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As modern bridge structures evolve towards lighter weight and longer spans, the impact of 

temperature effects on their safety and durability has become increasingly significant. 

Temperature-induced thermal stress can greatly affect the stability of bridge structures, 

particularly under extreme climatic conditions, where uneven temperature distribution can 

lead to substantial temperature gradients, stress concentrations, and fatigue damage. 

Therefore, conducting numerical simulations of bridge temperature fields and thermal 

stress analysis is of critical importance. Although existing thermodynamic models are 

widely applied in bridge temperature field and thermal stress analyses, they still exhibit 

limitations in accounting for material thermal property variations, multi-scale temperature 

effects, and boundary condition handling, which restricts the accuracy and applicability of 

the analysis results. This paper proposes an improved numerical simulation method for 

bridge temperature fields based on thermodynamic principles and incorporates thermal 

stress analysis under complex climatic conditions. The aim is to enhance simulation 

accuracy and provide more scientific evidence for bridge design and maintenance. 
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1. INTRODUCTION

In modern bridge engineering, temperature effects have a 

significant impact on the safety and durability of bridge 

structures [1-4]. As bridge design gradually trends towards 

lightweight and large-span structures, the issue of thermal 

stress induced by temperature changes has increasingly 

become an important factor affecting the health of bridge 

structures. Especially under extreme climatic conditions, the 

uneven distribution of the temperature field in bridge 

structures can cause large temperature gradients, leading to 

thermal stress, which results in stress concentration or fatigue 

damage to the bridge structure [5,6]. Therefore, accurate 

simulation of the bridge temperature field and thermal stress 

analysis has become an important research topic to ensure the 

safety of bridge structures and extend their service life. 

Relevant studies have shown that using thermodynamic 

models to analyze bridge temperature fields and thermal stress 

can not only help engineers better understand the temperature 

response of bridges under different climatic conditions but 

also provide a scientific basis for bridge design and 

maintenance [7-10]. This research is of great significance in 

the design, construction, and operation of bridges, as it can 

effectively reduce the risk of structural damage caused by 

temperature changes and improve the overall reliability and 

economic efficiency of bridges. 

Although many studies have applied thermodynamic 

models to analyze bridge temperature fields and thermal stress, 

existing methods still have certain deficiencies in terms of 

accuracy and applicability [11-14]. For example, traditional 

temperature field simulation methods often neglect the thermal 

property variations of bridge materials or fail to fully consider 

the multi-scale temperature effects under complex climatic 

conditions [15, 16]. In addition, in terms of boundary 

condition treatment in thermal stress analysis and the 

determination of model parameters, existing research methods 

also lack systematicness and precision, leading to a need for 

improvement in the reliability of the analysis results [17-21]. 

This paper aims to address these deficiencies by proposing 

a numerical simulation method for bridge temperature fields 

based on thermodynamics and combining it with bridge 

thermal stress analysis to explore the impact of temperature 

changes on bridge structures in depth. The research mainly 

includes two aspects: first, the numerical simulation study of 

the bridge temperature field based on thermodynamics, which 

improves the accuracy of temperature field simulation by 

introducing a multi-scale simulation method and considering 

material thermal property variations; second, the 

thermodynamic-based bridge thermal stress analysis, focusing 

on the distribution laws of thermal stress under complex 

climatic conditions. Through this research, it is expected to 

provide more scientific reference bases for bridge design and 

maintenance and to promote new progress in temperature 

effect research in the field of bridge engineering.
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2. THERMODYNAMIC-BASED NUMERICAL 

SIMULATION OF BRIDGE TEMPERATURE FIELDS 

 

2.1 Internal parameters 

 

In bridge structures, the thermal conduction characteristics 

of different materials, such as concrete, steel, and gravel, vary 

under conditions of sudden cooling and radiative heating. 

Therefore, accurately selecting the internal parameters of these 

materials' thermal conduction is crucial. Specifically, as the 

main load-bearing material of bridges, the thermal 

conductivity, specific heat capacity, and density of concrete 

under sudden cooling conditions need to account for the 

freezing effect of internal moisture. Frozen moisture can 

significantly increase the thermal conductivity of concrete, 

and due to differences in thermal expansion coefficients, it 

may lead to internal stress concentrations, thus affecting 

structural safety. Therefore, under sudden cooling conditions, 

the thermal conductivity of concrete can depend on its 

moisture content and the relationship between temperature 

changes, while the specific heat capacity needs to be 

calculated by considering the differences in heat capacity 

between frozen and unfrozen states. 

For steel, under conditions of sudden cooling and radiative 

heating, its thermal conduction characteristics are mainly 

influenced by thermal conductivity and specific heat capacity. 

The thermal conductivity of steel is typically high, and during 

drastic temperature changes, the internal temperature gradient 

in steel can easily induce thermal stress. Under sudden cooling, 

the value of steel's thermal conductivity should consider its 

low-temperature performance and take into account the 

material hardening effect caused by temperature changes. 

During radiative heating, the thermal conductivity and specific 

heat capacity of steel should be adjusted according to the rate 

of temperature rise and radiation intensity to ensure rapid heat 

dissipation and avoid local overheating. 

