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ABSTRACT 11 

Infrastructure is a crucial aspect of promoting worldwide economic integration. However, the construction of 12 

infrastructure often results in high energy consumption and substantial emissions of greenhouse gases. Over time, 13 

the environment can also cause significant damage to bridges, leading to repeated repairs and replacements that 14 

further harm the environment. This research aims to minimize the environmental impact of bridge maintenance over 15 

a 100-year lifespan. The study utilizes a three-dimensional dynamic thermo-mechanical optimization model 16 

developed through comprehensive research and interdisciplinary collaboration in various fields such as 17 

Bibliometrics, Fluid Mechanics, Structural Dynamics, Thermoelectricity, and Damage Mechanics. From examining 18 

single crystal structures at a microscopic level to examining system components under extreme temperatures, this 19 

study provides a system for reducing environmental pollution. The model's reliability is shown through a case study, 20 

demonstrating a reduction of 49.9 million tonnes of emissions, equivalent to 1.91% of total design emissions, over 21 

a 100-year maintenance period. This research provides a foundation for future studies and presents an approach for 22 

evaluating the environmental impact of long-term temperature changes in structures. 23 
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1. Introduction  39 

The alterations in structural deformation and internal forces during bridge management and maintenance reveal 40 

the structural rigidity and load response, which impact not only the longevity of the structure but also its deterioration 41 

and degradation of material properties (Deraemaeker and Worden, 2018). Vehicle loads and temperature fluctuations 42 

predominantly cause vertical deflection in bridges, and a clear linear relationship exists between the structure and 43 

temperature changes (Jayaseelan et al., 2019). Studies have revealed that the cyclical variation of ambient 44 

temperature can lead to significant deformation in long-span bridges during their service life, surpassing deformation 45 

caused by regular traffic or wind loads (Zamarrón-Mieza et al., 2017). At the same, a thermal expansion of the 46 

structure due to the internal heat conduction of structural components made of various materials exposed to sunlight. 47 

Constraining the internal force of the structure generates the "temperature gradient" effect, altering the structure's 48 

dynamic characteristics. Thus, temperature effects must be considered during the design, construction, and 49 

maintenance phases (Zhou et al., 2020).  50 

Research innovation has focused on understanding the impact of ambient temperature on the mechanical 51 

properties, damage, and material aging of structural bridge components (Sun et al., 2020). Although much research 52 

has been carried out in this field, further research on the life cycle assessment (LCA) data of bridges exposed to 53 

ambient temperature for a long time still needs to be strengthened. The damage caused by ambient temperature to 54 

the structure's durability has significantly reduced its service life (Zhou et al., 2020). An accurate assessment of this 55 

impact and methods for reducing its cycle is essential. The bridge environmental impact theory has been established 56 

based on a coupled analysis of the structure's ambient temperature and damage models in the paper. A high-resolution 57 

finite element three-dimensional (3D) model of the bridge thermal environment has been systematically established 58 

to analyse the environmental impact data of the bridge during its 100-year service period. This interdisciplinary 59 

research has effectively realized the cross-coupling application of advanced mathematics, structural dynamics, fluid 60 

mechanics, and environmental engineering science. The research system and theoretical model apply to the coupled 61 

analysis of ambient temperature in the construction industry, contributing to further advancements in this field. 62 

Furthermore, according to LCA data, the maintenance phase is associated with reduced emissions of 49.93 million 63 

tonnes (t) and decreased global warming by 0.28 million t.  64 

This paper is divided into five parts. In the Introduction, the status of the field, existing issues, and advancements 65 

in relevant publications are evaluated. The literature review analyzes the current research situation in relevant fields 66 

and proves a research gap. The Methodology section outlines a comprehensive research theoretical model 67 

framework. The Results section showcases the 3D finite element coupling analysis of a case study and the structural 68 

Thermo-mechanical Coupled Structures (TOSS) analysis. The Discussion evaluates the optimization of the 100-year 69 

environmental impact data of the bridge through TOSS analysis. Finally, the Conclusions summarize the research 70 

findings, highlight the significance of the research, and outline future research goals in this field. 71 

2. Literature review 72 

This paper conducts a comprehensive literature review across four research fields to ascertain the current research 73 

status, identify future development trends, and pinpoint improvement areas within this field. 74 

2.1 Impact of temperature on bridges 75 

The dynamic characteristics of a structure are primarily influenced by the ambient temperature, which affects both 76 

the physical and mechanical properties of materials, such as Poisson's ratio and elastic modulus and the geometric 77 

characteristics of the structure, such as boundary conditions and component dimensions (Zhou et al., 2020). Yue et 78 

al. (2022) investigated the time lag of temperature and deflection in the heat transfer process of a cable-stayed bridge 79 
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and the inertial effect of the spatial and temporal distribution of the temperature field. Quantitative research on the 80 

complex temperature deformation of cable-stayed bridges with statically indeterminate structures often uses 81 

regression and finite element analysis, which require long-term measured data, detailed design data, and professional 82 

knowledge (Xu et al., 2020). Moreover, the regularity of the ambient temperature affects the structural modal 83 

parameters, and changes in the structure's dynamic characteristics, state, response, and modal parameters can weaken 84 

the bridge-bearing capacity, leading to long-term structural damage (Lee et al., 2019; Pons et al., 2018). Therefore, 85 

it is crucial to assess the structural response characteristics caused by daily and seasonal temperature changes, 86 

analyse the response of bridge structures in the natural temperature field, and consider the environmental impact of 87 

long-term exposure to a particular environment. This study does not consider the impact of a specific environment 88 

on structural erosion (Navarro et al., 2018). 89 

The current study faces several challenges. Firstly, due to the complex configuration and vast system of bridge 90 

structures, it is challenging to establish a global heat transfer analysis model that considers the temperature 91 

distribution and response (Xia et al., 2013). Secondly, there is room for improvement in the 3D study of the dynamic 92 

mechanical characteristics of the entire bridge under ambient temperature. Complete solid finite element modeling 93 

is challenging due to the multi-modal parameters and extensive element modeling, which negatively affects the 94 

efficiency and accuracy of optimized analysis, as suggested by Liu and Zhang (2017). Lastly, 95% of published 95 

literature collects response data through bridge health monitoring systems, which limits the scope of analysis to the 96 

bridge maintenance period and needs more timeliness and efficacy, according to He et al. (2021).  97 

The conclusion is drawn through literature research: the study of this field has shown a downward trend in recent 98 

years, with the research hotspots and trends developing toward an interdisciplinary direction, as shown in Extended 99 

Fig. 1(a; b) and Extended Table 1. Temperature effect, heat transfer, and material properties remain hotspots.  100 

2.2 Status of bridge topology optimization 101 

Topology optimization refers to determining the optimal structural layout of materials while considering load 102 

actions and boundary constraints to achieve a particular property index (Briseghella et al., 2013). When designing 103 

bridge structures, the ambient temperature must be considered during operation. To address this issue, the thermal 104 

load must be considered during the Topology Optimization of TOSS. Various research models are available for this 105 

purpose, including mean TOSS, variable density method, multi-objective integrated design method, and the effect 106 

of a single material in an uneven temperature field (Kutylowski and Rasiak, 2014). Although many achievements 107 

have been published in this field, challenging research problems still exist, particularly in 3D research on the thermo-108 

elastic oscillation of structures in natural uneven temperature fields (Meng et al., 2021).  109 

There are some problems related to the topology optimization of long-span bridges. Firstly, how can the author 110 

solve the ubiquitous TOSS problem and optimize the structure's composition, convergence, and stability while 111 

processing a large amount of computational data? Secondly, most literature studies rely on plate, shell, and rod 112 

elements, reducing the structure's element dimension and precision. However, using a 3D solid research model can 113 

more accurately reflect the refinement and robustness of component optimization (Atmaca et al., 2022; Zhou et al., 114 

2022).  115 

The conclusion is drawn through literature research: a discrete sin Q fitting analysis was conducted for the nine 116 

most vital data groups, and the conclusion was consistent with that of the mutual information algorithm (Extended 117 

