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Prefabricated box culverts, recognized as efficient and high-quality precast concrete 

structures, play a pivotal role in modern urban infrastructure. However, their practical 

application is often subject to complex thermal environments, particularly the impact of 

thermal expansion on structural integrity and stability, which has not been thoroughly 

investigated. This study delves into the thermal expansion behavior of prefabricated box 

culverts under three-dimensional stress conditions, examining the accuracy of thermal 

expansion coefficients. A temperature-stress coupled model has been developed to 

systematically analyze the variation of thermal stress under different temperature 

conditions and its effect on structural stability. It has been discovered that the triaxial linear 

thermal expansion strain, average linear thermal expansion coefficient, and thermal 

expansion stress of prefabricated box culverts are significantly influenced by the three-

dimensional stress state, a complexity not effectively reflected in simplified models present 

in existing literature. Through experimental data and comparative analysis, this research 

validates the theoretical model of thermal expansion coefficients under three-dimensional 

stress conditions. Additionally, the temperature-stress coupled analysis reveals the thermal 

stress distribution characteristics of prefabricated box culverts under various temperature 

gradients, offering new theoretical foundations and analytical tools for the design and 

safety assessment of precast box culvert specimens. The findings of this study provide a 

novel perspective on the behavior of prefabricated box culverts in service environments, 

playing a significant role in ensuring their safe operational performance. Moreover, the 

proposed theoretical models and analytical methods can serve as a reference for the 

application of other types of precast concrete structures in similar environments.  
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1. INTRODUCTION

With the rapid advancement of infrastructure development, 

prefabricated box culverts, as a novel type of precast concrete 

structure, have been widely applied in urban drainage systems, 

underground passages, and other engineering projects, owing 

to their high construction efficiency and easily controllable 

quality [1-5]. However, in practical engineering applications, 

these culvert structures often face complex thermal 

environments. The thermal expansion behavior, in particular, 

plays a decisive role in the integrity and stability of the 

structures [6-8]. Therefore, an in-depth study of the thermal 

expansion behavior of prefabricated box culverts is of 

significant importance to ensure their reliability and safety 

under various environmental conditions. 

Although existing research has explored the thermal 

expansion properties of precast concrete components, there is 

a scarcity of literature focused specifically on prefabricated 

box culverts [9-11]. The interaction between the temperature 

and stress fields in these culverts is complex, with general 

temperature changes potentially causing uneven thermal 

expansion, thereby affecting structural stability [12-15]. 

Consequently, research on the thermal expansion behavior of 

prefabricated box culverts and its impact on structural stability 

is both urgent and crucial. 

Existing studies have primarily focused on the thermal 

expansion effects under single conditions or have used 

simplified models for analysis [16-18], largely overlooking the 

complex three-dimensional stress states that prefabricated box 

culverts experience in actual applications and the influence of 

such states on thermal expansion behavior [19-22]. Moreover, 

current research methods often lack precision in predicting and 

validating thermal expansion coefficients, which, to a certain 

extent, limits the application of theoretical research findings in 

engineering practice. 

This article systematically tests and validates the thermal 

expansion behavior of prefabricated box culverts. Initially, the 

triaxial linear thermal expansion strain, average linear thermal 

expansion coefficient, and thermal expansion stress of the 

culverts under three-dimensional stress states are determined 

experimentally. The experimental results are then compared 

and analyzed against theoretical predictions to validate the 

accuracy of the thermal expansion coefficients under three-

dimensional stress conditions. Subsequently, a temperature-
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stress coupling model is constructed to analyze in-depth the 

variation of thermal stress in prefabricated box culverts under 

different temperature conditions and its impact on structural 

stability. This research not only extends the design theory of 

prefabricated box culverts but also provides a reference for the 

safety analysis of other precast concrete structures in complex 

environments, possessing significant academic value and 

practical significance. 

 

 

2. TESTING AND VALIDATION OF THERMAL 

EXPANSION BEHAVIOR IN PREFABRICATED BOX 

CULVERTS 

 

2.1 Testing of thermal expansion behavior 

 

This study conducts rigorous testing and validation of the 

thermal expansion behavior of prefabricated box culvert 

specimens in actual engineering applications. By testing 

thermal expansion strain and measuring thermal expansion 

stress under three-dimensional stress states, this study reveals 

the true values of thermal expansion coefficients and further 

validates the applicability and accuracy of theoretical 

predictions under complex loading conditions. These findings 

assist engineers in more accurately predicting the performance 

of prefabricated box culverts under the influence of 

temperature changes during design and assessment, thereby 

optimizing structural design, reducing adverse effects caused 

by temperature, and enhancing the safety and durability of the 

structures. 

 

 
 

Figure 1. The longitudinal sensor placement in prefabricated 

box culverts 

 

Prefabricated box culverts in real service environments are 

typically subjected to complex three-dimensional stress fields. 

This complex stress state has a decisive impact on the thermal 

expansion behavior of the culverts, and conventional one-

dimensional or two-dimensional thermal expansion tests 

cannot fully reflect the structural response under actual 

working conditions. Therefore, this study initiates the testing 

of thermal expansion behavior by determining the triaxial 

linear thermal expansion strain, average linear thermal 

expansion coefficient, and thermal expansion stress of 

prefabricated box culvert specimens under three-dimensional 

stress states. The testing of triaxial linear thermal expansion 

strain provides actual performance data for the culverts in 

different directions, offering data for assessing strain 

distribution in heterogeneous temperature fields. Determining 

the average linear thermal expansion coefficient helps 

understand the overall thermal expansion characteristics of the 

culverts under combined stress influences. Accurate 

measurement of thermal expansion stress is crucial for 

assessing the stability of the structure under temperature 

variations. These three aspects of testing mutually validate and 

complement each other, providing a comprehensive 

description of thermal expansion behavior. Figure 1 presents a 

schematic diagram of the longitudinal sensor placement in 

prefabricated box culverts. 

