation.
Set up an algorithm calling program (example: main beam) (Rostami
et al., 2021).

>>X [4477.726676.06 Same as
10,739.33119631.6211495.46 --- 79,246.08];

>>y =[0.004 0.001 0.004 0.008 Same as Section 3.3.2 data ---0.292
0.154 0.341 --- 0.5651;

>>Plot (%, y,”**); P = polyfit (%, y, 3); plot (x, y,”*’, X, polyval (p, x)).

According to the above algorithm, the optimal curve fitting and steer
distribution of the main girder can be obtained.

Fig. 12a shows the 38 pier of linear model polynomial fit with 95%
confidence bounds; SSE (goodness of fit): 0.373, R-square: 0.691. The
fitting conclusion is accurate (there are 39.4% redundant structures and
discrete elements).

Fig. 12b shows the 39 pier of linear model polynomial fit with 95%
confidence bounds; SSE: 0.125, R-square: 0.813. The fitting conclusion
is accurate (there are 8.33% redundant structures and discrete
elements).

Fig. 12c shows the 40 pier of linear model polynomial fit with 95%
confidence bounds; SSE: 0.545, R-square: 0.815. The fitting conclusion
is basically accurate (there are 29.63% redundant structures and
discrete elements).

Fig. 12d shows the 41 pier of linear model polynomial fit with 95%
confidence bounds; SSE: 0.275, R-square: 0.819. The fitting conclusion
is accurate (there are 34.72% redundant structures and discrete
elements).

Fig. 12e shows the girder of locally weighted smoothing linear
regression fit, f(x, y) = linear smoothing regression computed from p.
SSE: 0.037, R-square: 0.868. The fitting conclusion is very accurate
(there are 12.9% redundant structures and discrete elements).

Fig. 12f shows the thin-plate spline interpolant fit’s 38-39 stay cable.
f(x, y) = thin-plate spline computed from p. SSE: 5.345e-20, R-square: 1.
The fitting conclusion is the bigger accuracy (there are no redundant
structures and discrete elements).

Fig.12g shows the 39-41 stay cable of linear model polynomial fit
with 95% confidence bounds; SSE: 0.161, R-square: 0.991. The fitting
conclusion is accurate (there are no redundant structures and discrete
elements).

Fig. 12a, ¢, and d show high dispersion; the dispersion samples have
large, unstable jumps and redundant elements. There is no regular dis-
tribution between the optimal 3D curve and the scattered points, and it
has multiple optimization topology conditions. Fig. 12b, e, f, g the
scattered samples are distributed on or near the two sides of the fitting
surface, and there is no high dispersion phenomenon.

Section 3.3.2 data

3.3.4. Topology optimization

The stress and displacement are used to discretise the structure into
dense finite element meshes. Within the defined range of the original
load constraints, the unit elements that satisfy the minimum principal
stress are designed, and the sensitivity {o}¥*is judged for such unit ele-
ments. The low-stress units are deleted after the above flow, and the
maximum bearing capacity and deflection of the remaining RAB parts
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should also be kept within the specifications.

The setting of performance index parameters: 38-41 bent caps and
pier studs; the pier base is an RC compressed structure. After the opti-
mization design, |ofax| < |0pesign”| (I.€., the maximum principal stress
limit after optimization < the specified stress limits) will be realised. At
the same time, the stress constraints are proportioned for RAB’s volume
after the optimization design, which can be expressed as v,* =(|0max|/
|6Design™ | )va* (where v,* is the optimized volume; v4* is the original
volume).

The validity of the TO is verified by control index parameters such as
{6}K, 0% and v,*.

Structural TOs for Pier 38, Pier 40, and Pier 41:

After the stress, displacement, and sensitivity of each part of RAB are
determined in Sections 3.3.1 and 3.3.2, the structural TOs are conducted
for Piers 38, 40, and 41. Under the conditions described in Section 3.2,
when several iterative steps have been carried out on the structure, the
three indexes {c}X, oimax and vo* determine the final convergence sta-
bility value and the optimal structure.

Fig. 13a shows that Pier 38 undergoes TO three times under the
original load action, and the {a}k, oimax and v,* are analysed three times,
finding that the second time is the most reasonable optimization. The
optimization is finished after 13 iterations; the structural volume drops
by 30% (the remaining part is equivalent to 70% of the original volume).
The author detected maximum stress (51,521.40 Pa: Stress distribution
data of 38 pier in the structure after volume reduction;) is concentrated
on the contact of the right pier base with the pier stud (element no. 611).
The changes to the displacement and stress are shown in Fig. 13b.