As a foundational material in bridges, the thermal 

conduction characteristics of gravel under conditions of 

sudden cooling and radiative heating are significantly 

influenced by porosity and particle distribution. Under sudden 

cooling, the thermal conductivity of gravel can be determined 

based on its density and porosity, with particular consideration 

given to the enhancement of thermal conductivity due to the 

freezing of moisture in the pores. Under radiative heating 

conditions, the thermal conductivity of gravel should consider 

changes in surface temperature and the contact thermal 

resistance between particles, while the specific heat capacity 

value should be adjusted based on changes in heat capacity at 

different temperatures. Additionally, the changes in the 

thermal expansion coefficient of gravel under these two 

extreme temperature conditions are also important factors 

affecting thermal conduction and should be considered when 

determining parameter values. 

 

2.2 External parameters 

 

(1) Convective Heat Transfer 

Convective heat transfer is a crucial process in bridges 

under sudden cooling and radiative heating, directly affecting 

the changes in bridge surface temperature and the distribution 

of the internal temperature field. Figure 1 illustrates the heat 

transfer process in a bridge. In bridge structures, the 

convective heat transfer coefficient gz and ambient 

temperature Sx are key parameters determining the intensity of 

convective heat transfer. Since bridges are usually exposed to 

the natural environment, there is a temperature difference 

between the bridge surface temperature S and the surrounding 

air temperature Sx, leading to convective heat transfer between 

the bridge surface and the flowing air. This process needs to 

be accurately described in the simulation of the bridge 

temperature field to ensure the reliability of the calculation 

results. 

The convective heat transfer coefficient gz is a parameter 

that describes the transfer of heat from the bridge surface to 

the surrounding fluid or vice versa. Its magnitude depends on 

the flow state of the fluid, the roughness of the bridge surface, 

and the physical properties of the fluid. In bridge engineering, 

wind speed, wind direction, and the characteristics of the 

bridge surface have a significant impact on gz. For the upper 

structure of a bridge, the wind speed is usually higher, which 

may lead to a higher convective heat transfer coefficient; while 

for the lower structure of a bridge, due to lower wind speed, 

the convective heat transfer coefficient is relatively smaller. 

When performing numerical simulations of the temperature 

field, it is necessary to reasonably select the value of gz based 

on the specific location of the bridge, environmental 

conditions, and fluid dynamics characteristics to accurately 

reflect the actual intensity of convective heat transfer. 

 

 
 

Figure 1. Bridge heat transfer diagram 

 

Assuming that the basic value of the convective heat 

transfer coefficient in a windless state is represented by X, the 

wind speed influence coefficient of the convective heat 

transfer coefficient is represented by Y, and the ambient wind 

speed is represented by n, the convective heat transfer 

coefficient is calculated by the following formula: 

 

YnXgz +=
 

(1) 

 

Further considering the influence of wind speed, bridge 

structure surface temperature, and ambient temperature on the 

convective heat transfer coefficient, the formula can be 

adjusted to: 

 

nSS.g xz 462 4 +−=
 

(2) 

 

where, Sx is another important parameter in the numerical 

simulation of the bridge temperature field, reflecting the 

temperature conditions of the environment where the bridge is 

located. Bridges are usually exposed to the atmospheric 

environment, and the ambient temperature not only changes 

over time but may also be affected by seasonal, geographical, 

and meteorological conditions. For example, in cold seasons 
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or at night, the ambient temperature is relatively low, which 

may cause the bridge surface to cool rapidly; while in summer 

or during the day, the ambient temperature rises, which may 

cause the bridge surface temperature to increase. Therefore, 

when simulating the bridge temperature field, Sx needs to be 

dynamically adjusted according to actual meteorological data 

to accurately simulate the bridge's temperature response under 

different time periods and seasonal conditions. 

 

(2) Radiative Heat Transfer 

Radiative heat transfer is one of the important means of 

energy exchange between the bridge and the external 

environment. Radiative heat transfer includes two processes: 

radiative heat absorption and radiative heat emission. These 

processes play a key role in the formation and development of 

the bridge temperature field, especially under extreme climatic 

conditions. Figure 2 illustrates the radiative heat transfer 

process in a bridge. 

Radiative heat absorption mainly involves the bridge's 

absorption of solar radiation. Solar radiation is one of the main 

sources of external heat absorbed by the bridge, especially 

during the day and in hot seasons, where the bridge surface 

temperature can significantly increase due to the effect of solar 

radiation. The ability of bridge materials to absorb solar 

radiation is determined by their absorptivity, which depends 

on the material's color, surface roughness, and optical 

properties. For example, dark-colored materials usually have 

higher absorptivity, leading to greater heat accumulation on 

the bridge surface, while light-colored or polished materials 

can reflect more solar radiation, reducing the amount of heat 

absorbed. In numerical simulation of the temperature field, it 

is necessary to accurately determine the absorptivity of bridge 

materials to correctly calculate the impact of solar radiation on 

bridge temperature. Accurate modeling of absorptivity helps 

simulate the temperature changes of the bridge under different 

times and weather conditions, providing important references 

for bridge design. Assuming the absorptivity of an object is 

represented by β, and the intensity of thermal radiation is 

represented by U, the calculation formula is: 

 

Uwt =
 

(3) 

 

 
 

Figure 2. Bridge radiative heat transfer diagram 

 

Radiative heat emission involves the bridge radiating heat 

to the external environment. According to the law of 

blackbody radiation, the amount of radiative heat emission 

from the bridge surface depends on the difference between its 

temperature and the ambient temperature, as well as the 

emissivity of the material. The emissivity of bridge materials 

reflects their ability to release heat in the form of radiation. 