Figs. 1(c; d) and Extended Table 1). 118 

2.3 Environment assessment in the construction industry 119 

Climate change is a significant impediment to sustainable development. The European Union aims to decrease 120 
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greenhouse gas emissions by 55% and 80% by 2030 and 2050 (Dräger and Letmathe, 2022), respectively, while 121 

China plans to achieve a carbon emission peak in 2030 and carbon neutrality by 2060 to mitigate climate warming 122 

(Fu et al., 2020). However, the current situation is that industrial facilities in the United States generate 7.6 billion t 123 

of waste and emit 6.587 billion t of CO2 annually, accounting for 21% of the total greenhouse gas emissions in 2017. 124 

The construction industries in Europe contribute 40% of the total energy consumption, 32% of the total CO2 125 

emissions, and 25% of the waste generated yearly (Carvalho et al., 2019). Moreover, the greenhouse gas emissions 126 

of the construction industry in the UK account for 50% of the total emissions, and the construction industry has been 127 

identified as the most emission-intensive industry. China's construction industry is also among the top three in the 128 

world in terms of annual greenhouse gas emissions (Zhou et al., 2020).  129 

The industry must overcome the challenges of various uncertain factors to achieve sustainable economic, 130 

environmental, and social development throughout the life cycle of construction projects. The Environmental 131 

Kuznets Curve highlights the complex relationship between the three indices and the dynamic causal relationship 132 

between them (Molina-Moreno et al., 2017).  133 

The Life Cycle Assessment (LCA) process is divided into four parts: objective and scope definition, life cycle 134 

inventory analysis, impact assessment, and interpretation. The study covers the five stages of the "cradle to grave" 135 

cycle, planning and design, material manufacturing and transportation, construction, maintenance and operation, 136 

and waste management (Ma et al., 2021).  137 

Two main issues need to be addressed regarding the environmental impact of bridges. Firstly, there needs to be 138 

sufficient literature on LCA studies for bridges, especially regarding the impact of long-term natural climate change, 139 

such as changes in ambient temperature, on their service life. Secondly, there is a need to investigate the 140 

environmental impact caused by climate and temperature changes during the 100-year operational period of bridges. 141 

The conclusion is drawn through literature research: there are many research papers on LCA worldwide, the 142 

overall research direction remains unchanged, and the scope of research content and fields is gradually expanding 143 

(Extended Figs. 1(e; f) and Extended Table 1).  144 

2.4 Damage response of thermal stress coupled 145 

Bridges are primarily constructed with concrete and steel, both subject to mechanical stresses when exposed to 146 

temperature changes. During the operational period, the load on the bridge causes minor defects such as cracks and 147 

damages to develop due to the destructive effects of concrete's heat transfer and diffusion. Thermal conductivity is 148 

associated with specific heat capacity. In a study by Duc Tho Pham (Penadés-Plà et al., 2019; Pham et al., 2021), 149 

the Absar Plot data analysis was used to examine the crack initiation and propagation model resulting from 150 

temperature-related substantial damage (see Extended Fig. 1(g)). 151 

The defect formation mechanism is that the structure's transverse reinforcement bears a hefty load capacity whose 152 

strength surpasses the viscous resistance between the reinforcement surface and the concrete. Over time, this results 153 

in transverse and longitudinal splitting cracks around the reinforcement, which break through the concrete protective 154 

layer under continuous radial expansion, leading to component cracking and deformation (Sharma et al., 2019). 155 

Additionally, the strength and adhesion performance of the structure's skeleton is reduced under long-term cyclic 156 

ambient temperature conditions (Extended Fig. 1(h)).  157 

Two central problems in the field of bridge engineering require further attention. Firstly, it is essential to 158 

understand how static and dynamic loads and long-term temperature changes affect bridge components' maintenance 159 

and design life. Accurately assessing the impact data is crucial in this regard. Secondly, bibliometric coupling 160 

analysis has revealed that this field requires further expansion and in-depth study to fully understand its complexities 161 

and nuances. 162 

The conclusion is drawn through literature research: more literature needs to be published in this field, particularly 163 
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on the coupling effect of perennial ambient temperature and environmental impact assessment (Extended Figs. 1(i; 164 

j) and Extended Table 1). 165 

3. Methodology  166 

The thermal load coupling effect in structural topology optimization imposes high requirements on structural 167 

strength and lightweight design to minimize component flexibility under complex boundary conditions in operation. 168 

The highly nonlinear behaviour and stress discontinuity of stress constraints under multiple loads pose new 169 

challenges for thermo-elastic analysis (Xia et al., 2018). Mathematical modeling for each element is necessary to 170 

achieve the integrated optimal performance of the thermo-elastic optimization structure model. Fig. 1 shows the 171 

entire process of the research. 172 

 173 

Fig. 1. The theoretical system model and analysis process flowchart of the paper. 174 
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3.1 Multi-Material Optimization Method for Thermo-Elastic Structures 175 

Thermal-elastic finite element analysis (Wu et al., 2019; Zhou et al., 2020):  176 

The thermal strain of the element is: 177 

 ���� = �� × � × ∆	�                                       (1) 178 �� is the thermal expansion coefficient of the material (1/degree); � is the element vector; ∆	� is the ambient 179 

temperature change (℃).  180 

The heat load of the element is: 181 

 
��� = ʃ�
����� × �� × ������                                    (2)  182 ����� is the stress and displacement matrix; �� is the material constitutive matrix; �� is the element volume.  183 

The element stiffness matrix of thermo-elastic buckling material is:  184 

 �= ∑�������+ ∑�������+ ∑�������                                       (3) 185 

� is the number of elements; ���, ��� and ��� are the stiffness matrices of the membrane part, the bending part, 186 

and the shear part of the element, respectively. According to (1), (2), and (3): 187 

�= ∑����ʃ�
�����������φ∆	����+ ∑����ʃ�
�����������φ∆	����+ ∑����ʃ�
�����������φ∆	���          (4) 188 

∆	�� is the element temperature value. The 3D structure studied in this paper is defined as[1,1,1,0,0,0] 	.  189 

3.1.1 Thermoelastic modeling of multi-material structures 190 

��= ∑��
��  ∑����!"���#"�$% × &�
� + ∑����!"���#"�$% × &�
�+,⋯ ,+ ∑����!"���#"�$% × &�
*+         (5) 191 

�� is the multi-material thermal-elastic stress; &�
�  ,..., &�
, are the compensation factor of ���� ,..., ����  (In 192 

the nonlinear material constraint interval, the constraint compensation factor of the single component is considered 193 

separately, and it is the thermo-elastic coupling of the structural material under the specified boundary conditions).  194 

3.1.2 Structure Temperature-Structure Field Coupled Optimization  195 

The structure generates thermal stress under the action of the uneven temperature field. The thermal balance 196 

equation (Eq) is established according to the law of energy conservation:  197 

-�.-/� + 
-�.-0� + 

-�.-1� = 0                                    (6) 198 

Where in, 2, 3 and 4 are 3D spatial coordinates ; 5	is temperature (℃).  199 

According to the linear thermal stress theory, the temperature field distribution corresponds to the change of 200 

material metric (Ozakin and Yavari, 2010). The total stress of microelements is caused by two types: the change of 201 

structural stress and the change of temperature field. The material’s geometric shape and temperature deformation 202 

gradient in the study are directly related to elastic and heat stress. The thermal stress and temperature difference Eq 203 

established according to the generalized Hooke's law is expressed as: 204 

788
9
88: 
/ = <=>�?@=AB=CDEF 	+ ��Δ5


0 = <=A�?#=>B=C$EF 	+ ��Δ5

1 = <=C�?@=>B=ADEF 	+ ��Δ5H/0 = I/0 J⁄ , H/1 = I/1 J⁄ , H01 = I01 J⁄

                          (7) 205 

Wherein: L/, L0 and L1 are the thermal stress in three directions (2, 3, 4) (Pa); △5 is the temperature change 206 

rate ( ); ℃ J is the shear modulus of the material; I/0、I01 and I/1 are the shear stress.  207 
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According to the equivalent law of shear stress (Achenbach, 2014),  (6) and (7) can be transformed into: 208 

 

789
8:I/0 = I0/ = J × H/0 = 	J × M-N-0 + -O-/PI01 = I10 = J × H01 = 	J × M-N-1 + -Q-0PI/1 = I1/ = J × H1/ = 	J × M-Q-/ + -O-1P

