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To avoid defects in concrete structure caused by the particularity of structure, the 

complexity of construction process and the contingency of human operation in the track 

construction process, it is necessary to conduct comparative tests on the workability, 

strength, adiabatic and semi-adiabatic properties, free shrinkage, durability index and crack 

resistance of concrete before pouring. At present, in the field of track traffic, the study on 

establishing the thermal damage model of mass track concrete considering the thermal load 

is relatively lacking. The existing models do not take into account the thermal damage 

caused by cement hydration at the initial stage of construction of track concrete structures, 

and the study on thermal-mechanical coupling analysis at the initial stage of construction 

is also relatively rare. To this end, this article studies the thermal-mechanical coupling 

analysis and study on thermal damage of track concrete. It makes the thermal analysis of 

track concrete at the initial stage of construction by using the direct thermal-mechanical 

coupling analysis technology. That’s, based on the updated Lagrange method, the track 

concrete thermal coupling equation at the initial stage of construction is constructed. Based 

on the damage model and direct thermal coupling analysis of track concrete, it builds a 

thermal damage model suitable for track concrete at the initial stage of construction. The 

results of thermal coupling analysis of track concrete and thermal damage mechanism 

analysis at the initial stage of construction are given to verify the effectiveness of the 

proposed analysis method. 
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1. INTRODUCTION

Track concrete, as the main load-bearing structural material, 

is also widely used in track traffic [1-6]. By virtue of its 

supporting, waterproof, anti-corrosion and other functions, it 

is widely used in structures such as shield segments, secondary 

lining of tunnels and main body of stations [7-11]. Concrete 

used in track traffic construction is often divided into two 

types, one is structural durability C40 concrete for ballast 

pouring, and the other is C30 ordinary concrete for transition 

section laying [12-19]. No matter which kind of concrete, its 

workability, strength, adiabatic and semi-adiabatic properties, 

free shrinkage, durability index and crack resistance shall be 

determined by comparative tests before pouring, in order to 

avoid defects in concrete structure caused by the particularity 

of structure, the complexity of construction process and the 

contingency of human operation in the track construction 

process [20-26]. Therefore, the study on the performance of 

track concrete is the hot pot and focus of safe operation of track 

traffic project. 

Early damage of baseplate may lead to safety and durability 

problems of plate-type ballastless track. However, the research 

on the early damage mechanism of CRTS III ballastless track 

baseplate is very limited, which is very common in practice. 

Zhang et al. [27] establishes a thermal-mechanical model to 

study the early damage behavior of concrete in baseplate. The 

effects of curing method, demoulding time, demoulding 

temperature, steel bar diameter and longitudinal continuous 

length are considered. Lee et al. [28] analyzed the performance 

of railway ultrahigh track system by using the railway load 

system built by Korea Railroad Research Institute. There are 

two main loading stages, including static loading and cyclic 

loading. A hot air purge system is installed around the bevel 

track to keep the temperature of the asphalt concrete core 

constant. On the whole, the result of full-scale test stand 

confirms the positive applicability of railway ultrahigh track. 

In order to clarify the refreezing process of bored piles, a 

temperature-tracked concrete hydration model is established 

in Gao et al. [29]. The applicability of bored piles in 

permafrost regions is discussed based on the initial refreezing 

time (IRT) of at least 30 at the pile side. The result shows that 

IRT increases with the increase of mean annual ground 

temperature (MAGT), frozen soil ice content, concrete 

forming temperature and pile diameter. 

Any change in temperature changes the size of concrete 

structure and induces thermal stress. Revilla-Cuesta et al. [30] 

tested a reference self-compacting concrete (SCC) mixture 

made of 100% coarse natural aggregate and fine natural 

aggregate and three SCC mixtures containing 100% coarse 

RCA and/or fine RCA to replace natural aggregate. The 

mixture is subjected to five thermal tests designed for positive, 

negative, constant and periodic extreme ambient temperature 

changes up to −15°C and 70°C, respectively. The results of the 

tests result in a recommended linear coefficient of thermal 

expansion of 1.2·10−5°C−1 for the calculation of SCC 

containing RCA under these extreme environmental 
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conditions. A thermal-mechanical damage model based on 

dimensional analysis is established in Sun [31] to describe the 

softening behavior of concrete materials at high temperature. 