 

 
 

Figure 2. Side cross-sectional load condition of prefabricated 

box culvert specimens 

 

In this study, the thermal expansion behavior of 

prefabricated box culvert specimens under actual engineering 

conditions is tested and validated. Initially, the specimens are 

placed in a test environment that simulates real service 

conditions and subjected to predetermined three-dimensional 

stress states, ensuring that the test conditions align with actual 

engineering scenarios. A stepwise heating method is employed, 

gradually elevating the temperature to different predefined 

gradients and maintaining each temperature gradient for 2 

hours. This approach ensures uniform temperature distribution 

within the culvert specimens, allowing each part to reach a 

state of thermal equilibrium. During the heating and constant 

temperature phases, precise instruments are used to monitor 

the linear thermal expansion along the three orthogonal 

directions of the culvert specimens, namely along the length, 

width, and height directions. Subsequently, the thermal 

expansion data at each temperature point are recorded, and the 

relationship curves between triaxial linear thermal expansion 

and temperature are plotted. Figure 2 presents the side cross-

sectional load situation of the prefabricated box culvert 

specimens. Analysis of these curves reveals the anisotropic 

and nonlinear characteristics of thermal expansion behavior. 

Assuming the triaxial linear thermal strain of the culvert 

specimens under three-dimensional stress is represented by 

γv(S), the axial linear thermal strain by γ1(S), the forward linear 

thermal strain by γ2(S), the side linear thermal strain by γ3(S), 

the initial triaxial length of the culvert specimens by Mv,0, the 

triaxial linear thermal expansion at temperature S under three-

dimensional stress by Mv,S, and the triaxial linear thermal 

expansion of quartz fine sand specimens at temperature S by 

Mv,T, the calculation formula for triaxial linear thermal 

expansion strain under three-dimensional stress is: 
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The average linear thermal expansion coefficient of 

prefabricated box culvert specimens under three-dimensional 

stress is a physical quantity that describes the ratio of linear 

dimensional changes in different directions to temperature 

changes during temperature variations. In the tests, the linear 
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thermal expansion strain in three perpendicular directions of 

the specimens is precisely measured, with these strain data 

varying with temperature changes. Considering the practical 

application scenarios, three-dimensional stress, simulating 

real working conditions, is applied during testing, as structures 

in real applications are influenced not only by temperature but 

also by multi-directional mechanical loading. By heating the 

prefabricated box culvert specimens to different temperature 

gradients and maintaining constant temperature, a series of 

thermal expansion strain data are obtained. The average linear 

thermal expansion coefficient in each direction is determined 

by calculating the average of the expansion strains in different 

directions and combining them with the corresponding 

temperature changes. Assuming the triaxial linear thermal 

expansion strain of the culvert specimens under three-

dimensional stress is represented by γv(S), the average triaxial 

linear thermal expansion strain by γZ(S), and the average linear 

thermal expansion coefficient by βZ(S), with the temperature 

change represented by ∆S, the calculation formulas are: 
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Figure 3. Stress and strain monitoring point layout diagram 

 

Next, the testing of triaxial thermal expansion stress under 

three-dimensional stress in prefabricated box culvert 

specimens is conducted. Figure 3 gives a diagram showing the 

layout of stress and strain monitoring points. Initially, the 

culvert specimens were set up, ensuring the testing equipment 

can apply and maintain the required three-dimensional stress 

state. Pressure sensors were installed in each direction to 

monitor stress changes in real-time. The control system was 

used to gradually apply three-dimensional stress to the 

predetermined level, ensuring the specimen reaches a stable 

stress state. Once the target stress was achieved, the loading 

program was halted, and the position of the loading rods was 

fixed to form triaxial fixed boundaries. The stepwise heating 

process was then commenced, maintaining each temperature 

gradient for 2 hours to ensure uniform temperature distribution 

and thermal equilibrium in the specimen. Concrete triaxial 

stress change data during the heating and constant temperature 

periods were collected in real-time. Due to the temperature rise, 

the testing equipment also expands, affecting the results of 

stress measurement. Therefore, it is crucial to monitor the 

thermal expansion behavior of the equipment and make 

corresponding corrections to the measurements. After data 

collection, the triaxial thermal expansion stress of the 

specimen under three-dimensional stress was calculated. This 

was done by subtracting the thermal expansion stress of a 

control specimen, which was not subjected to three-

dimensional stress under the same conditions, to eliminate the 

impact of free expansion caused by the temperature rise. 

Assuming the triaxial thermal expansion stress of the 

prefabricated box culvert specimen under three-dimensional 

stress is represented by δv(S), the experimentally measured 

triaxial thermal expansion stress under three-dimensional 

stress by δv,S, the triaxial stress generated by the structure under 

the same three-dimensional stress environment by δv,T; the 

elastic modulus of the structure by RT, and the experimentally 

measured triaxial thermal expansion strain under three-

dimensional stress by γv,S, the calculation formula is: 

 

( ) ( )321 ,,vRS T,vTS,vT,vS,vv =−=−= 
 

(4) 

 

2.2 Validation of thermal expansion behavior 

 

As a crucial component of urban infrastructure, the stability 

of prefabricated box culverts under thermal stress is directly 

related to engineering safety. To validate the applicability of 

theoretical models and further strengthen the research 

methodology combining experimental studies with theoretical 

analysis, this paper conducts precise testing and validation of 

the thermal expansion coefficient. The thermal expansion 

coefficients obtained experimentally allow for more accurate 

prediction and simulation of the thermal behavior of 

prefabricated box culverts in actual temperature fields and 

mechanical environments. This not only optimizes structural 

design but also confirms the applicability of theoretical models 

and reinforces the combined approach of experimental 

research and theoretical analysis. 

The average linear thermal expansion coefficient of 

prefabricated box culvert specimens under three-dimensional 

stress displays an S-shaped trend with temperature changes, 

revealing the nonlinear characteristics of their thermal 

expansion behavior. In the temperature range of 100-200℃, 

the average linear thermal expansion coefficient shows a 

decreasing trend due to the evaporation of internal moisture in 

the concrete, leading to changes in porosity and a reduction in 

the overall thermal expansion capability of the material. As the 

temperature continues to rise, further evaporation of internal 

moisture causes changes in the microstructure of the material. 

Hence, between 200-500℃, the average linear thermal 

expansion coefficient of the prefabricated box culvert 

specimens shows a significant increase. Upon reaching 500℃, 

the coefficient peaks due to the decomposition of certain 

minerals in the concrete, resulting in considerable volumetric 

expansion. However, when the temperature exceeds 500℃, 

the mineral decomposition caused by high temperatures is 

nearly complete or finished, and the material begins to lose 

stability, leading to a gradual weakening of the thermal 

expansion response. As the temperature continues to increase 

to 600℃, the expansion coefficient declines again. 