Materials with high emissivity can accelerate the heat 

dissipation of the bridge, helping to reduce the bridge surface 

temperature at night or in cold weather, thereby reducing 

thermal stress and fatigue damage caused by overheating. 

However, radiative heat emission can also lead to excessive 

cooling of the bridge surface in some cases, especially in cold 

seasons or at night, which may increase the risk of low-

temperature thermal stress. In temperature field simulation, the 

calculation of radiative heat emission needs to consider the 

emissivity of the bridge surface material and the impact of 

environmental conditions on thermal radiation. Assuming the 

emissivity of an object is represented by γ, and the Stefan-

Boltzmann constant is represented by Zt, the calculation 

formula is: 

 

( ) ( ) 44
1527315273 .S.SZw xse +−+=

 
(4) 

 

(3) Contact Heat Transfer 

Contact heat transfer between the steel bridge and the 

concrete slab is an important factor affecting the temperature 

field distribution of composite bridges. Due to the presence of 

a contact surface between steel and concrete, this contact 

surface is often not in perfect contact, leading to the 

appearance of contact thermal resistance, which in turn affects 

the transfer of heat flow. The presence of contact thermal 

resistance means that the transfer of heat between the steel 

bridge and the concrete slab is hindered, a phenomenon that 

needs to be considered as a fourth-type boundary condition in 

temperature field analysis. Specifically, contact thermal 

resistance is determined by the interfacial characteristics 

between the steel bridge and the concrete slab, and its value 

depends on various factors such as the mechanical and thermal 

properties of the contact materials, surface roughness, contact 

pressure, interfacial temperature, the presence of interfacial 

media, and the chemical bonding conditions at the interface. 

Research has shown that the larger the contact thermal 

resistance, the more difficult it is for heat to transfer between 

the steel bridge and the concrete slab, resulting in an increase 

in the temperature difference across the interface. In bridge 

temperature field simulation, it is necessary to select an 

appropriate value for contact thermal resistance based on 

actual conditions to accurately reflect the heat transfer 

characteristics of the steel-concrete interface. Therefore, the 

influence of contact thermal resistance on heat flux density is 

a key point in temperature field simulation. Due to the 

presence of contact thermal resistance, the heat flux density at 

the steel bridge and concrete slab interface will be limited, 

leading to an increase in the temperature gradient at the 

interface. According to thermodynamic theory, the heat flux 

density at the interface can be calculated using a specific 

formula, which needs to consider the properties of the contact 

materials and the actual pressure on the contact surface. When 

experimental conditions are insufficient to directly measure 

contact thermal resistance, it can be estimated through 

theoretical calculations or based on data from existing 

literature. In specific simulations, if materials such as 1mm 

synthetic fibers are used at the interface, the characteristics of 

these materials also need to be included in the calculation of 

contact thermal resistance to ensure the accuracy of the 

simulation. Assuming the thermal conductivity of the contact 

material is represented by η, and the contact thermal resistance 

is represented by Ez, the heat flux density at the steel-concrete 

interface can be calculated by the following formula: 

 

1319



 

zE

S

v

S
w


 =



=

 

(5) 

 

Contact thermal resistance can be calculated by the 

following formula: 

 

WCm.
.

.v
Ez === 20250
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
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(6) 

 

2.3 Model establishment 

 

(1) Model Dimensions 

Although the temperature along the longitudinal direction 

of a bridge can generally be considered uniformly distributed, 

and a two-dimensional model can significantly reduce 

computational resource consumption, a two-dimensional 

model cannot accurately reflect the non-uniformity of surface 

radiative intensity during radiative heating. Additionally, the 

presence of stud groups in the bridge also significantly affects 

the temperature field, and these factors are difficult to fully 

represent in a two-dimensional model. Therefore, this paper 

adopts a three-dimensional model for temperature field 

simulation to more precisely capture the temperature 

distribution characteristics of bridge structures under complex 

thermal conditions. The use of a three-dimensional model not 

only better reflects the impact of radiative heat transfer on the 

bridge surface but also accurately describes the local effects of 

internal structures, such as stud groups, on the temperature 

field. 

 

(2) Elements and Meshes 

For element and mesh division, this paper selects the 

DC3D8 element provided in ABAQUS software. The DC3D8 

element is an 8-node heat transfer solid element suitable for 

linear diffusion problems. The main reason for choosing this 

element is that it can reduce computational load while ensuring 

the accuracy of the simulation. In the simulation of the bridge 

temperature field, the mesh is reasonably divided to ensure 

that the overall model is suitable for the DC3D8 element and 

maintains a high mesh quality. High-quality mesh division can 

effectively reduce computational errors and ensure the 

reliability of the results. At the same time, reasonable mesh 

division can also enable the model to exhibit higher accuracy 

in local details, such as the contact surface between the bridge 

and the environment or the handling of internal complex 

structures. 