The iterative process of damage renewal is coupled in the 

finite element method (FEM) based on modified continuous 

damage mechanics (CDM) to simulate the thermal damage 

process of concrete materials. The results show that the model 

and method can be used to study the thermal-mechanical 

behavior of concrete materials at high temperature and the 

calculation efficiency is high. 

By combing and summarizing the existing literatures, it is 

found that some achievements have been made in the research 

of thermal fatigue and thermal expansion of track concrete 

considering thermal load. Experts and scholars at home and 

abroad have established many concrete thermal response 

models according to the actual situation of specific concrete 

application scenarios. However, in the field of track traffic, the 

study on establishing the thermal damage model of mass track 

concrete considering the thermal load is relatively lacking. The 

existing models do not take into account the thermal damage 

caused by cement hydration at the initial stage of construction 

of track concrete structures, and the study on thermal-

mechanical coupling analysis at the initial stage of 

construction is also relatively rare. Therefore, the thermal-

mechanical coupling analysis and study on thermal damage of 

track concrete are carried out in this article. In the second 

chapter, the direct thermal coupling analysis technology is 

used to carry out thermal analysis of track concrete at the 

initial stage of construction. That is, based on the updated 

Lagrange method, the track concrete thermal coupling 

equation at the initial stage of construction is constructed. In 

the third chapter, based on the damage model and direct 

thermal coupling analysis of track concrete, a thermal damage 

model suitable for track concrete at the initial stage of 

construction is constructed. At last, the results of thermal 

coupling analysis of track concrete and thermal damage 

mechanism analysis at the initial stage of construction are 

given to verify the effectiveness of the proposed analysis 

method. 

 

 

2. DIRECT THERMAL-MECHANICAL COUPLING 

ANALYSIS OF TRACK CONCRETE 

 

Thermal decoupling is the most common method in thermal 

coupling analysis. In this article, the direct thermal coupling 

analysis technology is used to carry out thermal analysis of 

track concrete at the initial stage of construction. That is, based 

on the updated Lagrange method, the track concrete thermal 

coupling equation at the initial stage of construction is 

constructed. The set shape is updated at the time of each 

increment based on the idea of iteration, the equivalent 

temperature field of concrete is deduced based on the obtained 

Lagrange heat conduction equation, and the related equations 

are obtained. Finally, the force balance equation is solved by 

nonlinear iteration, and if the iteration process tends to 

converge, the analysis of the next increment begins. 

This analysis method can solve heat conduction and force 

balance problems of track concrete at the initial stage of 

construction. It is assumed that the track concrete structure 

analyzed at the initial stage of construction consists of a 

continuous medium. Its boundary is denoted by R, volume by 

U, velocity field by ui. density by σ, given internal energy by 

V, given volume heat flow by W, given volume force by yi, the 

boundary force per unit area by ei and the intensity of heat flow 

per unit area on the boundary by F, then the following energy 

conservation equation can be constructed: 
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An integral balance equation may also be constructed as 

follows: 
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Assuming that the Cauchy stress component is expressed by 

εij and the unit normal direction of the surface R is expressed 

by mi, the pressure per unit area of track concrete at the initial 

stage of construction is characterized based on the Cauchy 

stress: 

 

i i ije m=  (3) 

 

Combining Eq. (1) with Eq. (2), the energy conservation 

equation based on thermal coupling can be constructed as 

follows: 

 

i i
ij

ju R

u u
W dU FdR

a
 



    
− + =  
    

   (4) 