Throughout the entire temperature change process, the thermal 

expansion behavior of the prefabricated box culvert specimens 

under three-dimensional stress is complex and influenced by 

various factors, such as material structure, internal moisture 

status, stress conditions, and temperature itself. 

Assuming the elastic modulus is represented by RS, the 

linear thermal expansion coefficient of concrete under three-

dimensional stress by β(S), and the temperature change by ∆S, 
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the following formula provides a comparison between the 

theoretical calculation and the experimentally obtained 

thermal expansion stress under three-dimensional stress: 

 

( ) SSRSz  =
 

(5) 

 

From the comparison, it is observed that under three-

dimensional stress conditions, the thermal expansion stress of 

prefabricated box culvert specimens generally increases with 

rising temperature, which is related to the thermal expansion 

characteristics of concrete material. The internal moisture of 

concrete gradually evaporates during heating, impacting its 

volume and internal pore structure, leading to changes in 

thermal expansion stress. Within the temperature range of 100-

500℃, as moisture evaporates and chemical bonds break, the 

porosity within the concrete increases, gradually raising the 

thermal expansion coefficient and causing a slight increase in 

thermal expansion stress. Moreover, the rise in the thermal 

expansion coefficient may also be associated with the 

formation and expansion of microcracks within the material. 

As the temperature rises, the expansion of these microcracks 

can cause the actual thermal expansion stress to be lower than 

the theoretical prediction. However, in the temperature range 

of 500-600℃, the thermal expansion stress of the specimens 

shows a decreasing trend, possibly due to thermal 

decomposition of certain mineral components in the concrete 

at higher temperatures, reducing the material's stiffness. 

Further temperature increases may lead to the decomposition 

of these substances, causing a redistribution of internal stresses 

in the material, thus reducing the thermal expansion stress. 

Additionally, high temperatures may also lead to the 

decomposition of components like calcium carbonate in 

concrete, producing carbon dioxide, increasing porosity, and 

further lowering the material's modulus and thermal expansion 

stress. 

In actual engineering applications, the thermal expansion 

behavior of prefabricated box culverts typically occurs under 

the influence of three-dimensional stress, significantly 

differing from the thermal expansion behavior under the no-

stress condition commonly observed in laboratory tests. 

Laboratory testing often overlooks the mechanical loading 

conditions actually endured by structures on-site, and these 

real stress states significantly impact the material's thermal 

expansion characteristics. Therefore, using the thermal 

expansion coefficient under no-stress conditions to predict the 

thermal expansion of actual structures might lead to 

discrepancies between calculated results and real situations, 

failing to accurately reflect the true performance of 

prefabricated box culverts in service environments. 

Consequently, this study compares the typical thermal 

expansion strain model with the thermal expansion 

coefficients measured under three-dimensional stress 

conditions. Through this comparison, the impact of three-

dimensional stress on thermal expansion behavior can be 

quantitatively assessed, further understanding the specific 

mechanisms by which stress conditions influence the thermal 

expansion coefficient. 

The following formula presents the calculation for the 

thermal expansion strain of ordinary concrete: 
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3. TEMPERATURE-STRESS COUPLING OF 

PREFABRICATED BOX CULVERTS AND ITS 

IMPACT ON STRUCTURAL STABILITY 

 

To accurately describe and calculate the thermal stress 

distribution of prefabricated box culvert specimens under 

varying temperature conditions and effectively assess the 

structure's performance under thermal loads, this paper has 

developed a temperature-stress coupling model based on 

thermoelasticity theory. By analyzing the patterns of thermal 

stress changes under different fire scenarios, weak points in 

the structure can be identified, enabling targeted reinforcement 

measures or design improvements to enhance the structure's 

fire resistance and overall stability. Figure 4 presents the 

schematic diagram of the temperature-stress testing system for 

prefabricated box culvert specimens. 

 

 
 

Figure 4. Temperature-stress testing system for prefabricated 

box culvert specimens 

 

This paper employs the principle of superposition to 

decompose the temperature-stress coupling analysis problem 

of prefabricated box culverts into two parts: external loads and 

temperature loads. External loads typically include gravity, 

traffic load, earth pressure, etc., while temperature loads 

involve thermal expansion or contraction due to temperature 

changes. This decomposition method simplifies the solution 

process of complex problems and helps to clearly understand 

the individual impacts of different types of loads on the stress 

response of prefabricated box culvert structures. 

The paper first establishes the basic physical equations of 

thermoelasticity for temperature-stress coupling analysis of 

prefabricated box culverts. It begins by defining the 

displacement changes in each direction of a microelement 

under a three-dimensional stress state. These displacement 

changes, compared to the size of the microelement, yield strain 

components in three orthogonal directions. Based on the 

geometrical relationships of the microelement, linear and 

shear strain components in each direction can be further 

calculated. If the temperature changes from s1 to s2, with the 

temperature change of the microelement being s=s1-s2, and the 

thermal expansion coefficient represented by β, then the length 

changes of da, db, dc are (1+βs)da, (1+βs)db, (1+βs)dc, 

respectively. The expressions for strain components are: 

 





===

===

0000

000

cabcab

cba s





 

(7) 

 

Utilizing Hooke's Law, the linear and shear strains obtained 

in the previous step are related to the corresponding stress 

components. Hooke's Law provides a linear relationship 

between stress and strain in elastic materials, used to calculate 
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the stress components generated inside a microelement under 

a given external load. Assuming the shear modulus is 

represented by H, the elastic modulus by R, Poisson's ratio by 

ω, and the volumetric stress by Φ, the calculation formulas are: 

 

( ) 

( ) 

( ) 













++−=



=

++−=



=

++−=



=

s
Rc

i

s
Rb

i

s
Ra

i

abcc

cabb

cbaa







1

1

1

 

(8) 

 

H
,

H
,

H
ca

ca
bc

bc
ab

ab








 ===

 

(9) 

 

( )+= 12RH
 

(10) 

 

cba  ++=
 

(11) 

 

Under the influence of temperature, the generalized Hooke's 

Law, which incorporates temperature effects, was applied. 

This law not only relates stress to mechanical strain but also 

includes thermal strain caused by temperature changes. 