 

(3) Steel-Concrete Connection Handling 

Composite bridge structures usually consist of a steel bridge 

and a concrete slab, and the handling of the connection 

between the two directly relates to the accuracy of the 

simulation results. To consider the impact of contact thermal 

resistance and the contribution of the stud group to the 

temperature field, this paper adopts the following approach. 

First, studs are established on the steel bridge, and the concrete 

slab is connected to the studs through Embedded region 

constraints. Then, in ABAQUS's Interaction module, the 

contact relationship between the steel bridge and the concrete 

slab interface is defined through Surface-to-surface contact. In 

the setting of contact properties, the thermal conductivity of 

the interface is defined to reflect the possible thermal 

resistance effects on the contact surface. This approach can 

accurately account for contact thermal resistance and 

effectively simulate the impact of the stud group on the 

temperature field, thereby providing more accurate simulation 

results. The following formula gives the calculation of the 

thermal conductivity of the interface in the contact properties: 

 

( )CmW.
.Ez

=== 25728
0350

11


 

(7) 

 

(4) Nonlinear Thermal Boundaries 

Bridge structures in natural environments are affected by 

various complex thermal boundary conditions, such as 

convective heat transfer and radiative heat transfer, which 

have significant nonlinear characteristics. Therefore, they 

need to be precisely defined and set in the finite element model. 

For convective heat transfer on the bridge surface, this paper 

uses the Interaction module in ABAQUS for definition. The 

convective heat transfer coefficient gz is not a fixed value but 

a function of the bridge surface temperature and ambient 

temperature. Therefore, to accurately simulate this dynamic 

relationship, this paper uses the user subroutine FILM to 

define the convective heat transfer coefficient. Through this 

subroutine, the precise calculation of the bridge surface 

temperature as it changes with ambient temperature can be 

achieved, and the convective heat transfer coefficient can be 

dynamically adjusted to ensure that the simulation process 

accurately reflects the actual situation. 

In the setting of radiative heat transfer, key parameters 

include emissivity γ and ambient temperature Sx, which are 

also defined in the Interaction module. Particularly, the 

ambient temperature Sx, which changes over time, is set using 

the Amplitude tool in ABAQUS to achieve an accurate 

description of temperature changes during different time 

periods. Additionally, in the model properties, the Stefan-

Boltzmann constant and absolute zero must also be defined, as 

these physical constants play a fundamental supporting role in 

radiative heat transfer calculations. The definition of radiative 

heat absorption is completed through the Load module, where 

the distribution of surface heat flux is set using the Analytical 

Field tool. Measured radiative values for each point are input 

to form a thermal radiation cloud dataset, which more 

intuitively presents the distribution of radiative heat intensity 

across different regions of the bridge. To simulate the bridge's 

state changes under different thermal environments, the 

Amplitude tool is also used to set up the radiative heating stage 

and natural cooling stage, making the thermal boundary 

conditions more dynamic and adaptable to actual conditions. 

In addition to the boundary definitions for convective and 

radiative heat transfer, the initial thermal state of the model is 

also crucial. In the Load module of ABAQUS, the initial 

temperature S0 is set through the Predefined Field function to 

ensure that the simulation starts from a reasonable initial 

temperature state, which plays a fundamental role in the 

evolution of the entire temperature field. 

 

(5) Analysis Step Settings 

Transient thermal analysis aims to capture the dynamic 

process of temperature changes at various points in the bridge 

structure over time, and it is an important means of reflecting 

the temperature field distribution of the bridge under different 

thermal conditions. Therefore, reasonable setting of analysis 

steps is crucial to ensuring the accuracy and convergence of 

the simulation. In this study, the heat transfer process of the 
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composite bridge is a typical transient thermal process, with 

temperatures at various points changing over time. To this end, 

the steps for transient thermal analysis are defined through the 

Step module in ABAQUS during the establishment of the 

finite element model. The core of transient thermal analysis is 

the selection of the time step, which directly impacts the 

convergence of the computation and the accuracy of the results. 

Based on the specific conditions of the bridge under different 

thermal conditions, the analysis is divided into two scenarios: 

heating and cooling. In the cooling scenario, considering the 

relatively slow temperature changes, the time step is set to 1 

hour, which allows for capturing the gradual changes in the 

temperature field while ensuring computational efficiency. In 

the heating scenario, due to the relatively rapid temperature 

changes, the time step is set to 0.2 hours to ensure detailed 

recording of the rapid temperature rise process. By reasonably 

setting the time steps under different conditions, the balance 

between computational accuracy and convergence can be 

effectively maintained, ensuring that the transient thermal 

analysis can accurately reflect the dynamic changes in the 

bridge temperature field. Additionally, the total duration of the 

analysis step is set according to actual conditions, ensuring 

that the entire heat transfer process is fully reflected in the 

simulation. The choice of time step not only considers the 

convergence of the solution but also meets the requirements 

for result accuracy. This method of setting the time step 

according to different thermal conditions allows the model to 

perform effective transient thermal analysis in complex 

thermal environments, thereby providing a scientific basis for 

predicting the temperature field of the bridge. 