 

The displacement equation of track concrete structure to be 

satisfied at the initial stage of construction under the virtual 

work principle is given as follows: 
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When the direct thermal-mechanical coupling analysis 

technology of Lagrange method is applied to solve the 

thermal-mechanical coupling problem of track concrete at the 

initial stage of construction, each increment needs to be 

analyzed based on the iteration equilibrium equation and 

energy conservation equation. Assuming that the stress 

deviator is expressed by Rij, the equivalent stress is expressed 

by ε', and the equivalent plastic strain is expressed byρ', the 

following equation is given to characterize the 

thermoelasticity of track concrete based on Mises yield 

criterion: 

 

( )2 21 1
, 0

2 3
ij ijG R R O  = − =  (6) 

 

If the plastic strain flow during cement hydration of track 

concrete at the initial stage of construction should satisfy dG=0, 

then: 
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The superposition of elastic strain, plastic strain and thermal 

strain is defined as the total incremental strain of track 

concrete at the initial stage of construction, and the equation is 
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given as follows: 

 
p w e of

ij ij ij ij ij    
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    
= + +
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 (8) 

 

The following gives the equation that needs to be satisfied 

for materials of the same strain in different directions: 

 

( ) p

ij ijlk lkC O =  (9) 

 

If the above two equations are combined, the equation for 

calculating the stress change rate of track concrete is: 
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At the initial stage of construction, the temperature 

increment during the cement hydration of track concrete 

occurs in an extreme time and is unknown, but since the right 

side of the above equation is a function of temperature change 

rate. Therefore, the approximate value of temperature of track 

concrete during cement hydration can be obtained based on the 

method of alternating iteration. If thermal-elastic-plastic 

problem of large deformation appears in the cement hydration 

process of concrete, the thermal-mechanical coupling analysis 

needs to adopt the following stress change rate form. 

Assuming that Jaumann stress rate is represented by εJ
ij and 

deformation rate is represented by C, then: 

 
J

ij ijlk lk lkK C f O = +  (11) 

 

If the track concrete structure U is known, the energy 

conservation equation based on thermal-mechanical coupling 

can be transformed into a decoupled form as follows: 
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Assuming that the surface heat flow during the cement 

hydration process of track concrete at the initial stage of 

construction is expressed by wimi=F, and the outer normal 

direction of the surface is expressed by mi, then: 
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If the track concrete material follows Fourie: heat 

conduction law, then: 
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Figure 1 and Figure 2 show the variation curves of thermal 

conductivity and specific heat of track concrete under different 

temperatures. As can be seen from the figures, the variation 

curves corresponding to different thermal conductivity 

formulas can all reflect the basic trend of thermal conductivity 

of track concrete changing with temperature, that is, the higher 

the temperature is, the smaller the thermal conductivity of 

track concrete is. The variation curves corresponding to 

different specific heat formulas reflect the same change trend 

of specific heat of track concrete, that is, most of the specific 

heat calculation results increase with the rise of temperature 

until they tend to be stable. If the influence of elastic strain 

energy on the thermal conductivity of track concrete during 

cement hydration, there is the following temperature function 

expression: 

 

CV CdO

C C 
=  (15) 

 

 
 

Figure 1. Variation curves of thermal conductivity of track 

concrete under different temperatures 

 

 
 

Figure 2. Variation curves of specific heat of track concrete 

under different temperatures 

 

Assuming that the specific heat of concrete material is 

expressed by d and the Galerkin method weight function is 

expressed by h, the following equations give the equivalent 

form of solving the decoupled form of energy conservation 

equation by Galerkin method with weighted residuals: 
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When calculating the temperature field of track concrete in 

the process of cement hydration, it is assumed that the plastic 

power is expressed by ∂Qe/∂φ, and the proportion of plastic 

work converted into heat flow in the whole plastic work is 
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expressed by g, the following equation gives the heat-enthalpy 

expression converted into plastic dissipation work of track 

concrete: 