As shown in Fig. 14a, Pier 40 undergoes TO four times under the
original load action. The {a}k, omax and v,* are analysed four times,
finding that the third time is the most reasonable optimization. The
optimization is finished after 13 iterations; the structural volume drops
by 20%, and the remaining part is equivalent to 80% of the original
volume. The maximum stress (31,365.69 Pa) is concentrated on the top
contact on the right pier stud (element no. 65). The changes to the
displacement and stress are shown in Fig. 14b.

As shown in Fig. 15, Pier 41 undergoes TO five times under the
original load action. The {a}k, oimax and v,* are compared five times,
finding that all of them are higher than the standard value in Section 3.3,
so it cannot be subject to TO again. The data are shown in Table 6.

4. Analysis of LCA

The research conclusions in Section 3.3.3 indicate that pier 38 and
pier 40 meet the research conditions for environmental sustainability, so
that the environmental impact analysis can be further conducted. The
carbon emissions of the original structures are mainly from the pro-
duction and transportation of concrete and steel.

The design phase LCA emissions analysis principles are defined in
Section 2.5. According to the original design drawings, determine the
increase or decrease of pier 38 and pier40 materials. Software analysis:
Import the original design materials, personnel, and machinery. The
optimized materials, personnel, and machinery into the open LCA soft-
ware analysis system. The analysis steps are import data into the Pro-
cesses system — apply and analyse through the database of product
systems, — generate a model graph, and statistics —generate results of
the project (Fig. 16). The entire data access analysis is completed, and
the system uses Monte Carlo simulation algorithm to deal with the
disturbance of uncertain factors.

Ten categories of impact factor data are generated in the LCA anal-
ysis report. Five categories are selected as the basis for analysis in Sec-
tion 2.5.1 for factors closely related to this study. The original design
38+# and 40# concrete and steel consumption are 1494.4m°, 1028.5m3,
148,017.8 kg, and 105,507.3 kg, respectively. After optimization, they
are reduced by 448.32 m%, 205.70 m%, 44,405.34 kg, and 21,101.46 kg,
respectively. The labour and equipment follow the original design. The
protocol was scaled down (Fig. 16).
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As shown in Table 7, The total emissions of environmental pollution
of the original forms are 8971.69 t. The consumption of raw materials
for Pier 38 is reduced by 30%, and for Pier 40 by 20%. The carbon
emissions of the raw materials are reduced by 2242.92 t.

It can be seen from Fig. 17 that the RAB’s GWP reduced by 2217.32 t
after TO, accounting for 98.9% of the total reductions and 33.3% of the
total emissions. This is a significant and efficient reduction of the carbon
emissions of raw materials.

It is found from the study on the TOs of Pier 38, Pier 40, and Pier 41
that {s}%, omax and v,* are the critical control indexes of optimization in
the modeling data analysis of the entire bridge. In the optimization
process of Pier 41, some values exceed the specifications, and the spe-
cific reasons will be explored in future studies.

5. Conclusion

In order to reduce the emissions of environmental pollution of
bridges in the building industry, the modeling and case analysis methods
are used in this paper. The RAB’s carbon emissions reduce by 2242.92 t,
which is a stunning figure. The results remind designers TO carry out
multiple times of optimization analysis for buildings.

Based on modeling and data analysis, this research conducted a
comprehensive research analysis and applied the robustness of constant
dynamic load. Emphasis is placed on the effects of variable vehicles and
temperature stress, which are rare in the researching complex 3D solid
structures in static and dynamic environments. In the later data analysis,
various mathematical research models are used to solve the diversity
and convergence of the data. It provides effective theoretical research
methods and data for the static and dynamic control and response design
of bridges in the future.

The relevant analysis process and theoretical data are valid,
reflecting the superiority of the optimal TO, and providing references for
the optimization of similar bridge structures. There are also some de-
ficiencies in this study because no further verification and analysis is
conducted on whether the optimized facilities of Pier 38 and Pier 40 can
meet the conditions of site construction. The uninvolved matters also
include whether there are difficulties in formwork processing and con-
crete pouring for the optimized structures.

The scientific analysis method of higher mathematics is an effective
means to solve discrete problems. This paper studies and establishes the
curve-fitting mathematical model of swarm intelligence optimization
algorithm, which solves the problem of diversity and convergence data.
The results are consistent with the sensitivity analysis.

Further research work can be carried out from perspectives such as
the application and sustainable development of bridge structures’ TOs in
international engineering projects, how to combine the TO and sus-
tainable development of new and existing bridge structures in the world,
and the optimal optimization of carbon emissions and natural environ-
ment of regional bridge structures.
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