 

 

3. THERMODYNAMIC-BASED THERMAL STRESS 

ANALYSIS OF BRIDGES 

 

3.1 Temperature strain of bridge surface concrete under 

high temperature 

 

In the thermodynamic-based numerical simulation study of 

the bridge temperature field, the temperature strain of the 

bridge surface concrete under high temperature is a crucial 

factor affecting the overall structural safety and durability of 

the bridge. Temperature strain mainly includes free expansion 

strain γsg and transient thermal strain γse. Their values are 

usually large under high-temperature conditions, making them 

key influencing factors in the coupled constitutive relationship 

and the main part of the overall deformation of the bridge 

under high temperature. 

In practical applications, the temperature strain of bridge 

concrete is influenced by various factors, among which the 

difference in the coefficient of linear expansion between the 

reinforcement and concrete plays a significant role. As the 

temperature rises, thermal stress gradually develops between 

the concrete and the internal reinforcement, especially when 

the temperature reaches below 150℃, where the temperature 

strain of the bridge surface concrete is significantly greater 

than the value predicted by the conventional concrete 

deformation formula. This difference is mainly due to the 

additional strain generated by the reinforcement being 

constrained by the concrete during the heating process, which 

in turn affects the overall temperature strain behavior. 

Specifically, the coefficient of linear expansion of the 

reinforcement is greater than that of the concrete, meaning that 

during the heating process, the reinforcement will expand 

faster, thereby being constrained by the surrounding concrete. 

This constraint force generates additional thermal stress, 

resulting in a larger temperature strain value of the concrete 

before 150℃. Figure 3 shows the schematic diagram of the 

thermodynamic-based thermal stress analysis model adopted 

in this paper. 
 

 
 

Figure 3. Thermodynamic-based thermal stress analysis 

model 

 

When the temperature exceeds 150℃, the bond between the 

internal reinforcement and the concrete begins to weaken and 

gradually fails, so the concrete can no longer effectively 

restrict the deformation of the reinforcement. At this point, the 

temperature strain of the bridge surface concrete approaches 

free temperature strain, and the difference between the two 

gradually decreases, with the temperature strain curve tending 

to coincide with the predicted curve of the concrete. This 

indicates that under high-temperature conditions, the thermal 

coupling effect between the reinforcement and concrete has a 

decisive influence on the overall deformation of the bridge. 

 

3.2 Temperature strain of internal reinforcement under 

high temperature 

 

The deformation of reinforcement in a high-temperature 

environment is not only directly related to temperature but is 

also closely related to the stress coupling between the 

reinforcement and concrete, which makes the temperature 

strain of the reinforcement exhibit complex characteristics. 

From a thermodynamic perspective, the deformation of 

reinforcement under high-temperature conditions can be 

decomposed into three parts: free expansion strain, transient 

high-temperature creep, and short-term high-temperature 

creep. Free expansion strain is the natural expansion of the 

reinforcement as the temperature rises without external 

constraint. However, in an actual bridge structure, the 

reinforcement does not exist independently but is tightly 

bonded with the surrounding concrete, and this bond under 

high temperature will trigger a complex stress-strain 

relationship. 

Specifically, within the temperature range of 30℃ to 90℃, 

as the temperature rises, the reinforcement inside the bridge 

undergoes compressive deformation due to the constraint of 

the concrete, which is contrary to the trend of free expansion 

strain. This compressive deformation is a result of the thermal 

coupling effect between the reinforcement and concrete, 

reflecting the constraint effect of the concrete on the 

reinforcement. However, when the temperature rises to 

between 90℃ and 110℃, the compressive deformation of the 

reinforcement rapidly decreases and gradually recovers to and 

exceeds the level of free expansion strain, indicating an 

increase in the expansion rate of the reinforcement within this 
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temperature range. This may be due to the weakening of the 

bond between the reinforcement and concrete in this 

temperature range, allowing the deformation of the 

reinforcement to no longer be fully constrained by the concrete, 

thereby fully releasing the expansion deformation. 

When the temperature further increases above 110℃, the 

expansion rate of the reinforcement inside the bridge 

approaches free expansion, indicating that in a high-

temperature environment, the deformation of the 

reinforcement gradually approaches its natural thermal 

expansion behavior. However, experimental data show that 

under the combined effect of high thermal stress and 

temperature, the actual deformation of the reinforcement is 

much greater than the free expansion strain, indicating that 

significant transient high-temperature creep and short-term 

high-temperature creep also occur in the reinforcement under 

high-temperature conditions. These creeps are due to the 

gradual changes in the internal structure of the reinforcement 

and stress relaxation under high temperatures, which are the 

result of the coupling effect of stress and temperature under 

high-temperature conditions. 

 

3.3 Axial thermal stress of reinforcement and concrete in 

bridges 

 

Furthermore, this paper achieves a comprehensive 

understanding of the thermal stress distribution in reinforced 

concrete structures under thermodynamic conditions and its 

impact on bridge safety by analyzing the axial stress of 

reinforcement, the axial stress of concrete, and the axial 

thermal stress at concrete measuring points in the bridge. 