 
ER Q

O g
 

 
=

 
 (18) 

 

The surface heat flow generated by plastic work of track 

concrete is converted into volume heat flow, then: 
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3. ESTABLISHMENT OF THERMAL DAMAGE 

MODEL OF TRACK CONCRETE 

 

Because of the hydration of cement, the variable 

temperature load, which rises first and then cools down, is the 

main reason for the damage of track concrete structure at the 

initial stage of construction. At present, there are few thermal 

damage models of track concrete that can be used in 

engineering practice. Based on the analysis results of damage 

model and direct thermal-mechanical coupling of track 

concrete, this article builds a thermal damage model of track 

concrete suitable for initial construction. 

It is very difficult to measure and quantify the damage 

degree of damaged concrete materials in practice. Only by 

using the strain equivalence principle to measure indirectly 

can we get more accurate quantitative results. In this article, 

the concept of effective stress is introduced into the study of 

elastic deformation mechanism of damaged track concrete 

materials at the initial stage of construction, and it is applied 

to the elastic strain ρ and equivalent stress ε of concrete 

materials. 

The strain produced by default equivalent stress ε acting on 

damaged track concrete at the initial stage of construction is 

equal to the strain produced by effective stress acting on 

nondestructive track concrete. Assuming that the elastic 

modulus of damaged track concrete material is expressed by 

P=(1-C)P, then: 

 

( )1P P C P
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 = = =

−
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( )1 C O = −  (21) 

 

The constitutive relation of damaged track concrete material 

in one-dimensional problem is revealed by the above formula. 

The elastic modulus is satisfied by P: 
 

1
P

C
P

= −  (22) 

 

If ε=(1-C)Pρ is differentiated, then:  
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d dP dC

C P C P
d d d


 

  
= − + − −  (23) 

 

In the process of thermal damage test of track concrete, the 

load is removed immediately after the increased load reaches 

the preset threshold, and the thermal damage of track concrete 

during the loading-removing process is completely 

irreversible by default, then dC/dρ=0, which meets the 

following requirements: 
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C P
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In combination with Formula 20, then: 
 

d
P

d




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From the above analysis, it can be seen that the stress-strain 

ratio of damaged track concrete when the load is removed 

represents its elastic modulus P. Therefore, the size of P can 

be determined by the tensile loading-unloading test of track 

concrete, and the damage variable C of track concrete can be 

further obtained. Or the analytic curve of ε-ρ is further drawn 

from the measured ε-ρ relationship curve; then P is obtained 

based on dε/dρ, and C is further obtained. 

P in the damage evolution equation of track concrete 

mentioned above is equivalent strain, so in theory ε is the 

comprehensive superposition ρTOTAL under various loads in the 

damage evolution process, including dead loads such as 

concrete deadweight, earth pressure and prestress; live loads 

such as temperature load, crane load, wind load and snow load; 

accidental loads such as earthquake and impact force. The 

ρTOTAL expression is as follows: 
 

TOTAL ST CH AC   = + +  (27) 

 

According to the above formula, in the damage evolution 

analysis of track concrete, it is only necessary to obtain a 

certain strain at a certain position of the track concrete at a 

certain time for the quantitative value of the damage at that 

position through deduction. This way of solving the problem 

of quantifying the damage degree by constructing the 

relationship between material strain and damage in the process 

of damage evolution of track concrete is not only simple in 

calculation, but also has practical and reliable theoretical basis 

as well as high practical application value. 