                            (8) 209 

Eqs (6) to (8) represent the fundamental principles for the continuum structure's temperature-structure field 210 

coupled analysis, which are used to calculate the thermal displacement, stress, and strain. The finite element software 211 

is used to model and research the following steps: 1. analyse the temperature distribution of the structure in the 212 

temperature field using the sequential coupling method. 2. perform the structural field coupled analysis, and 3. 213 

incorporate the temperature field results into the structural field as the body load for analysis.  214 

3.1.3 Analysis of sensitivity  215 

The sensitivity of structural element optimization variables is the key index of structural stress research. The 216 

sensitivity modeling is completed by deriving Von Mises stress by the objective function (simultaneously 217 

considering thermo-elastic flexibility and buckling criteria).  218 

R-
STR/
  = 
U-
ST#/
$U/
 × #�� × φ × Δ	�$                               (9) 219 

Derivation using Taylor's formula,
R-
STR/
  = WU?X-
STU/
 #2�$ × UY-
STU/
 #2�$ × UZ�
-
STU/
 #2�$[\ =

R-
ST#?X×]×Z�
$R ×220 

#/
$/
 +
^_˙a
ST#bX×c×de
$_ fgW#>
$>
 [h�! ×  2 − W#/
$/
 [k++,⋯,+

^_˙a
ST#bX×c×de
$_ f*W#>
$>
 [h�! ×  l2 − W#/
$/
 [km
�+                  (10) 221 

List the constant terms in Eq (7)： 222 

=
R-
ST#?X×]×Z�
$R × #/
$/
 +

^_˙a
ST#bX×c×de
$_ fg
�×� W#/
$/
 [k ×  2 − W#/
$/
 [k+ +, ⋯ ,+

^_˙a
ST#bX×c×de
$_ f*
�×#���$×#���$×,⋯,×#��n$ W#/
$/
 [k ×  l2 −223 

W#/
$/
 [km
�+                                                                                 (11) 224 

Optimization improve computational simplicity, it is assumed that the known terms are replaced by 225 

�� , �� , ⋯ , �� = �� × #/
$/
 + �� × W#/
$/
 [k ×  2 − W#/
$/
 [k+ +, ⋯ ,+ �� × W#/
$/
 [k ×  l2 − W#/
$/
 [km
�+ =( �� +, ⋯ ,+ ��  ) ×226 

W#/
$/
 [\= ∑o��
o���� W#/
$/
 [\                                                                         (12) 227 

�� = 
^_˙a
ST#bX×c×de
$_ f*

�×#���$×#���$×,⋯,×#��n$, �� is the thermal expansion coefficient of the material; �	is the element vector; 228 

∆	� is the ambient temperature change ( )℃ ; ���� is the strain energy of the structure. 229 

The conclusion is that several factors influence the sensitivity of topological optimization for multiphase materials 230 

under non-uniform temperature fields. These factors include the material's heat flux matrix, the unit body's stiffness 231 

matrix, the node's heat conduction matrix, and the temperature change rate vector. 232 

3.2 Analysis of environment 233 

Our previous research on the sustainable development of cable-stayed bridges involved establishing a multi-factor 234 

decision-making model, which was used to assess the contribution of environmental impact across five stages in the 235 
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published literature (Zhou et al., 2020). It should be noted that this manuscript is intended for reference purposes 236 

only. 237 

p� =

78
88
88
9
88
88
8:pq = ∑pqr

�s�tu��vw��
�x�y�N���ozw�ou�{<@|q� × �q}�D × @1 ± �q��DE + ⋯+ <@|q* × �q}*D × @1 ± �q�*DE�

p� = ∑p�r
�s�F�U

�x��v��wv�{<@|�� × ��}�D × @1 ± ����DE + ⋯+ <@|�* × ��}*D × @1 ± ���*DE�
pt = ∑p�

�s����vw�ou�
�x���wv� {<@|t� × �t}�D × @1 ± �t��DE + ⋯+ <@|t* × �t}*D × @1 ± �t�*DE�

p� = ∑p�
�s�qOvo�z

�x���� {<@|�� × ��}�D × @1 ± ����DE + ⋯+ <@|�* × ��}*D × @1 ± ���*DE�
p� = ∑p�

�s�t��w��U
�x�q�nu�o�ou�{<@|�� × ��}�D × @1 ± ����DE + ⋯+ <@|�* × ��}*D × @1 ± ���*DE�

         (13) 238 

p� is environmental impact contribution data (kg, from project planning to demolition and cleaning); pq; p�; 239 pt; p�; p� are environmental impact data during design, materials, construction, maintenance and demolition (kg); 240 |q�; |��; |t�; |��; |��are loss data in five stages (kg); �q}�; ��}�; �t}�; ��}�; ��}�are emission coefficient 241 

corresponding to energy consumption (kg/kg); �q�* ; ���* ; �t�* ; ���* ; ���*are loss coefficient of energy consumption 242 

(%).  243 

The life cycle inventory for environmental impact comprises ten core indexes based on the ISO 14040:2006 244 

framework and the CML 2001 standard. Two methods, midpoint, and endpoint, are used for LCA feature modeling. 245 

Midpoint analysis is used for process analysis, and endpoint analysis is used for the regional representation model. 246 

Monte-Carlo Simulation is employed in the Open LCA software system model to account for uncertainty factors. 247 

During data entry, the weight of influence is adjusted based on quantitative experience. The research focuses on a 248 

variable cross-section structure for the bridge, with the functional element defined as a 1 kg effective weight. 249 

3.3 Fixing theory of lattice porous mechanics  250 

To analyze the fracture and propagation of porous and brittle materials, modeling the structural crack coupling is 251 

crucial in predicting fluid pressure and structural failure. The coupled transmission and mechanical lattice model 252 

simulates porous materials' fracture. At the same time, the discrete process analysis is used to investigate the fracture 253 

and propagation of brittle materials. P. Grassl (Pham et al., 2021) has recently proposed the coupled lattice fluid 254 

mechanics method to analyze the coupling effect of elastic half-crack and driving crack.  255 

The elastic damage model is used to respond to the lattice element, and the law is:  256 �n = #1 − �$ × 5 × 
                                   (14) 257 �n is the stress vector; 
	is the strain vector (normal strain, shear strain and rotational strain); � is the damage 258 

parameter; 5 is the elastic stiffness (Griffiths and Mustoe, 2001).  259 

78
9
8:5 = �p 0 00 &p 00 0 p�

& = �����B�p = FX���

                                   (15) 260 

p  and &  are regular lattice and plane stress analysis parameters of the equilateral triangle; p�  is young's 261 

modulus of the continuum; � is the Poisson's ratio.  262 

4. Results and discussion 263 

The Jian Ma Bridge (JGZB) is a cable-stayed bridge spanning a river on the San Shui Expressway in China. With 264 
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a total length of 566m and a vehicle speed of 120km/h, the bridge is designed to accommodate the load standard of 265 

an extra 20 and trailer-120 vehicles. The bridge features a double cable plane and a single tower, supported by a T-266 

shaped rigid frame that forms a cooperative system. The span combination of 60 m + 223 m + 223 m + 60 m. The 267 

cable distance on the beam is 8 m, which is reduced to 4 m in block 26#. The bridge has 56 pairs of cables. The T-268 

frame girder is a twin box single-cell section with a width of 26.5 m and a height ranging from 2.11m to 7.90m. The 269 

primary and side piers of the rigid frame are double thin-walled flexible piers. 270 

The towers, piers, and beams of the cable-stayed bridge are solidified. The girder has a П-shaped section with a 271 

width of 28.6m and a height of 2 m. A standard construction section has a length of 8 m, with 27 sections on each 272 

side. The 0# block is 12.2 m long, the 1#~25# blocks are 8 m long, and the 26# block is 6.8 m long and is a closure 273 

section. The 27# block is also a closure section with a length of 1.42 m. Each girder section has two diaphragms 274 

spaced 4 m apart. The web is 2 m high and 28 cm thick. Fig. 2 shows the box section bridge tower and pile foundation 275 

under the bearing platform.  276 

The central tower has a portal cable tower design with a high pile cap (with dimensions of 37.50 m×22.50 m×6.15 277 

m (�30)). The foundation has 24 bored piles with a variable section of 2.50~2.85 m. The upper tower column has a 278 

box section measuring 3 m×8 m with a wall thickness of 0.65 m and 1.20 m (�50). The middle tower column has a 279 