The axial stress of reinforcement in a bridge mainly 

originates from the thermal expansion or contraction caused 

by temperature changes. Since the coefficient of linear 

expansion of reinforcement is generally greater than that of 

concrete, during the heating process, the reinforcement 

attempts to expand, while the surrounding concrete exerts a 

constraint effect on it, generating axial stress within the 

reinforcement. This axial stress not only depends on the 

magnitude of the temperature change but also relates to the 

material properties and geometric dimensions of the 

reinforcement. The axial stress of reinforcement can be 

calculated using thermodynamic formulas, including the strain 

caused by temperature changes and the material's modulus of 

elasticity. Assuming the cross-sectional area of the bridge 

sample is X, the half-length is M, and there are L symmetrically 

distributed reinforcements with a radius of e inside, the axial 

stress of the reinforcement at point ζ, located at a distance A 

from the bridge span, can be calculated by the following 

formula: 

 

( )
( )( )

( )11
1

2 +−
++

+
= v

Sttzz
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


 
(8) 

 

By using the ratio of the total cross-sectional area of the 

reinforcement to the cross-sectional area of the concrete 

Etc=V(τe2)/X-V(τe2), assuming that the constant related to the 

material properties of the reinforced concrete is represented by 

v, the difference in the coefficient of linear expansion between 

the reinforcement and concrete is represented by Δβ; and the 

modulus of elasticity of the reinforcement and concrete at 

temperature S is represented by RSz and RSt respectively. The 

axial stress of the bridge concrete can be further calculated 

based on the following formula: 

( )
( )( )

( )11
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2 +−
++

+
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
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

 

(9) 

 

Assuming the axial thermal stress at the measuring point at 

temperature S is represented by δS, the temperature strain of 

the bridge surface concrete is represented by γy, the free 

expansion strain of the concrete is represented by tsg, and the 

modulus of elasticity of the concrete at temperature S is 

represented by RS. The axial thermal stress at the concrete 

measuring point can be calculated by the following formula: 

 

( ) Ssgy

S R−= 
 

(10) 

 

 

4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

Figure 4 shows the thermal stress experimental values and 

calculated values of bridge surface concrete under different 

temperature conditions. The thermal stress of Specimen 1 

reaches a peak of 9.4 at 120℃, then gradually decreases as the 

temperature continues to rise, even showing negative values, 

with a minimum of -1.8. At 200℃ and 240℃, the thermal 

stress exhibits significant fluctuations. The thermal stress of 

Specimen 2 gradually increases with the rise in temperature, 

reaching a maximum value of 3.5 at 240℃, remaining 

relatively stable without a noticeable downward trend. The 

thermal stress of Specimen 3 reaches a peak of 3.0 at 120℃, 

but then quickly decreases, with a minimum drop to -5.4, 

showing a significant negative value. The mean value shows 

that the overall trend of thermal stress increases before 120℃, 

and then generally decreases as the temperature rises. 

Compared with the calculated values, the experimental values 

are closer to the calculated values in the low-temperature range, 

but significantly deviate from the calculated values in the high-

temperature range, especially for Specimens 1 and 3, showing 

a large negative deviation. By analyzing the experimental data, 

it can be seen that the thermal stress of bridge surface concrete 

exhibits nonlinear changes under different temperature 

conditions. The significant negative stress observed in 

Specimens 1 and 3 at high temperatures indicates that these 

specimens experienced significant thermal deformation and 

thermal stress release under high-temperature conditions, 

while Specimen 2 shows relatively stable positive stress, 

indicating that its material has better resistance to thermal 

stress under high-temperature conditions. The calculated 

values provide an idealized trend of thermal stress 

development, but in actual experiments, especially under high-

temperature conditions, there are significant differences 

between the experimental results and the calculated values due 

to the complexity of material properties and structural 

conditions. This discrepancy arises from changes in the 

thermal properties of the actual materials, internal structural 

defects, or the non-uniformity of the temperature field, 

suggesting that when conducting thermal stress analysis of 

bridges, the actual behavior of the materials and their complex 

responses under high temperatures must be fully considered to 

improve the accuracy and reliability of numerical simulations. 

The data in Figure 5 shows the comparison between the 

compressive reinforcement strain experimental values and 

calculated values of bridge specimens under different 

temperature conditions. At 50℃, the strain value of Specimen 

1 varies significantly between the 1st and 4th loading levels, 

gradually decreasing from -64 to -224; the strain values of 
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Specimens 2 and 3 also decrease with increasing load, but 

compared to Specimen 1, the strain decrease of Specimen 2 is 

relatively moderate, reaching a minimum of -190, while 

Specimen 3 stops decreasing at -90. The calculated values 

show a linear decrease in strain with loading, with a minimum 

value of -136, revealing a difference from the actual 

experimental results. Under the 150℃ condition, the strain of 

Specimen 1 shows a more pronounced downward trend, 

reaching -230 at the 4th loading level, while the strains of 

Specimens 2 and 3 decrease to -220 and -140, respectively. 