Thermal strain is typically represented by the product of 

temperature change and the material's linear thermal 

expansion coefficient. Through this step, an expression of 

strain that includes temperature-stress coupling effects is 

obtained, namely: 
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Finally, the volumetric strain caused by temperature 

changes needs to be considered. Volumetric strain results from 

the combined effect of linear thermal expansion in three 

orthogonal directions. By adding up the linear thermal 

expansion strains in the three directions, the volumetric strain 

can be determined. In the temperature-stress coupling analysis 

of prefabricated box culverts, volumetric strain is an important 

parameter for assessing the overall stability of the structure 

under thermal loads, namely: 
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Consequently, there is: 

 

( )sr
R




 3
21

−
−

=
 

(15) 

Assuming the thermal stress parameter is represented by α 

and the Lamé parameter by η, the relationship using Lamé's 

constants in elasticity theory is given as: 
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Further, based on continuum mechanics and thermoelastic 

theory, the equilibrium differential equations are derived. 

These equations describe how mechanical balance and energy 

balance within materials are expressed at a microscopic level 

through the interrelationships between stress, strain, and 

temperature. These equations combine Newton's second law 

and Hooke's law to describe the stress distribution inside a 

microelement. Assuming the components of body force on 

each axis are represented by A, B, and C, the equations are: 
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By substituting the above constitutive relations into the 

equilibrium differential equations, the displacement 

components of the prefabricated box culvert structure under 

specific temperature and stress conditions can be solved. 

These displacement components typically appear in the form 

of partial differential equations and can be solved using 

numerical methods such as finite element analysis. The 

expressions for displacement components directly link the 

structure's deformation with internal stress, external load, and 

temperature change, providing an important tool for assessing 

the behavior of structures under actual operating conditions. 

The expressions are as follows: 
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Thermoelastic geometric equations can clearly describe the 

deformation of box culvert structures under the influence of 

temperature changes and stress. To construct these geometric 

equations, the basic relationship between strain and 

displacement within the framework of thermoelasticity must 
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first be established. This usually begins with the definition of 

strain components, i.e., strain is a function of the gradient of 

the displacement field. For prefabricated box culverts, this 

means considering the displacement of each point of the 

culvert under the influence of temperature and external loads. 

Subsequently, to account for temperature effects, the thermal 

expansion coefficient and how the temperature field affects the 

displacement of material points are introduced. The product of 

the thermal expansion coefficient and temperature change 

represents the thermal strain component caused by 

temperature change, which must be combined with the strain 

component caused by mechanical forces to obtain the total 

strain component. Finally, the strain-displacement relationship 

and compatibility conditions are combined to form a complete 

geometric equation, expressed as follows: 
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To ensure the continuity and consistency of internal 

displacement distribution in box culvert structures under the 

combined action of temperature changes and external loads, 

this study constructs the displacement coordination equations 

of thermoelasticity. Initially, considering thermal strains 

caused by temperature, displacement vectors are taken into 

account, typically achieved by combining temperature 

gradients with the material's thermal expansion coefficient. 

Thermal strain directly contributes to displacement 

components and thus must be reflected in the displacement 

coordination equations. This combines thermal strain with 

elastic strain caused by external loads on the prefabricated box 

culverts. To ensure that the material does not undergo 

physically impossible deformations, compatibility conditions 

are used to establish coordinated relationships between various 

displacement components. These conditions ensure the 

continuity of the displacement field, allowing the 

displacement vector to naturally transition along different 

directions. Integrating all the above considerations forms the 

displacement coordination equation, a set of partial differential 

equations that describe the interrelationships between 

displacement components. These equations often involve 

second-order derivatives of displacement to ensure the 

continuity of strain, expressed as: 
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The solution of the temperature-stress coupling model for 

prefabricated box culverts involves setting a series of 

physically reasonable boundary conditions to simulate the 

behavior of culverts in actual engineering. These boundary 

conditions typically include: 1) Mechanical boundary 

conditions: These define the stress or displacement 

distribution of the culverts under the action of external loads. 

2) Thermal boundary conditions: These describe the behavior 

of culverts in thermal environments, such as exposure to 

different temperatures or fire impact. 3) Coupled boundary 

conditions: Considering temperature-stress coupling effects, 

boundary conditions that involve both temperature and stress 

impacts are needed. 4) Initial conditions: These significantly 

impact the solution process, especially in dynamic analysis or 

simulating the time response of culverts. Assuming the surface 

stress components of the boundary microelement are 

represented by 𝐴̅, 𝐵̅, 𝐶̅ and the normal direction cosines are 1, 

l, v, the expressions for stress boundary conditions are: 
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Finite element analysis is used to solve the coupled model, 

obtaining the culvert structure response under various 

temperature and stress conditions, including temperature 

distribution, displacement field, and stress field. Particularly, 

attention is paid to the locations of maximum stress and strain 

in the structure and the trends of these values with temperature 

changes. Next, it's analyzed whether these stresses and strains 

exceed the permissible limits of the material, especially 

considering material performance degradation at high 

temperatures. Additionally, the expansion or contraction 

caused by temperature leading to functional defects, such as 

crack opening or closure or failure of connectors, is evaluated. 

Combining the actual usage conditions of prefabricated box 

culverts, such as load history, construction quality, and 

material aging, the potential performance of the structure in 

real working environments is assessed. For extreme events like 

dynamic loading or fire, the structure's stability under rapid 

temperature changes in a short period is specifically 

considered. Further, through sensitivity analysis and 

parameter studies of the solution results, key factors affecting 

the stability of box culvert structures, such as support 

conditions, material thermal expansion coefficients, and 

thermal conductivity, need to be identified. With this 

information, potential issues under different working 

conditions can be predicted, and mitigation measures can be 

formulated. 

Finally, based on the solution results, the safety margin of 

the structure can be assessed, design optimization can be 

carried out, or recommendations for reinforcement or repair 

can be made. If the model predicts stability risks under certain 

conditions, the structural safety performance can be improved 

by adjusting design parameters or changing construction 

processes. 