The research object of this article is the thermal damage of 

track concrete, so this article only considers the temperature 

load of track concrete structure, that’s, ρST=ρAC=0, ρCH=ρO, so 

according to the above formula, it can be obtained: 
 

TOTAL CH O  = =  (28) 

 

Based on ρTOTAL, the thermal damage model of track 

concrete based on exponential function is constructed, and the 

model expression is given by the following formula: 
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4. TEST RESULTS AND ANALYSIS  

 

Two kinds of concrete are used for the track concrete 

samples tested in this article, one is structural durability C40 

concrete used for ballast pouring, and the other is C30 ordinary 

concrete used for foundation of transition section. Table 1 

gives the test results of compressive strength of concrete 

specimens. It can be seen from the table that with the increase 

of temperature, the compressive strength of the two kinds of 

track concrete decreases first and then increases, which is 

because the outside temperature is too low at first, which can't 

make the track concrete lose its strength, but accelerates the 

hydration speed of track concrete cement. Until the high 

temperature can destroy the structure of concrete, it will lead 

to temperature deformation and internal and external stress 

between aggregate and cement slurry in concrete, which will 

accelerate the development of thermal damage of concrete. 

Figure 3 shows the curves of compressive strength of concrete 

specimens under different temperature conditions.  

 

Table 1. Test results of compressive strength of concrete 

specimens 

 
Concrete 

type 

Specimen 

No. 

Compressive 

strength 

Strength 

discount rate 

C40 

C40-1 46.4 1 

C40-2 49.3 1.062 

C40-3 42.8 0.925 

C40-4 29.5 0.634 

C40-5 46.6 0.996 

C30 

C30-1 44.8 0.971 

C30-2 38.6 0.834 

C30-3 27.3 0.588 

C30-4 45.1 0.974 

 

 
 

Figure 3. Variation curves of compressive strength of 

concrete specimens under different temperature conditions 

 

The tensile strength of track concrete is the key factor to the 

thermal damage of concrete under thermal stress. Table 2 

gives the test results of tensile strength of concrete specimens. 

It can be seen from the table that the tensile strength of track 

concrete which is more affected by temperature does not 

decrease first and then increase with the increase of 

temperature, which is mainly due to the different causes of 

concrete damage under compressive and tensile tests. 

Different from compressive test, it’s easier to further develop 

the surface damage of high temperature track concrete under 

concentrated load of cushion blocks at both ends. In order to 

reduce the sudden change in temperature caused by cement 

hydration of track concrete, cold air treatment is carried out in 

this article. The increase in damage quantity of uncooled 

concrete specimens is always below that of cooled concrete 

specimens, and the higher the temperature is, the more obvious 

the difference of damage quantity is. The results of 

compressive and tensile tests are basically consistent, which is 

also consistent with the conclusions given in other references. 

Figure 4 shows the variation curves of tensile strength of 

concrete specimens under different temperature conditions.  

 

Table 2. Test results of tensile strength of concrete 

specimens  

 
Concrete 

type 

Specimen 

No. 

Tensile 

strength 

Strength 

discount rate 

C40 

C40-1 398 1 

C40-2 3.12 0.778 

C40-3 2.15 0.534 

C40-4 1.56 0.387 

C40-5 2.93 0.726 

C30 

C30-1 2.94 0.735 

C30-2 1.86 0.453 

C30-3 0.97 0.242 

C30-4 2.68 0.668 

 

 
 

Figure 4. Variation curves of tensile strength of concrete 

specimens under different temperature conditions 

 

 
 

Figure 5. Cross-section temperature field of 300°C high 

temperature track concrete specimens  
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Figure 6. Cross-section temperature field of 500°C high 

temperature track concrete specimens 

 

Figures 5 and 6 show the temperature distribution at 

different measuring points of 300°C high temperature track 

concrete specimen section. The concrete position distributes in 

the track concrete cover, the cross-section symmetry axis and 

the area between the cover and the symmetry axis, and the 

distribution position is relatively uniform. As can be seen from 

Figures 5 and 6, the temperature inward from the track 

concrete surface decreases in turn along its cross-sectional 

width and height direction, and the closer to the surface, the 

greater the temperature difference between measuring points 

is. The change trend of broken lines corresponding to different 

initial construction periods is first reduced and then tends to be 

flat, which shows that the temperature rises rate of measuring 

points closer to the track concrete surface is faster, which is 

basically consistent with the previous analysis. Based on the 

temperature field distribution of the specimen interface and the 

mechanical properties of the track concrete at the initial stage 

of construction, the residual bearing capacity of the track 

concrete at the initial stage of construction at high temperature 

can be further calculated, and the high temperature resistance 

limit of the track concrete can be estimated. 