Compared with the experimental results at 50℃, the strain 

values of the specimens at 150℃ are generally larger, 

indicating that thermal stress and deformation of the materials 

are more significant under high-temperature conditions. By 

analyzing the experimental results and calculated values, it can 

be seen that under the conditions of 50℃ and 150℃, the 

compressive reinforcement strain of the specimens generally 

increases significantly with the increase in temperature and 

loading, especially showing significant negative strain under 

high temperatures. This indicates that under high-temperature 

conditions, the compressive stress borne by the reinforced 

concrete structure is significantly enhanced, leading to a 

gradual increase in the strain of the reinforcement. The strain 

value of Specimen 1 is significantly greater than that of the 

other specimens, indicating that its material has a higher stress 

concentration or internal defects under high-temperature 

conditions, resulting in a greater strain increase. The strain 

values of Specimens 2 and 3 are relatively close, indicating 

that these two specimens have a relatively consistent thermal 

stress response under the influence of temperature and loading. 

 

 
 

Figure 4. Thermal stress experimental values and calculated 

values of bridge surface concrete 

 

 
(a) 50℃ 

 
(b) 150℃ 

 

Figure 5. Compressive reinforcement strain experimental 

values and calculated values of bridge specimens 

 

 
(a) 50℃ 

 
(b) 150℃ 

 

Figure 6. Distribution of thermal strain across the midspan 

section of bridge specimens with temperature changes 

 

The experimental results shown in Figure 6 indicate that 

under different temperature conditions, the reinforced 

concrete structure of the bridge specimens exhibits significant 

strain changes. As the temperature increases, the neutral axis 

of the specimens gradually moves upward, indicating a 

redistribution of bending stress. Specifically, when the 

temperature reaches 110℃, the position of the neutral axis 

reaches its highest point, indicating that between 90℃ and 

110℃, the thermal stress inside the specimen gradually 

accumulates and peaks within this range. This process leads to 

the formation of microcracks inside the concrete, which begins 

to release part of the thermal stress, thereby changing the stress 
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distribution. As the temperature further rises to 130℃, the 

cracks inside the concrete further expand, causing the 

reinforcement to start bearing more bending loads, which in 

turn causes the neutral axis position to gradually return to a 

state close to its original position. By analyzing the 

experimental results, it can be concluded that under high-

temperature conditions, thermal stress in bridge specimens 

induces significant structural strain, particularly the upward 

movement and subsequent partial return of the neutral axis. 

The occurrence of this phenomenon is mainly due to stress 

redistribution and the formation of cracks inside the concrete 

caused by thermal stress accumulation. At 110℃, the neutral 

axis of the specimen reaches its maximum upward movement, 

indicating a critical point for thermal stress and structural 

strain, followed by a return of the neutral axis at 130℃ due to 

further crack development. The entire process demonstrates 

the complexity of material properties and structural stress 

responses of bridge specimens in high-temperature 

environments and also suggests that in practical engineering 

applications, special attention must be paid to the impact of 

high temperatures on bridge structures, particularly the issues 

of stress redistribution and structural deformation within 

critical temperature ranges. 

 

 
(a) 50℃ 

 
(b) 150℃ 

 

Figure 7. Calculation results of the convective heat transfer 

coefficient of bridge specimens 

 

The experimental data in Figure 7 shows the changes in the 

convective heat transfer coefficient of the top surface, side 

surface, ground, and interior of bridge specimens at different 

time points under environmental temperatures of 50℃ and 

150℃. Under the condition of 50℃, with the increase of time, 

the convective heat transfer coefficient at various positions 

shows different trends: the top surface gradually increases 

from the initial 8 to 10.5, reaches a peak at 12 hours, and then 

gradually decreases to 8.1; the side surface gradually rises 

from 6 to 8.5 and then also starts to decline; the convective 

heat transfer coefficients of the ground and interior are 

relatively low, rising from 4 and 2 to 5.5 and 4.5, respectively, 

before gradually decreasing. Under the environment of 150℃, 

the top surface experiences a process of first increasing and 

then decreasing within 8 hours, reaching a maximum of 11.5 

and then gradually decreasing to 9; the side surface and ground 

show more complex trends, with multiple fluctuations; the 

convective heat transfer coefficient of the interior is relatively 

low and recovers after reaching a minimum value of 0.5. The 

experimental results show that the convective heat transfer 

coefficient at different positions exhibits different dynamic 

characteristics with changes in time and environmental 

temperature. Under the environment of 50℃, the convective 

heat transfer coefficient at various positions generally shows a 

trend of first increasing and then decreasing, reflecting the 

changes in temperature difference between the specimen 

surface and the surrounding air, leading to a dynamic balance 

of heat conduction and convective heat transfer. Under the 

environment of 150℃, the changes in the convective heat 

transfer coefficient are more intense, especially for the top and 

side surfaces, showing multiple fluctuations. This 

phenomenon is related to changes in the thermal properties of 

materials and the accumulation of thermal stress under high-

temperature environments, leading to uneven heat flux density 

in local areas, which in turn affects the stability of the heat 

transfer process. 

 

 
 

Figure 8. Maximum thermal stress of bridge specimen 

concrete 

 

The data in Figure 8 shows the maximum thermal stress of 

different samples (single material sample, reinforced concrete 

composite sample, composite structure sample, and bridge 

deck) under different thicknesses (20 cm, 30 cm, 40 cm, 50 

cm). For the single material sample, the maximum thermal 

stress slightly increases with the increase in thickness, from 

2.5 at 20 cm to 2.8 at 30 cm, then slightly decreases to 2.7 and 

2.75 at 40 cm and 50 cm, respectively. The maximum thermal 

stress of the reinforced concrete composite sample gradually 

decreases with the increase in thickness, from 2.48 to 2.3. The 

maximum thermal stress of the composite structure sample 

shows a different trend, first decreasing and then increasing 

with the increase in thickness, from 1 at 20 cm to 0.9 at 30 cm, 

then increasing to 1.2 and 1.4 at 40 cm and 50 cm, respectively. 