 

 

4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

Figure 5(a) presents the thermal expansion rate data of 

prefabricated box culvert specimens at different temperatures 

along three directions: a, b, and c, including both heating and 

cooling processes. It is observed that the thermal expansion 
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rate generally increases with temperature, as higher 

temperatures typically cause an increase in the vibration 

amplitude of internal particles, leading to an expansion of the 

material's volume. The thermal expansion and contraction 

behaviors of the material exhibit asymmetry, meaning the 

trends of thermal expansion rate during heating and cooling 

are different. This asymmetry is due to reasons such as 

reorganization of the material's internal microstructure or 

phase transitions. The figure also shows that the thermal 

expansion rate varies in different directions, indicating the 

anisotropic properties of the box culvert specimens. Such 

anisotropy is caused by the composition of the material, 

processing methods, or the directional nature of the internal 

structure. 

 

 
(a) Different directions 

 
(b) Different positions 

 

Figure 5. Relationship curves of linear thermal expansion 

rate and temperature for prefabricated box culvert specimens 

 

Figure 5(b) shows the data of the linear thermal expansion 

rate at the top and bottom of the prefabricated box culvert at 

different temperatures, including both heating and cooling 

processes. The figure indicates that the thermal expansion 

rates at both the top and bottom of the box culvert first increase 

to a peak value during heating and then decrease with further 

temperature rise, even becoming negative. This phenomenon 

suggests that the material expands initially with temperature 

increase but later undergoes thermal contraction or damage 

due to thermal stress, fatigue, or other mechanisms, such as 

thermal cracking, aging, or other thermally induced damages. 

The inconsistency of thermal expansion rates between heating 

and cooling processes represents a thermal hysteresis effect. 

This effect is due to irreversible changes in the physical 

properties of the material during heating and cooling, or 

adjustments of internal stresses during temperature changes, 

causing different behaviors during heating and cooling. The 

differences in thermal expansion rates between the top and 

bottom reflect the variations in material properties or stress 

states at different parts of the box culvert. The top is usually 

more susceptible to external environmental factors like 

temperature changes, while the bottom, due to constraints 

from the foundation or internal structure, exhibits different 

thermal expansion behaviors. Particularly noteworthy is that at 

temperatures above 800°C, the thermal expansion rates at both 

the top and bottom of the box culvert significantly decrease, 

reaching notable negative values. This implies structural 

changes in the material at high temperatures, such as phase 

transitions, melting, cracking, or other forms of damage, 

leading to a reduction in overall volume. 

 

 
 

Figure 6. Thermal expansion coefficients of prefabricated 

box culvert specimens under three-dimensional stress state 

 

The data on thermal expansion coefficients with 

temperature changes presented in Figure 6 reflects the physical 

behavior of prefabricated box culvert materials under three-

dimensional stress conditions. The trend of the thermal 

expansion coefficient with temperature change is not 

monotonically increasing or decreasing, indicating that the 

material's thermal behavior is influenced by various factors, 

such as phase transitions, chemical changes, release of internal 

stresses, or temperature-dependent structural changes in the 

material. Between 100°C and 200°C, the thermal expansion 

coefficient significantly decreases from 9.75 to 8.065, due to 

some form of structural reorganization of the material in this 

temperature range, leading to a weakened micro-level thermal 

expansion capability. From 200°C to 500°C, the thermal 

expansion coefficient generally increases from 8.065 to 12.833, 

typically associated with an increase in the kinetic energy of 

internal particles, where particle vibrations increase with 

rising temperature, causing material expansion. Between 

500°C and 600°C, there is a slight decrease in the thermal 

expansion coefficient from 12.833 to 11.945, indicating that 

parts of the material start to lose structural integrity at high 

temperatures, or the material approaches or undergoes some 

form of phase transition. It can be concluded that the 

relationship between the thermal expansion coefficient and 

temperature of prefabricated box culvert specimens is complex, 

reflecting changes in the material's microstructure and 

macroscopic stress state with temperature. This nonlinear 

behavior suggests that in engineering applications, the thermal 

expansion coefficient should not be assumed constant in 
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thermal environments. Instead, it should be considered as a 

function of temperature to ensure accurate prediction and 

understanding of the thermal behavior of the culverts across 

the entire temperature range. 

 

 
 

Figure 7. Comparison of thermal expansion coefficients of 

prefabricated box culvert specimens under different states 

 

Figure 7 shows a comparison of the thermal expansion 

coefficients of prefabricated box culvert specimens under 

three-dimensional stress conditions with those under certain 

standard specifications. To analyze these data and draw 

conclusions, we can focus on the differences between the two 

sets of data and their trends at different temperatures. In the 

low-temperature range (0°C to 200°C), the thermal expansion 

coefficient under three-dimensional stress conditions 

decreases from 11 to 8, while the standard specification's 

coefficient increases from 9 to 10. This indicates that at low 

temperatures, the experimental values start higher than the 

standard values but gradually decrease and eventually fall 

below the standard values. This suggests that in practical 

applications, the culvert material expands more at low 

temperatures than the materials suggested by standard 

specifications, but as the temperature increases, its expansion 

performance becomes inferior to that of the standard materials. 

In the mid-temperature range (200°C to 500°C), the thermal 

expansion coefficient under three-dimensional stress 

conditions first increases, then surpasses the standard 

specification value, reaching a maximum of 13 at 500°C, while 

the standard specification value at this temperature is 15.5. 

This indicates that in the mid-temperature range, the 

experimental material's thermal expansion coefficient is lower 

than the standard specification values, showing less sensitivity 

to temperature in the experimental conditions than the 

materials assumed in the standard specifications. In the high-

temperature range (500°C to 600°C), the thermal expansion 

coefficient under three-dimensional stress conditions peaks at 

500°C and then slightly decreases to 12.5, while the standard 

specification value continues to increase to 18. This shows that 

as the temperature further increases, the performance of the 

material under experimental conditions in terms of thermal 

expansion is less than that of the standard specification 

recommended materials. Overall, the thermal expansion 

coefficients measured under three-dimensional stress 

conditions in the experiments are lower across the entire 

temperature range than those of the standard specifications, 

especially more pronounced in the mid to high-temperature 

range. 

 
(a) Specimen 1 

 
(b) Specimen 2 

 

Figure 8. Thermal expansion stress curves of prefabricated 

box culvert specimens under three-dimensional stress state 

 

Analyzing the data in Figure 8 reveals that the two 

specimens exhibit different patterns of change in thermal 

expansion stress over time in a-direction and b-direction. The 

data shows that the thermal expansion stress of both specimens 

reflects the complex behavior of prefabricated box culvert 

materials under a three-dimensional stress state. In 

engineering design and analysis, it is important to consider this 

type of non-linearity and directional dependency. Specifically, 

the stress decrease phenomenon in the a-direction for 

Specimen 2 requires further research to determine its cause, 

and this behavior should be considered in design implications. 