 

 
 

Figure 7. Deflection curve of concrete specimen under 

flexural load 

 

Figure 7 shows the deflection curve of concrete specimen 

under flexural load. Combined with the failure process of track 

concrete, this article compares the load-deflection curves of 

various specimens under different temperature conditions, 

which shows that the evolution law of damage degree and 

deflection is basically consistent, but there are also differences 

under different temperature conditions. The load-deflection 

curve of track concrete shows a straight upward trend before 

the damage occurs, and the curve shows obvious rotation angle 

when the damage occurs, which shows that the stiffness of 

track concrete decreases after the damage occurs. After high 

temperature, the track concrete is damaged seriously, and the 

damage develops rapidly, and the number is increasing 

cumulatively. During the construction period, the track 

concrete appears thermal damage earlier, which makes it 

difficult to bear greater load.  

 

 
 

Figure 8. Damage width data of track concrete at 300°C 

 

 
 

Figure 9. Damage width data of track concrete at 500°C 

 

This article experimentally counts the pure temperature 

damage width data of track concrete, and the specific 

statistical results are given in Figures 8 and 9. It can be seen 

from the figures that there is a certain regularity in the thermal 

damage width of track concrete after high temperature. The 

damage width is between 0.025 mm-0.095 mm at 300°C and 

between 0.175 mm-0.260 mm at 500°C, and the thermal 

damage tends to be serious. 

In the process of heating test, the track concrete specimens 

appear several bursts, with certain laws in bursting 

temperature, bursting time, bursting duration, bursting damage 

form, etc. Table 3 gives the occurrence and evolution law of 

bursting damage. 

It can be seen from the table that the track concrete 

specimens are prone to burst at about 500°C, and the burst 

usually occurs in about 30 minutes and lasts for about 20 

minutes at the heating rate of 12°C/min-13°C/min. It is mainly 

caused by the difference of temperature rise rate and cement 

hydration cooling mode. 
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Table 3. Occurrence and evolution of burst damage 

 
Test temperature Frequency Bursting temperature Bursting time Bursting duration Maximum volume failure rate 

500°C 4 445 30.9 23.9 35% 

700°C 4 509 35.7 4.5 43% 

900°C 2 432 29.6 - 24% 

 

 

5. CONCLUSION 

 

This article studies the thermal-mechanical coupling 

analysis and study on thermal damage of track concrete. It 

makes the thermal analysis of track concrete at the initial stage 

of construction by using the direct thermal-mechanical 

coupling analysis technology. That’s, based on the updated 

Lagrange method, the track concrete thermal coupling 

equation at the initial stage of construction is constructed. 

Based on the damage model and direct thermal coupling 

analysis of track concrete, it builds a thermal damage model 

suitable for track concrete at the initial stage of construction. 

It carries out the compressive and tensile tests of track concrete 

specimens, gives the experimental analysis results, and draws 

the curves of compressive strength and tensile strength of 

concrete specimens under different temperature conditions. It 

shows the temperature distribution at different measuring 

points in the section of 300°C high temperature track concrete 

specimens, and delivers the estimation idea of high 

temperature resistance limit of track concrete. It develops the 

deflection curve of concrete specimens subjected to flexural 

load and counts the pure temperature damage width data of 

track concrete, verifying that the thermal damage width of 

track concrete after high temperature has certain regularity. 

Finally, it concludes the occurrence and evolution laws of 

burst damage, and analyzes the main causes of bursting. 
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