3 m×8 m box section with a wall thickness of 0.8 m and 0.9 m (�50). The lower tower column has a 5.0 m×10.4 280 

m~5.0 m×8.0 m box section with a wall thickness of 0.9 m (�40).  281 

 282 
Fig. 2. 3D solid facade model of JGZB.  283 

4.1 Analysis of load  284 

JGZB, which was constructed in 1999, was designed five years prior in 1994 and was built under the design 285 

regulations outlined in the China highway bridge construction standards (JTJ (construction standards for the 286 

transportation industry) 001-97; JTJ021-89; JTJ023-85; JTJ024-85; JTJ027-96; JTJ004-89) (Lian et al., 2021).  287 

The bridge is situated in a subtropical region with an average annual temperature of 21.9ºC and experiences extreme 288 

temperatures ranging from a maximum of 39.1ºC to a minimum of 0.7ºC. Additionally, the bridge was designed to 289 

withstand a seismic intensity of 7° and to resist an essential wind pressure of 700Pa (Huang et al., 2006).  290 
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The finite element coupled analysis was performed using the limit state method without considering multiple 291 

accidental action combinations. Once the standard value was calculated, a specific partial action coefficient was 292 

applied to account for the most unfavourable combination effect in the coupled analysis, as outlined by Liu et al., 293 

(2016). Table 1 shows the load data obtained from the analysis. 294 

Table 1  295 

Design data of the most unfavourable load combination of JGZB.  296 

Load name Number (N/m²) 

Permanent effect 
Water buoyancy 4,026.66 

Vehicle load 6.81 

Variable effect 

Vehicle impact 34,330 

Vehicle centrifugal force 15,448.5 

Vehicle braking force The line is a straight line 

Crowd load 4,200 

Fatigue load 3,150 

Temperature load See 4.1.2 

Wind load 
142,345.90 N/m (Pile foundation); 89,902.72 N/m (Pier coping); 

37,084.87N/m (Pier column); 1,487,328.12N/m (Pylon) 

Accidental effect Bearing friction 0.3w (w= Gravity above the bearing pad stone) 

Earthquake effect JTG/T B02 See 4.1.1 

Notes: The new standard code JTG D60-2015 is used for the design load analysis, which mainly assesses the data in the 297 

operation stage.  298 

4.1.1 Seismic time history response analysis  299 

JGZB is a super central bridge with a single span more significant than 150m, and its seismic fortification intensity 300 

is classified as Class A. Based on the seismic action of E1, which represents ground motion parameters with a 50-301 

year exceedance probability and 72-year recurrence interval, the structure is not expected to suffer damage within 302 

the elastic range, and both the structural strength and stiffness are expected to remain unchanged. For seismic 303 

resistance calculations, the entire section stiffness of the bridge was adopted, as Zu et al., (2022) noted. The 304 

researchers also found that ground motion exhibits complex spatial variation characteristics, including coherence, 305 

traveling wave, and local site effects that can significantly affect the seismic analysis of long-span bridges. To 306 

address these effects, seismic analysis using multi-point non-uniform excitation was found to be more robust, 307 

according to Wen et al., (2022).  308 

Wang et al., (2015) proposes a precise step-by-step integration method to calculate the dynamic structural response, 309 

and the integration format is shown as follows:  310 �#��B�$ = 	#I$ × <�#��$ + ���vh + ���v�E-���vh + 	���v� +	�� + �� × I             (16) 311 �#��B�$  is the solution of the Eq; 	#I$ is a matrix; �k  and ��  are invariant vectors; �  is the step of each 312 

integration; I	is �-��.  313 

JGZB was analyzed using Eq (15), and the damping ratio is 0.05. The analysis considered the coupling effect of 314 

the axial force, the main cable's sag, and the girder's bending moment. The longitudinal displacement of the vibration 315 

component at the connection between the girder and T-frame was 6.24 cm. The longitudinal displacement at the top 316 

of the central tower was 5.08 cm. Based on the internal force time history analysis, the maximum bending moment 317 

at the consolidation of the central tower, girder, and pier was determined to be 5.246×10�kN·M. The vibrations of 318 

the girder, central tower, and T-frame mainly caused the transverse vibration component of the bridge, with the 319 

maximum bending moment calculated to be 2.775×10�kN·M.  320 
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4.1.2 Structural response due to temperature effects 321 

The temperature effect was analyzed based on the design specification data (He et al., 2021). The JGZB structure 322 

is primarily reinforced concrete and steel, with linear expansion coefficients of 0.000010/ºC and 0.000012/ºC, 323 

respectively. Since the bridge is in a warm region, the external or constrained deformation caused by temperature 324 

must consider the maximum and minimum effective temperatures. The design code recommends using 39ºC as the 325 

highest and 0ºC as the lowest temperature values. To facilitate thermal stress research and analysis during 326 

maintenance, a study was conducted on the solar orbit over San Shui City, China. The angle between JGZB and the 327 

equator was calculated to be 12.407º. Fig. 3 displays the relevant data, which provides valuable insights into the 328 

bridge's thermal behaviour.  329 

 330 
Fig. 3. JGZB 's daily and yearly solar orbit photos (trajectories of China). 331 

4.2 Finite element thermoelastic analysis under standard design environment 332 

The finite element mesh division for JGZB was daunting due to the bridge's sizeable span-to-height ratio of 3.05:1. 333 

There are five parts to divide the mesh. The whole JGZB is divided into 350,109 groups of meshes, and that of 334 

analysis warning is 66,004 groups, accounting for 18.85% of the total.  335 

The thermal stress coupled analysis followed the design specifications, considering the bridge's concrete 336 

composition, reinforcement, and Ф�15.24 stainless steel strand. Table 2 shows the various parameter settings used 337 

in the analysis. The analysis was conducted using Abaqus software in five steps, with a total time of 1 minute.  338 

Table 2 339 

Thermal stress coupled finite element setting parameter data of JGZB. 340 

Parameter Unit Concrete Asphalt Air Steel 

Thermal conductivity w/(m·℃) 1.54 2.45 0.025 56 

Mass density kg/m³ 2,270 2,110 0.001,3 7,800 

Young’s modulus pa 
32,300,000,000.0  1,200,000,000.0  

∕ 
195,000,000,000.0  

Poisson's ratio ⁄ 0.249 0.256 ⁄ 0.255 

Expansion Coeff alpha 1/℃ 0.000,009,0 0.000,007,5 0.000,001,25 0.000,012,2 
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Heat capacity J/kg·℃ 955 960 1.006 460 

Fig. 4 shows the finite element thermal coupling analysis image of JGZB. The temperature and displacement 341 

gradients of the girder component are prominently displayed. The temperature and displacement gradient of the 342 

girder in the component are robust. 32#~33# are divided into twelve temperature and displacement gradients, 343 

symmetrically distributed on both sides of area 1 (between 18# and 23# steel strands). 33#~34# are divided into ten 344 

temperature and displacement gradient groups distributed on both sides of area 1 (between 21# and 23# steel strands). 345 

The 3D solid research captures the structural and thermal coupling details of JGZB, providing an innovative and 346 

scientific approach to this analysis (see Fig. 4).  347 

 348 

Fig. 4. Total displacement vector finite element coupled model (cartesian coordinate system).  349 

4.2.1 Analysis of girder  350 

The girder of JGZB is subjected to coupled thermo-mechanical analysis and monitored using 65 monitoring points 351 

located in the top plate area. The displacement and stress distributions are presented based on the observations of 352 

these points. The top five groups of displacement, namely 344013, 334745, 339036, 5519, and 5627, are all located 353 

in Area 1. In comparison, the top five stress groups, namely 334771, 334745, 4479, 335548, and 334919, are 354 

concentrated in area 2, as shown in Fig. 4. Interestingly, the distribution areas of displacement and temperature 355 

gradient are found to be the same. It is worth noting that the maximum stress points are located above the 32# and 356 