Meanwhile, the trend towards stability in the b-direction 

indicates that the material or structural design in this direction 

is more robust. This information is very useful for predicting 

and enhancing the performance of prefabricated box culverts 

in thermal environments. 

Figure 9 displays a comparison between the theoretical 

values of thermal expansion stress and multiple experimental 

values of prefabricated box culvert specimens at different 

temperatures. The data indicates that both theoretical and 

experimental values show a general increasing trend with 

rising temperature, yet there are discrepancies in specific 

values. At lower temperatures, experimental values tend to be 

lower than theoretical values, which could be due to initial 

defects in the materials under real conditions or limitations in 

the experimental setup, such as uneven thermal conduction or 

issues with the precision of testing equipment. As the 

temperature increases, experimental values in some cases 

exceed theoretical values, while in other cases, they remain 
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lower. This suggests that the performance of the specimens in 

actual tests is influenced by various factors, including changes 

in the micro-structure of materials, unevenness in the thermal 

environment, or boundary conditions during testing. The 

analysis indicates that prefabricated box culvert specimens 

under three-dimensional stress conditions exhibit a certain 

degree of variability in thermal expansion stress. The 

differences between actual test values and theoretical values 

are due to experimental conditions, specimen preparation 

processes, precision of testing equipment, material 

inhomogeneity, or other unknown factors. In engineering 

applications, this variability needs to be fully considered, 

especially under high-temperature conditions, where materials 

may exhibit behaviors beyond standard theoretical predictions. 

Table 1 presents the thermal expansion stress of two 

specimens in three directions (a, b, c directions) as a function 

of temperature. For both specimens, the thermal expansion 

stress in all directions generally shows an increasing trend with 

rising temperature. This is consistent with the basic theory of 

thermal expansion, which states that a body expands when 

heated, thereby increasing internal stress. For Specimen 1, the 

a-direction exhibits the highest thermal expansion stress at 

600°C (85.234), while the c-direction shows the lowest at the 

same temperature (57.412). The b-direction reaches its peak 

thermal expansion stress at 500°C (52.364) but slightly 

decreases at 600°C. This suggests that under high-temperature 

conditions, the material's thermal stability is lower along the 

a-direction, or the constraints in the a-direction lead to more 

accumulation of thermal stress. For Specimen 2, the thermal 

expansion stress in the a-direction (88.249) is also highest at 

600°C, but compared to Specimen 1, the c-direction shows a 

decrease in thermal expansion stress at 600°C (48.237), 

indicating differences in material uniformity between 

specimens or variations in testing conditions. It can be 

concluded that for both specimens, the thermal expansion 

stress under three-dimensional stress conditions increases with 

rising temperature. However, the degree of increase and the 

final values vary in the three directions, reflecting the 

anisotropy of the material in different directions. 

 

 
 

Figure 9. Comparison of theoretical and experimental values 

of thermal expansion stress of prefabricated box culvert 

specimens under three-dimensional stress state 

 

Table 1. Thermal expansion stress of prefabricated box culvert specimens under three-dimensional stress conditions 

 

Specimen Parameter 
Temperature 

100 200 300 400 500 600 

1 

Thermal Expansion Stress indirection a 8.124 23.562 33.684 48.521 78.234 85.234 

Thermal Expansion Stress indirection b 9.235 21.485 27.421 48.362 51.326 52.364 

Thermal Expansion Stress indirection c 8.245 13.569 32.652 41.259 44.892 57.412 

2 

Thermal Expansion Stress indirection a 7.486 21.528 34.632 55.634 72.314 88.249 

Thermal Expansion Stress indirection b 7.235 22.367 23.684 41.758 43.269 55.238 

Thermal Expansion Stress indirection c 7.895 18.325 25.134 33.269 45.953 48.237 

 

                    
                             (a) Corner cracks                                                         (b) Continuous and discontinuous cracks 

 

Figure 10. Comparison of crack fracture rates in specimens with high and low thermal expansion coefficients 

 

Figure 10 lists the fracture rates of corner cracks, and 

continuous and discontinuous cracks for prefabricated box 

culvert specimens of different ages under conditions of 

varying thermal expansion coefficients. As shown in Figure 

10-a, specimens under high thermal expansion coefficient 

conditions are more prone to corner crack fractures, especially 

as they age, with a significant increase in fracture rates. This 

aspect should be considered in design and material selection. 

Under low thermal expansion coefficient conditions, the 

fracture rates are lower and the trend of increase with age is 

not as pronounced, becoming significant only in older culverts 

(over 30 years). In engineering design and maintenance 
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strategies, particular attention should be paid to culverts in the 

middle or later stages of their lifespan and with high thermal 

expansion coefficients, as these structures are more prone to 

cracking. Frequent inspections, maintenance, and 

reinforcement measures are necessary for culverts with higher 

thermal expansion coefficients to ensure their structural safety 

throughout the design life. Figure 10-b shows that under high 

thermal expansion coefficient conditions, the fracture rates 

generally increase with the age of the culvert. This trend is 

particularly noticeable under conditions >6.0, indicating that 

higher thermal expansion coefficients lead to greater 

accumulation of thermal stress, increasing the propensity for 

crack development. The highest fracture rates occur in 

prefabricated box culverts at 30 and 40 years, due to material 

degradation from long-term thermal cycling or internal 

stresses reaching a critical point where continuous cracks form. 

Under low thermal expansion coefficient conditions, fracture 

rates are relatively lower, especially in younger culverts (5 to 

15 years). However, as the culvert ages, fracture rates also 

show an increasing trend, as even lower thermal expansion can 

accumulate over time, causing damage. A sudden increase in 

fracture rates at 25 years under low thermal expansion 

coefficient conditions emphasizes that even with low thermal 

expansion coefficients, thermal stress can exceed the 

material's durability over time. 