The maximum thermal stress of the bridge deck continuously 

decreases with the increase in thickness, from 2.75 to 2.1. 

Through the analysis of the experimental results, it can be 
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concluded that the maximum thermal stress of different 

samples shows different trends with the change in thickness. 

For the single material sample, the maximum thermal stress 

shows a trend of first increasing and then decreasing with the 

increase in thickness, indicating that in thicker materials, the 

accumulation of thermal stress is influenced by the internal 

thermal conductivity of the material. The maximum thermal 

stress of the reinforced concrete composite sample gradually 

decreases with the increase in thickness, as the reinforcement 

in the composite material provides better thermal diffusion 

paths, reducing the overall thermal stress. The maximum 

thermal stress of the composite structure sample shows a trend 

of first decreasing and then increasing, indicating the complex 

effect of thermal expansion mismatch between different 

materials within the composite material at different 

thicknesses. The maximum thermal stress of the bridge deck 

decreases with the increase in thickness, indicating that in 

thicker bridge decks, the release of thermal stress is more 

uniform. These results indicate that the thermal properties of 

materials and their combination methods have an important 

impact on the distribution of thermal stress in bridge structures 

and need to be given special consideration in design and 

simulation to ensure the durability and safety of bridge 

structures. 

 

 
 

Figure 9. Vertical deflection of bridge specimens 

 

The data in Figure 9 shows the vertical deflection of single 

material samples, reinforced concrete composite samples, and 

composite structure samples under different thicknesses (20 

cm, 30 cm, 40 cm, 50 cm). For the single material sample, the 

vertical deflection is 0.3 at 20 cm, increases to 0.36 as the 

thickness increases to 30 cm, and then gradually decreases 

with further thickness increases, being 0.34 at 40 cm and 0.32 

at 50 cm. The vertical deflection of the reinforced concrete 

composite sample shows a similar trend, gradually decreasing 

from 0.32 at 20 cm to 0.26 at 50 cm. The vertical deflection of 

the composite structure sample is the highest at 20 cm, being 

0.8, and gradually decreases to 0.73 at 50 cm with the increase 

in thickness. Through the analysis of the experimental results, 

it can be concluded that the vertical deflection of different 

samples generally decreases with the increase in thickness, 

indicating that the increase in material thickness can 

effectively reduce the vertical deflection of the structure and 

enhance the structural stiffness. The vertical deflection of the 

single material sample and the reinforced concrete composite 

sample shows a trend of initially increasing and then gradually 

decreasing, as the material deformation is more significant at 

smaller thicknesses, while with the increase in thickness, the 

overall stiffness of the material increases, reducing the 

deformation. The vertical deflection of the composite structure 

sample gradually decreases with the increase in thickness, and 

the deflection values are relatively high, indicating that the 

deformation of the composite material is more significant in 

thinner cases, but as the thickness increases, the structural 

stiffness also increases. 

 

 

5. CONCLUSION 

 

This paper deeply studied the temperature changes and 

thermal stress distribution of bridge structures under complex 

climatic conditions through a thermodynamic-based 

numerical simulation method of bridge temperature fields. The 

research content includes the experimental and calculated 

analysis of thermal stress in bridge surface concrete, the 

experimental and theoretical comparison of compressive 

reinforcement strain, the distribution pattern of thermal strain 

at the midspan section of bridge specimens with temperature 

changes, the calculation results of the convective heat transfer 

coefficient of specimens, and the vertical deflection and 

maximum thermal stress of concrete in different structural 

samples under different thicknesses. The experimental and 

simulation results show that the thermal stress and vertical 

deflection distribution of bridge structures under high-

temperature conditions are closely related to the thermal 

properties of materials, thickness, and structural combinations. 

Increasing the material thickness can effectively reduce 

vertical deflection and improve structural stiffness. At the 

same time, the introduction of multi-scale simulation methods 

improves the accuracy of temperature field simulations, 

providing strong theoretical support for further analysis of the 

thermal stress distribution of bridge structures under complex 

climatic conditions. 

This study provides an important theoretical basis for 

temperature field simulation and thermal stress analysis in 

bridge engineering, especially under complex climatic 

conditions. The methods and results of this paper can help 

engineers more accurately predict the temperature stress and 

deformation of bridge structures, thereby improving the safety 

and durability of bridge design. However, there are also certain 

limitations in this study, such as the simplification in 

considering the changes in thermal properties of materials, and 

the complexity of the actual bridge environment is not fully 

reflected. Future research directions could consider further 

refining the thermal property parameters of materials and 

combining more complex climatic models to further improve 

simulation accuracy. In addition, fatigue analysis of bridge 

structures under long-term temperature changes could be 

carried out to comprehensively assess the impact of 

temperature on the lifespan of bridge structures. 
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