34# supports, indicating the need to check the stress concentration and damage of the primary pier support during 357 

maintenance (Rahmzadeh et al., 2021).  358 

The heat flux vector (HFL) is a critical parameter used to monitor the amount of heat energy per unit area. It 359 

accurately quantifies and characterizes a material's thermal conductivity and thermal resistance. The first five HFL 360 

and strain parameters from the 65 monitoring points are as follows: 339491, 344013, 4469, 5627, and 4422. These 361 

monitoring points are located at the consolidation of the girder, tower, and pier, the area with the highest heat flow 362 

density of the entire bridge. The research data verify the robustness of the Chinese code JTG/T 3365-01-2020, which 363 

indicates that the tower beam pier consolidation system has significant overall stiffness and large temperature 364 

internal force. The design system suits cable-stayed bridges with high piers and appropriate flexibility. Monitoring 365 

point 344013 is located in area 1 of 32#~33#, and the thermal displacement is also concentrated in this area. The 366 

data from the other three groups of monitoring points are all low, as shown in Figs. 4 and 5(a). The ranking of strain 367 
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monitoring points is as follows: 334771, 334745, 4479, 344013, and 338133. The most significant data monitoring 368 

points are concentrated in areas 1 and 2 of 32#~33#. The analysis conclusion is consistent with stress, as shown in 369 

Figs. 4 and 5(b).  370 

There are 70 monitoring points on the bottom plate of the girder. The first five stress groups are 236, 237, 5054, 371 

339345, and 574. After comparing the data, it was found that the stress on the bottom plate is 1.704 times higher 372 

than that on the top plate (236~334771 monitoring points), with the maximum stress located at the connection 373 

between the 32# main pier and the girder's bottom plate (Fig. 4). The other four groups of monitoring points are 374 

located in area 1 of 32#, 34#, and 33#~34#. The stress data are consistent with those of the top plate (Fig. 5(c)). The 375 

first five displacement groups are 343433, 343678, 5916, 344035, and 343984. These five monitoring points are all 376 

in area 1 of 32#~33#, consistent with the distribution of roof displacement and temperature displacement areas (Figs. 377 

4; 5(c)). The same monitoring points were selected for measuring the strain and HFL of the girder's bottom plate. 378 

The first five strain groups are 236, 334314, 574, 6197, and 343936, with the positions of monitoring points 379 

consistent with those of stress. The ranking of HFL is 339434, 343678, 339345, 339549, and 343689, with the 380 

positions of monitoring points consistent with those of the top plate. 381 

The first monitoring point is still in area 9 of 33#~34#, indicating that the energy is gradually diffused and 382 

decreased during the transmission of temperature stress (Figs. 4; 5(d)).  383 

 384 
(a)                                               (b)  385 

 386 
(c)                                                 (d)  387 

Fig. 5. Thermal coupling design analysis (girder). (a) Stress- Displacement (top plate); (b) Stain- HFL (top plate); (c) Stress- 388 

Displacement (bottom plate); (d) Stain- HFL (bottom plate). 389 
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4.2.2 Analysis of 33#  390 

Ninety monitoring points are installed on the 33# central tower, the main area of thermal stress in the JGZB. The 391 

first five stress groups are ranked as 346193 > 390485 > 585 > 663 > 347413, and the two groups with the highest 392 

stress are located at the intersection of the fourth stay cable and the central tower, specifically at positions 346193 393 

and 390485 on the tower's top (see Figs. 4; 6(a)). The thermal stress effect causes stress to concentrate at the top of 394 

the tower. Regarding displacement, the first five groups are 948 > 390531 > 348492 > 863 > 348613, all concentrated 395 

at the top of the central tower. The thermal stress induces significant displacement at the tower's top. Based on the 396 

temperature gradient data, stress is concentrated on the opposite solar radiation side of the central tower (see Figs. 397 

3, 5; 6(a)). 398 

The first five groups of strains at 33# are as follows: 585, 663, 1658, 357416, and 8824. The two groups with the 399 

highest strain monitoring points, 585 to 663, are concentrated at the consolidation of the girder, central tower, and 400 

pier, as shown in Fig. 9. In contrast, the other groups are scattered at the top of the tower and pile foundation, as 401 

seen in Fig. 6(b). Regarding HFL, the top five groups are 8824, 1658, 1848, 663, and 347413. The front of the central 402 

tower, marked by the purple box in Fig. 4, is directly exposed to the sun. It represents the heat energy concentrated 403 

flow area with the strongest density field, as depicted in Fig. 6(b).  404 

 405 
(a)                                                      (b)  406 

Fig. 6. Thermal coupling design analysis (33#). (a) Stress- Displacement; (b) Stain- HFL. 407 

4.2.3 Analysis of 32# and 34# 408 

There are 45 monitoring points for the 32# and 34# piers, including the pile foundation, bearing platform, pier 409 

column, and pier cap.  410 

 411 
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(a)                                                    (b)  412 

Fig. 7. Thermal coupling design analysis (32#,34#). (a) Stress- Displacement; (b) Stain- HFL. 413 

The first five stress groups are 5107, 5104, 2204, 709, and 2208, with the maximum stress concentration area at 414 

the connection between the 33# bearing and girder, as shown in Fig. 7(a). As for displacement, the first five groups 415 

are 259, 2187, 2389, 261, and 2333, with the maximum displacement concentrated at the capping beam of the 32# 416 

pier. Currently, the heat energy in areas 1 and 2 of the 32#~33# girder is rapidly transferred to the 32# pier through 417 

heat transfer, causing a significant reduction in the thermal displacement vector. The maximum displacement of the 418 

32# pier is only 16.73% of that of the girder, as depicted in Fig. 7(a). 419 

The first five groups of strain are as follows: 5107, 247, 2204, 7567, and 5104, with the maximum strain located 420 

at the connection of the 34# pier and girder, as shown in Fig. 7(b). Regarding HFL (w/m2), the first five groups are 421 

2333, 5107, 5104, 2208, and 352235. The maximum heat flux density is at the 32# pier, consistent with the 422 

conclusion drawn from the thermal displacement analysis, as depicted in Fig. 7(b).  423 

4.2.4 Analysis of stay-cable# 424 

The stay cable is a critical component of JGZB as it is a thermal stress concentration point. The deformation 425 

caused by ambient temperature's thermal stress can lead to coupling changes in the bridge structure. Due to the 426 

highly nonlinear effects of the structural components, the static and dynamic responses of cable flexibility and 427 

mechanical damping can gradually deteriorate, making the stay cable a focal point of research (Montassar et al., 428 

2015). There are 152 monitoring points for the stay cable, with the first ten stress groups being 259541, 256907, 429 

164793, 176351, 175355, 174622, 161702, 162652, 161932, and 264670. 430 

Analysis data and location show that the maximum thermal stress is concentrated at the top of the central tower. 431 

The distribution ratio of thermal stress monitoring points of 32#~33#:33#~34# is 5:4, with the stress concentrated 432 

at the upper steel strand of areas 1 and 2, respectively, as illustrated in Figs. 8(a), (c).  433 

According to the analysis, the top ten displacement groups are 264670, 273472, 175355, 192926, 273099, 307392, 434 

315531, 269758, 226637, and 219347, as shown in Fig. 8(a). The displacement is concentrated above area 1 of 435 

32#~33#, illustrated in Fig. 4. The ranking of the strain is 162652, 256907, 176351, 161932, 266380, 161702, 28579, 436 

269758, 274402, and 14560. The thermal strain monitoring points are distributed in 32#~33# and 33#34#, 437 

accounting for 50% each. The strain is concentrated above area 37, as depicted in Fig. 8(b). The heat flux vector 438 

(w/m2) ranking is 187740, 17325, 179135, 259541, 174622, 263686, 21463, 277012, 164793, and 151444. Seven 439 

groups of heat flux density are concentrated at the top of the tower; two are located in area 2 of 32#~33#, and the 440 

others are distributed in area 3 of 33#~34#, as shown in Fig. 8(b). The thermal stress resulting from the temperature 441 

has the most significant coupling effect on the central tower.  442 

 443 
(a)   (b)  444 
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Fig. 8. Thermal coupling design analysis (stay cable). (a) Stress- Displacement; (b) Strain- HFL.  445 