The fracture rate data indicate that the thermal expansion 

behavior of box culvert specimens significantly impacts their 

structural stability. As prefabricated box culverts age, the risk 

of crack development increases due to material degradation 

and the cumulative effect of thermal stress, even under low 

thermal expansion coefficient conditions. High thermal 

expansion coefficients exacerbate this issue, making cracks 

more likely to develop earlier and with higher fracture rates, 

especially as the culverts reach middle to later ages. In 

engineering design and maintenance, these findings 

underscore the importance of considering thermal expansion 

coefficients in predicting and enhancing the stability of box 

culvert structures. Suitable materials should be selected, and 

preventive measures should be taken during design to 

minimize stress caused by thermal expansion. Proper 

inspections and maintenance throughout the structure's 

lifecycle are crucial for monitoring crack development and 

implementing timely repairs. 

 

Table 2. Test results of internal damage in prefabricated box culvert specimens 

 

Specimen Number 
Pre-Experiment Ultrasonic 

Velocity 

Post-Experiment Ultrasonic 

Velocity 

Degree of 

Damage 

Average Degree of 

Damage 

Specimen 1 

Measure 

point 1 
6.895 6.582 0.04 

0.39 

Measure 

point 2 
4.897 2.789 0.42 

Measure 

point 3 
4.489 2.124 0.53 

Measure 

point 4 
3.885 1.895 0.51 

Measure 

point 5 
3.562 1.783 0.48 

Measure 

point 6 
3.612 2.236 0.42 

Measure 

point 7 
4.325 2.843 0.32 

Measure 

point 8 
4.692 3.561 0.22 

Measure 

point 9 
3.785 2.134 0.42 

Specimen 2 

Measure 

point 1 
6.395 5.124 0.2 

0.19 

Measure 

point 2 
4.125 4.236 0.03 

Measure 

point 3 
4.128 3.568 0.11 

Measure 

point 4 
3.692 2.568 0.29 

Measure 

point 5 
3.369 3.366 0.01 

Measure 

point 6 
4.125 4.127 0.04 

Measure 

point 7 
4.023 2.689 0.33 

Measure 

point 8 
4.625 3.265 0.28 

Measure 

point 9 
3.369 2.625 0.22 

Table 2 provides the test results of ultrasonic velocities 

before and after the experiment for two prefabricated box 

culvert specimens, along with their calculated degrees of 

damage. The table shows that Specimen 1 has a significantly 

higher average degree of damage compared to Specimen 2. 

This suggests that Specimen 1 experienced more severe 

damage during manufacturing, usage, or testing, or there were 

inherent defects in the original materials. The thermal 
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expansion behavior of prefabricated box culverts leads to 

internal damage, particularly if the material has a high thermal 

expansion coefficient or the thermal expansion is uneven, 

which can generate substantial thermal stresses within the 

material, exacerbating damage and the formation of cracks. 

The higher degree of damage in Specimen 1 indicates that if 

this specimen represents a particular type of box culvert 

material or structure, then this type of culvert requires extra 

attention to ensure its long-term structural stability. It may 

necessitate more frequent monitoring and maintenance, or 

improvements in design and material selection to reduce the 

impact of thermal stresses on the structure. From an 

engineering application perspective, these test results 

underscore the importance of considering thermal expansion 

behavior in the design and material selection of prefabricated 

box culverts, as well as the necessity of regular assessment and 

monitoring of the structural health of culverts. Appropriate 

design and maintenance measures can help extend the lifespan 

of the culverts and ensure their safe operation. 

 

 

5. CONCLUSION 

 

This study focuses on systematically testing and validating 

the thermal expansion behavior of prefabricated box culverts 

and its impact on structural stability. Through experimental 

measurements, the study evaluated the triaxial linear thermal 

expansion strain and the average linear thermal expansion 

coefficient of prefabricated box culverts under three-

dimensional stress conditions. These experiments were 

conducted by testing culvert specimens under various 

temperature conditions, revealing the thermal expansion 

behavior of the culvert materials in three principal directions. 

The comparison of experimental results with theoretical 

predictions validated the accuracy of the thermal expansion 

coefficients under three-dimensional stress conditions. 

Observed differences between thermal expansion stress in 

experiments and theoretical models are attributed to material 

inhomogeneity, testing conditions, or the complexity of 

boundary conditions in the experiments. The study developed 

a temperature-stress coupling model, simulating the variation 

of thermal stress in prefabricated box culverts under different 

temperature conditions. Analysis of this model revealed the 

potential impact of temperature changes on the structural 

stability of culverts, especially in long-term engineering 

applications. The in-depth analysis of the thermal stress 

variation patterns under different temperature conditions and 

their impact on structural stability shows that the magnitude 

and variation pattern of thermal expansion coefficients are 

crucial for understanding and predicting structural behavior. 

This research provides new theoretical foundations and 

methodologies for engineering design and safety assessment. 

Accurate prediction of thermal expansion behavior allows for 

the optimization of culvert design, preventing structural 

damage due to temperature changes, thereby enhancing the 

safety and durability of the structure. The importance of 

considering thermal expansion behavior in the design and 

assessment process of prefabricated box culverts is 

emphasized in this study. Thermal expansion stress 

significantly affects structural stability, particularly under 

extreme temperature conditions or long-term cyclic loading. 

The combination of experimental results and theoretical 

analysis offers tools for predicting and managing these thermal 

stresses, which is vital for ensuring the long-term stability and 

safety of culvert structures. In engineering practice, these 

findings can guide more rational design choices and 

maintenance strategies, ensuring the structure remains 

functional and safe throughout its expected lifespan. 

 

 

REFERENCES  

 

[1] Zhang, C., Wu, Q., Wang, H., Zhou, H., Cao, S., Cai, C., 

Peng, X.D., Ma, H. (2021). Application of strain 

monitoring of box culvert structure in box culvert push 

construction. In 4th International Symposium on Power 

Electronics and Control Engineering (ISPECE 2021), 

12080: 996-1000. https://doi.org/10.1117/12.2620282 

[2] Lu, X., Liu, Y., Zhang, L. (2021). Research on 

deformation characteristics of tunnel box culvert 

structure under different construction loads. In IOP 

Conference Series: Earth and Environmental Science, 

634(1): 012136. https://doi.org/10.1088/1755-

1315/634/1/012136 

[3] Zhang, Z.G., Xia, Z.H., Han, M.J., Wang, X., You, X.P. 