4.2.5 Analysis of sensitivity  446 

In section 3.1.3, a mathematical model is developed to examine the thermal stress coupling sensitivity of JGZB. 447 

Its components’ sensitivity change data are analyzed within the design temperature range (0ºC < T < 39ºC) to serve 448 

as the benchmark for optimization in section 4.3. 449 �/ correlates ��, �, △	� and ����. The first three of the four variables are the determined values, and ���� is 450 

the variable. Four groups of parameters in temperature thermal coupling determine ���� : L/,0,1 (stress), ����� 451 

(displacement), ��� (strain) and �� (3.1.1;3.1.2). Ten groups of monitoring points (the first ten groups) are selected 452 

to analyse the sensitivity range.  453 �������	��  = 6.06×1028~8.80×1029; �������	¡����¢ = 2.16×1028~3.13×1030; ���# = 3.03×1025~1.98×1028; 454 ���#~�¥# = 7.50×1027~1.75×1029; �¦�§¨	©§¡ª� = 1.10×1033~1.65×1033. 455 

4.3 Finite element thermoelastic analysis in natural environment 456 

JGZB commenced operation in 2000. We developed a thermal-solid coupling model for uneven temperature fields 457 

in Section 3.1.2. We obtained the coupling data for an ambient temperature of multiphase materials under the design 458 

boundary conditions in Section 4.2. The critical question is whether the design meets the optimal performance 459 

indices. In Section 4.3, we determine the optimal design. Scientific research using meteorological satellites reveals 460 

that global surface temperatures have steadily increased, particularly in the past decade (Derdouri et al., 2021). For 461 

the research time interval, we selected the meteorological data from the area where the bridge was located between 462 

2011 and 2021 as the optimal boundary condition for the temperature field (data source: National Meteorological 463 

Information Centre (Yao et al., 2022)).  464 

Based on the statistics of the maximum and minimum temperatures from 132 months (2011-2021) (Fig. 9(a)), a 465 

normalization analysis was conducted to determine the temperature boundary for thermal stress coupled analysis of 466 

JGZB. The analysis revealed that high temperatures were predominant, with the highest temperature recorded in 467 

2020 (Fig. 9(b)). Consequently, the temperature range of 1ºC to 38ºC was selected as the temperature boundary for 468 

the thermal stress coupled analysis of JGZB.  469 

In the coupled optimization of temperature thermal stress of JGZB, 328 monitoring points are monitored, divided 470 

into four parts: girder, 33#, 32#~34#, and stay-cable. Each part’s first ten monitoring points are selected for analysis 471 

and research. 472 

 473 

(a)                                                 (b)  474 

Fig. 9. Monthly temperature data from 2011 to 2021. (a) Time- temperature; (b) Temperature of 2020. 475 
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4.3.1 Analysis of girder (interval of new time)  476 

Based on the newly established temperature thermal stress model, component indices were analyzed according to 477 

Section 3.1.2. The data of 62 groups of monitoring points selected for the girder are presented below:  478 

 479 

Fig. 10. Focus on the vector finite element coupled model (cartesian coordinate system). 480 

Stress: The stress values for 62 monitoring points are shown in Figs. 11(a), (c), with the top 10 groups being 712, 481 

236, 343783, 5105, 343786, 244, 343684, 5919, 5053, and 4946. Four monitoring points (236, 244, 343793, and 482 

343786) are located on the girder above 32#, while three monitoring points (712, 5053, and 5105) are above 34#. 483 

The high-temperature thermal stress (the first three groups) is concentrated on the girder above 32# due to heat 484 

conduction from area 1 of the original 32#~33# to the girder of 32# and 34#.  485 

Displacement: The top 10 groups of displacement values for the 62 monitoring points are shown in Figs. 11(a), 486 

(c), with 343990, 341436, 5919, 342274, 343443, 339222, 4946, 5046, 339152, and 339313 is the highest values. 487 

The variation between displacement and temperature does not affect the maximum displacement position. 488 

Strain: The top 10 groups of strain values for the 62 monitoring points are shown in Figs. 11(b), (d), with 343783, 489 

712, 236, 5105, 343786, 244, 343990, 5919, 339213, and 344276 being the highest values. There are four groups of 490 

high-strain points (343783, 236, 343786, and 244) on the girder above 32#, of which three groups (343783, 244, 491 

and 343786) are two-component points (with high stress and high strain). Therefore, it is determined that 32# is the 492 

critical structure for JGZB to maintain and monitor.  493 

The HFL data for JGZB components are as follows: 339546 > 343684 > 339454 > 339818 > 343467 > 343443 > 494 

343474 > 339152 > 343734 > 333471 (Figs.11(b), (d)). Note that 339546, resulting in a 43.39 m shift in position  495 
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 496 

(a)                                              (b) 497 

 498 

(c)                                               (d)  499 

Fig. 11. Thermal coupling design analysis. (a) Data comparison of S-D (bottom plate); (b) Data comparison of S-H (bottom 500 

plate); (c) Comparison of thermomechanical coupling data at two temperatures; (d) Ratio of elements. 501 

from 33# to 34# (Fig. 10), we have replaced the highest monitoring point identified initially as 339491. This indicates 502 

that changes in ambient temperature result in a dynamic flow effect of heat flux at each girder interface. These 503 

findings suggest that the temperature thermal stress-coupling model has a simulation and equivalent relationship 504 

with fluid dynamic theory (Balbay and Esen, 2013).  505 

Compared with the thermal coupling data in the old and new temperature intervals, stress, strain, and HFL show 506 

an increasing trend, with the average increasing by 1.47×1013 Pa, 1,519.49, and 1.18×106 w/m2. The growth of strain 507 

reaches 5.40~8.90 times (nonlinear mutation of strain) (Fig. 11(c)). Displacement shows a decreasing trend, with an  508 

average decreasing rate of 5.88% (Fig. 11(d)).  509 

4.3.2 Analysis of 33# (interval of new time )  510 

Seventy groups of the temperature thermal stress coupling data of the 33# central tower are monitored. According 511 

to the conclusion in 4.2.2, the consolidation between the top of the tower and the girder is mainly monitored. The 512 

data obtained are as follows. Stress: 346108 > 122112 > 346255 > 346740 > 346230 > 354758 > 346757 > 346627 > 513 

346014 > 356603 (Figs. 12(a),(c)). The central tower is a heat-stress concentrated conduction medium. The last two 514 

groups (346014 and 356603) of the ten groups of monitoring points are located at the pile foundation of the central 515 

tower (Fig. 10). The heat flux is analysed through the highest and lowest thermal stress losses:  516 

∑��«¥¬«­n  = 
∑#®�¯°�h±�®�²¯³²±$∑#´�¯°�h±�´�²¯³²±$=

�.¶�¶��FB���«.«�k¥«FB����¶.kk���#��¶.¶�¬­$  = 132,240,276,025.79Pa/m = 1.32×1011Pa/m. 517 
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∑��«··k�n  = 
∑#®�¯°�h±�®�²°°h�$∑#´�¯°�h±�´�²°°h�$=

�.¶�¶��FB���¥.�·¥��FB����¶.kk���#��·.�«�$  = 160,665,055,416.67Pa/m = 1.61×1011Pa/m. 518 

The thermal stress loss per unit area (transverse cutting central tower) is:  519 

∑ �̧«¥¬«­n  = 
∑®¹
∑�Xºººººº  = 

�.���¥FB��·¶.�  = 1,910,986,647.77Pa·m = 1.91×109Pa·m. 520 

∑ �̧«··k�n  = 
∑®¹
∑�Xºººººº =

�.·k·¬FB��·¶.�  = 2,321,749,355.73Pa·m = 2.32×109Pa·m. 521 

The conclusions show that: the thermal stress loss is 354758 and the unit heat flux loss is less than 356603, which 522 

are linear.  523 

Displacement: 346255 > 6722 > 346108 > 346740 > 346992 > 6739 > 346230 > 346757 > 347093 > 347074 524 

(Figs. 12(a),(c)). The maximum displacement of thermal stress in the two temperature intervals is still maintained at 525 

the top of the central tower, and the latter is concentrated at the top of the right central tower (32#→34# is the 526 

positive direction) (Fig. 10).  527 

Strain: 346255 > 346108 > 346740 > 354758 > 346757 > 330438 > 2494 > 346627 > 346014 > 356603 (Figs. 12 528 

(b),(c)). HFL: 346255 > 330485 > 346108 > 346014 > 347070 > 345717 > 2517 > 347074 > 273 > 2511 (Figs. 12 529 

(b),(c)). The heat flux field is concentrated in three areas: the tower top of the tower (the highest one is 1.7 times the 530 

beam tower consolidation), the second row of cross beams of the central tower (top of the tower → pile foundation 531 

direction), and the consolidation of the tower, beam, and pier (Fig. 10).  532 

The study compared the thermal stress coupling data of the 33# central tower at two temperature intervals (0℃ ~ 533 

39℃; 1℃ ~ 38℃). The results show a downward trend in stress, with a decrease of 19.78%. The displacement 534 

decreased slightly by only 3.88% compared to the original data. There is also a decreasing trend in strain, which is 535 

32.03% lower than the original data. However, there was a significant difference in HFL. The first six monitoring 536 

points showed a decrease of 60.95%, while the last four groups showed an increase of 12.70%. Among the ten data 537 

groups, the change in stress is significant, with a range of 0.95 to 4.88. On the other hand, the change in displacement 538 

is consistent and fluctuates within a small range of 0.96 (Fig. 12(d)).  539 

 540 

(a)                                         (b)  541 
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 542 

(c)                                               (d) 543 

Fig. 12. Thermal coupling design analysis (33#). (a) Data comparison of S-D; (b) Data comparison of S-H; (c) Comparison of 544 

thermomechanical coupling data at two temperatures; (d) Ratio of elements. 545 

4.3.3 Analysis of 32~34# (interval of new time)  546 

The 32# and 34# central piers have a uniaxial compressive strength of 80~100MPa and are supported by a pile 547 

foundation inserted directly into the underground rock to a depth of 4m. This provides reasonable constraints on the 548 

nonlinear elastic and plastic deformation caused by ambient temperature coupling stress (Razmi and McCabe, 2020). 549 

The interface between the bearing, main pier, bearing platform, and pile foundation is the primary focus area for 550 

monitoring, with 41 monitoring points. The collected data is presented below.  551 

Stress: 5108 > 5104 > 2226 > 238 > 574 > 2227 > 350789 > 246 > 7744 > 2365 (Figs. 13(a),(c)). Among the ten 552 

groups of monitoring points, 32# account for six groups, 34# account for four groups, and 80% of the monitoring 553 

points are distributed at the support and the girder. The monitoring point 350789 is in the middle of the 32# pile 554 

foundation; the monitoring point 2365 is on the upper surface of the 32# bearing platform (Fig. 10). The conclusion 555 

is consistent with that in 4.2.3, verifying the robustness of the analysis of the solar orbit in Fig. 3.  556 

Displacement: 351729 > 350789 > 262 > 2365 > 330342 > 427576 > 351611 > 2251 > 330229 > 330034 (Figs. 557 

13(a),(c)). Ten groups of monitoring points are all in the area of 32#. Strain: 5108 > 574 > 5104 > 246 > 238 > 2365 > 558 

2288 > 351720 > 352314 > 2227 (Figs. 13(b),(c)). The distribution ratio of monitoring points in 32# and 34# is 6:4, 559 

and the high strain point 5108 is located at 34#.  560 

HFL: 5104 > 2365 > 5108 > 233 > 393392 > 242 > 2227 > 262 > 7828 > 1030 (Figs. 13(b),(c)). The distribution 561 

ratio of monitoring points is 1:1.  562 

When comparing parameters changes between two temperature regions, the results show that stress exhibits a 563 

decreasing trend with an average decrease of 16.67%. As for displacement, the first four monitoring points show an 564 

increased rate of 1.80%, while the last six groups of monitoring points exhibit a decrease rate of 8.60%, leading to 565 

a comprehensive decrease of 4.20%. Strain exhibits a decreasing trend with a maximum decreasing rate of 18.55%. 566 

The HFL shows a high decreasing rate of 30.09%, making it the parameter with the most significant change interval 567 

(0.464 ~ 1.000) and consistent with the analysis conclusion (Fig. 13(d)). Among the four parameters, HFL exhibits 568 

the most significant change. 569 
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 570 

(a) (b) 571 

 572 

(c)                                          (d) 573 

Fig. 13. Thermal coupling design analysis (32#~34#). (a) Data comparison of S-D; (b) Data comparison of S-H; (c) 574 

Comparison of thermomechanical coupling data at two temperatures; (d) Ratio of elements. 575 

4.3.4 Analysis of stay-cable # (interval of new time )  576 

Based on the data analysis in section 4.2.2, it is revealed that the stay cable is the most crucial component of JGZB 577 

that is affected by temperature thermal stress coupling. The monitoring was conducted on 157 groups of points; the 578 

recorded data are presented below. The stress levels are listed in descending order: 255695, 257362, 178012, 175263, 579 

265070, 263726, 184246, 184861, 271605, and 272696 (Fig. 14(a)). These ten groups of monitoring points are all 580 

located in the 32# to 33# right stay cables (Fig. 10).  581 

Displacement: 264639 > 184246 > 255947 > 192976 > 265070 > 175263 > 315230 > 268767 > 255695 > 234492 582 

(Fig. 14(a)). The distribution is the same as that of stress.  583 

Strain: 257362 > 14998 > 257866 > 265304 > 270339 > 28184 > 186056 > 184861 > 270045 > 265070 (Fig. 14 584 

(b)). The two groups of monitoring points (14998 and 28184) are distributed in the 33#~34# right stay cables (Fig. 585 

10), and the distribution of the others is the same as the stress. HFL: 179128 > 187700 > 160276 > 183265 > 268220 > 586 

263726 > 272696 > 151781 > 234097 > 30224 (Fig. 14(b)). The two monitoring points with the highest data are 587 

concentrated on the top of the tower, and other monitoring points are distributed discretely.  588 

The analysis results show that stress and HFL are decreased, with a decrease rate of 4.84% and 3.33%. 589 

Displacement and strain are increased, with an increased rate of 1.74% and 2.08%, respectively. The maximum data 590 

change interval is stress (0.764~0.999) (Figs.14(c), (d)).  591 
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 592 

(a) (b) 593 

 594 

(c)                                                (d) 595 

Fig. 14. Thermal coupling design analysis (stay-cable). (a) Data comparison of S-D; (b) Data comparison of S-H; (c) 596 

Comparison of thermomechanical coupling data at two temperatures; (d) Ratio of elements. 597 

4.3.5 Analysis of sensitivity (interval of new time )  598 

According to 3.1.3, the research model and analysis data established and obtained in 4.2.3 are used to calculate 599 

the »/ value in the temperature interval of 1℃~38℃, and the components’ first ten groups of monitoring points are 600 

selected.  601 �������	¡����¢ = 5.8349×1030 ~ 4.3334×1029; ���# = 3.6694×1027 ~ 1.1766×1026; ���#~�¥#  = 1.8402×1029 ~ 602 

3.9499×1027; �¦�§¨	©§¡ª� = 1.6263×1033 ~ 8.8955×1032. 603 

Table 3 604 

Sensitivity data after thermal stress coupling analysis in different temperature ranges. 605 

Code Girder bottom 33# 32#-34# Stay-cable 

TE DT (10�­) MT (10�­) DT(10�·) MT(10�·) DT(10�­) MT(10�­) DT(10��) MT(10��) 

1 94.20 583.00 198.00 36.70 26.20 18.40 1.65 1.63 

2 51.30 412.00 78.90 19.50 17.50 15.20 1.60 1.58 

3 313.00 276.00 40.60 8.86 15.50 6.79 1.55 1.42 

4 7.04 189.00 9.94 2.73 9.31 3.48 1.48 1.38 

5 6.52 110.00 14.40 2.34 8.29 2.23 1.38 1.33 

6 5.03 68.90 7.65 2.15 6.42 1.81 1.30 1.32 

7 4.04 60.10 4.92 1.91 4.49 1.18 1.29 1.24 



              