(2022). A new joint waterproof structure of adhesive 

anchor sealing type for super large frame box culvert and 

its engineering application. World of Mining - Surface 

and Underground, 74(3): 168-172.   

[4] Gong, Y.F., Pang, Y.Z., Wang, B., Tan, G.J., Bi, H.P. 

(2021). Mechanical properties of new prefabricated box 

culvert structure based on road conditions in Jilin 

Province. Jilin Daxue Xuebao (Gongxueban)/Journal of 

Jilin University (Engineering and Technology Edition), 

51(3): 917-924. 

http://xuebao.jlu.edu.cn/gxb/EN/Y2021/V51/I3/917.  

[5] Ozturk, K.F., Cakir, T., Araz, O. (2022). A comparative 

study to determine seismic response of the box culvert 

wing wall under influence of soil-structure interaction 

considering different ground motions. Soil Dynamics 

and Earthquake Engineering, 162: 107452. 

https://doi.org/10.1016/j.soildyn.2022.107452  

[6] Li, Q., Sun, H., Wang, M., Liu, P. (2022). Effects of 

moisture content and heating temperature on the thermal 

expansion deformation of concrete. Structural Concrete, 

23(4): 2301-2312. 

https://doi.org/10.1002/suco.202100088  

[7] Pan, J., Liu, J., Zhang, L., Liu, X., Li, B. (2023). 

Prediction of thermal expansion coefficient of fiber-

reinforced cement concrete based on micromechanics 

method. Applied Physics A, 129(8): 531. 

https://doi.org/10.1007/s00339-023-06800-0 

[8] Tsolakis, E., Kalligeros, C., Tzouganakis, P., 

Koulocheris, D., Spitas, V. (2021). A novel experimental 

setup for the determination of the thermal expansion 

coefficient of concrete at cryogenic temperatures. 

Construction and Building Materials, 309: 125134. 

https://doi.org/10.1016/j.conbuildmat.2021.125134 

[9] Slyusarenko, Y., Tytarenko, V., Kosheleva, N., et al. 

(2023). Experimental solving the problem of the shelter 

object reinforced concrete structures thermal expansion. 

In International Symposium of the International 

Federation for Structural Concrete, pp. 1683-1693. Cham: 

Springer Nature Switzerland. 

https://doi.org/10.1007/978-3-031-32511-3 

[10] Cao, X. (2021). A multiscale model for predicting the 

coefficient of thermal expansion of concrete. AIP 

1451



 

Advances, 11(11): 115206. 

https://doi.org/10.1063/5.0071677 

[11] Ghasbeh, E., Ghoddousi, P., Shirzadi Javid, A.A. (2021). 

Modeling concrete thermal expansion based on packing 

density theory. Scientia Iranica, 28(4): 2087-2100. 

https://doi.org/10.24200/SCI.2021.56121.4558 

[12] Wang, H., Zhao, X., Deng, Y. (2023). Examining the 

influence of thermal stress on the seismic resilience of 

prefabricated box culverts. International Journal of Heat 

& Technology, 41(5): 1264-1272.  

[13] Gong, Y.F., Wu, S.Z., Bi, H.P., Tan, G.J. (2023). 

Temperature field and frost heaving analysis of 

prefabricated box culvert based on field monitoring. Jilin 

Daxue Xuebao (Gongxueban)/Journal of Jilin University 

(Engineering and Technology Edition), 53(8): 2321-

2331. https://doi.org/10.13229/j.cnki.jdxbgxb.20211083 

[14] Fu, Y.N., He, Z.P. (2012). Concrete crack control 

technology in Chongqing inch container terminal box 

letter of application in engineering. Applied Mechanics 

and Materials, 217: 161-164.  

[15] Park, J.Y., Sohn, D. S., Lee, J.H., Kim, S.H., Jeong, J.H. 

(2015). Influence of box culverts on behavior of jointed 

concrete pavements. Journal of Performance of 

Constructed Facilities, 29(2): 04014053. 

https://doi.org/10.1061/(ASCE)CF.1943-5509.0000518 

[16] Long, H., Han, Z., Jiang, S., Zheng, E., Zhang, Y., Zhu, 

Y., Wang, Y. (2023). Dynamic error modeling, analysis 

and compensation of planar flexible multilink 

mechanism for high-speed precision presses considering 

the thermal expansion effect of sliding and angular 

contact ball bearings. Nonlinear Dynamics, 111(22): 

20793-20819. https://doi.org/10.1007/s11071-023-

08923-8 

[17] Cheng, Q., Zhang, H., Zhang, T., Li, Y., Xu, J., Liu, Z. 

(2023). Prediction method of precision deterioration of 

rolling guide under multi-random parameters based on 

frictional thermal expansion effect. Tribology 

International, 189: 108883. 

https://doi.org/10.1016/j.triboint.2023.10888   

[18] Liu, B., Ma, X., Xing, X., Tan, J., Peng, W., Zhang, L. 

(2022). Quantitative evaluation of environmental loading 

products and thermal expansion effect for correcting gnss 

vertical coordinate time series in Taiwan. Remote 

Sensing, 14(18): 4480. 

[19] Miao, C., Shi, C. (2013). Temperature gradient and its 

effect on flat steel box girder of long-span suspension 

bridge. Science China Technological Sciences, 56: 1929-

1939. https://doi.org/10.1007/s11431-013-5280-8 

[20] Zhao, P., Ye, J. (2019). Analysis of transverse 

temperature effects on the deck of box girder with 

corrugated steel webs. Journal of Harbin Engineering 

University, 40(5): 974-978.   

[21] Sheng, X.W., Zheng, W.Q., Zhu, Z.H., Yang, Y., Li, S. 

(2019). Solar radiation time-varying temperature field 

and temperature effect on small radius curved rigid frame 

box girder bridge. Jiaotong Yunshu Gongcheng 

Xuebao/Journal of Traffic and Transportation 

Engineering, 19(4): 24-34. 

https://doi.org/10.19818/j.cnki.1671-1637.2019.04.003 

[22] Molelputhenpura, K.M., Nath, N.K., Adel, K., Awadhi, 

I.A. (2016). Out of box approach to ensure the integrity 

of aged pipelines protection culverts. In Abu Dhabi 

International Petroleum Exhibition and Conference, 

D031S081R006. https://doi.org/10.2118/183075-MS 

 

1452