23 

 

8 2.98 54.70 4.26 1.57 2.60 0.90 1.21 1.23 

9 2.48 50.60 3.46 1.32 1.09 0.58 1.13 1.09 

10 2.16 43.30 0.30 1.18 0.75 0.40 1.10 0.890 

Notes: Temperature = TE; Design temperature (0℃~39℃) = DT; Monitor temperature (1℃~38℃) = MT. 606 

Table 3 presents sensitivity data for JGZB under two temperature intervals. The bottom boundary girder has a 607 

correlation data of 57.49%, indicating that the thermal stress of the ambient temperature field is lower than that of 608 

the design temperature field. The 33# boundary girder has a correlation data of 556.92%, indicating that the thermal 609 

stress of the ambient temperature field is higher than that of the design temperature field. For the 32#~34# boundary 610 

girder, the correlation data is 141.09%, indicating that the thermal stress of the ambient temperature field is also 611 

higher than that of the design temperature field. In the case of the stay cable, the correlation data is 74.73%, 612 

indicating that the thermal stress of the ambient temperature field is lower than that of the design temperature field.  613 

4.3.6 Analysis of resilience damage  614 

The elastic damage model of lattice elements was established in 3.3, and the finite element mesh model is regarded 615 

as an elastic coupling model composed of multiple lattices (Tompkins et al., 2015). After transformation, Eq (14) is 616 

used to analyse the damage parameters of the girder and stay cable of JGZB:  617 

�n = #1 − �$ × 5 × 
→� = 1-
®¹
.×¼→∑� = 1-

∑®¹
.×¼                            (17) 618 

5 is the elastic stiffness, equivalent to the elastic modulus in reinforced concrete structures (in nonlinearly elastic 619 

materials) (Kim and Laman, 2013). According to the analysis and calculation: The girder � is (-0.340,4~0.002,2) 620 

under the coupling effect of ambient temperature and thermal stress from 2011 to 2021; � the stay cable is 621 

(0.927,1~0.938,4) (Table 4).  622 

Table 4 623 

Data after damage model analysis (the first ten groups of monitoring points). 624 

Code 1 2 3 4 5 6 7 8 9 10 

Girder (bottom) -0.3404  -0.1422  -0.5720  -0.5872  -0.2232  -0.0968  -0.1625  -0.1189  -0.0643  0.0022  

Stay cable 0.9271  0.9271  0.9242  0.9233  0.9244  0.9242  0.9254  0.9254  0.9307  0.9384 

Notes: A negative value indicates that the service life of the structure is prolonged, and a positive value indicates that the 625 

service life of the structure is shortened.  626 

4.4 Discussion  627 

Section 4 analyzes the thermal coupling model of the bridge under two ambient temperatures and obtains accurate 628 

parameters for structural damage. During maintenance, the life cycle assessment (LCA) is analyzed according to the 629 

service life specified in the Chinese bridge design code. The data must be consistent with the design drawings and 630 

are analyzed using OpenLCA 1.10 software. In addition, Zhou et al. (2020) discuss the replacement years of 631 

components in the sustainable study of cable-stayed bridges, which is also relevant to this bridge.  632 

Table 5 633 

Maintenance data of JGZB. 634 

Component name Maintenance cycle Start-End time 
Cycles of 

design 

Damage 

factor 

Cycles of 

optimization 

Girder Replacement/50 years 2000~2099 year 2.00  -0.2305  1.6254  

Stay-cable Replacement/20 years 2000~2099 year 5.00  0.9270  5.3937  

Basin type rubber bearing Replacement/25 years 2000~2099 year 4.00  Normal 4.0000  
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 Expansion joint, Anti-

collision guardrail 
Replacement/15 years 2000~2099 year 6.70  Normal 6.7000  

 Waterproof layer, Bridge 

deck paving 
Replacement/10 years 2000~2099 year 10.00  Normal 10.0000  

The design quantities and data from Table 5 are input into open LCA software, which generates 23,046 processes 635 

and 414,148 process links. The analysis results for valid items are presented in Table 6: JGZB releases a total of 636 

2,621.30 million t during the 100-year maintenance period, with marine aquatic ecotoxicity accounting for 99.805%, 637 

human toxicity accounting for 0.132%, freshwater aquatic ecotoxicity accounting for 0.038%, and global warming 638 

potential (GWP100) accounting for 0.022%. Emissions from other sources are relatively low.  639 

Table 6 640 

LCA data of JGZB analysed according to design specification (within 100-year maintenance period) 641 

Code Indicator Unit（(Index: eq)） Number 

1 Abiotic depletion   kg Sb 3,730,000.0  

2 Acidification  kg SO2 7,260,000.0  

3 Eutrophication  kg PO4 3,910,000.0  

4 Fresh water aquatic ecotax kg 1,4-DB 1,020,000,000.0  

5 Global warming (GWP100)   kg CO2 573,000,000.0  

6 Human toxicity  kg 1,4-DB 3,470,000,000.0  

7 Marine aquatic ecotoxicity  kg 1,4-DB 2,620,000,000,000.0  

8 Ozone layer depletion (ODP)   kg CFC-11 33.0  

9 Photochemical oxidation kgC2H4 346,000.0  

10 Terrestrial ecotoxicity   kg 1,4-DB 11,900,000.0  

The maintenance cycle of the girders and stay cables is re-evaluated based on the data in Table 4 and Section 642 

4.3.5. Interpolation is applied to compute and analyze the data in Table 5. As a result, the replacement cycle of the 643 

girders is prolonged to 1.625,4 due to a negative damage coefficient, while the replacement cycle of the stay cables 644 

is shortened to 5.393,7 due to a shortened service life. Based on the analysis conclusion, the engineering data during 645 

the maintenance period is adjusted, and a new LCA is carried out.  646 

The research conclusions are outlined below: following the optimization, based on LCA, JGZB's emissions have 647 

reduced to 2,571.378 million t, representing a decrease of 49.925 million t or 1.91% compared to the original total 648 

emissions. Specifically, reducing marine aquatic ecotoxicity amounts to 4,991 million t and freshwater aquatic 649 

ecotax by 0.996 million t. The reduction in global warming (GWP100) and human toxicity amounts to 0.279 million 650 

t and 0.234 million t, respectively (refer to Fig.15 for details).  651 
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 652 

Fig. 15. LCA data comparison of JGZB (design and optimization). 653 

5. Conclusions  654 

As the impact of climate and ambient temperature on the construction industry becomes a critical concern during 655 

the maintenance phase of structures, researchers are searching for more effective ways to reduce environmental 656 

pollution. This study utilized a 3D analysis to optimize temperature thermal stress coupling under two boundary 657 

conditions: standard design ambient temperature and natural climate ambient temperature. The sensitivity data of 658 

various components of JGZB was obtained and compared, revealing that the thermal stress of the design temperature 659 

field for the girder and stay cable does not align with the ambient temperature field. However, the thermal stress of 660 

specific design temperature fields met the ambient temperature field. The damage parameters of the girder and stay 661 

cable were obtained using a multi-lattice elastic coupling model. LCA change data of JGZB during the 100-year 662 

maintenance period under the natural ambient temperature were reassessed according to the damage parameters, 663 

obtaining a reduced emission of 2,571.377 million t after optimization, with a decrease in global warming of 0.279 664 

million t. 665 

Despite providing valuable insight into the impact of ambient temperature on bridge structures, the study has 666 

some limitations. It does not consider the variability of future changes in ambient temperatures, such as fluctuations 667 

caused by exceptional weather events like hurricanes, fires, and explosions. Additionally, the research only covers 668 

the static and dynamic aspects of the temperature's impact and does not consider the cumulative effects over the 669 

entire lifespan of the bridge. 670 

The study's theoretical model and high-resolution 3D finite element analysis provide a comprehensive 671 

understanding of the coupling between temperature and the mechanical properties of bridge components. Future 672 

research could focus on examining the effects of sudden temperature changes on the service life of structures and 673 

conducting a discrete analysis of the cumulative impact of ambient temperature on the entire life cycle of a bridge. 674 

This research has the potential to pave the way for more effective approaches to mitigating environmental pollution 675 

and enhancing the sustainability of bridge structures.  676 
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