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Abstract: Cracking of early-age concrete can occur in the track beds of high-speed railways due to changes in material properties, 

environmental effects, and construction processes. This is a multi-field, time-varying issue involving hy-

dro-thermo-chemo-mechanical coupling, but to date, research has not adequately described early-age cracking mechanisms in 

track beds, and few risk control measures have been proposed. To solve this problem, we incorporate the hydration degree of 

concrete into multi-field coupling equations for early-age concrete, and set boundary conditions that account for environmental 

influences and various stress factors which typically cause early creep of concrete. A four-field coupled risk prediction model is 

built on hydro-thermo-chemo-mechanical properties, and used to calculate and analyze various time-varying behaviors (including 

the risk and form of cracking) in the hydro, thermo, chemo, and mechanical fields of early-age concrete. Finally, we focus on 

material-related factors (maximum heat of hydration and peak heat release time), environmental factors (temperature difference 

between day and night, average daily cooling rate, and intensity of solar radiation), and construction technique factors (molding 

temperature, pouring time, and thermal insulation coefficient). The influence of these factors on the early-age cracking risk of the 

track bed is analyzed, and risk control measures against early cracking are proposed accordingly.  
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1  Introduction 

 

By the end of 2022, China's railway system had 

an operating mileage of over 155000 kilometers, 

including 42000 kilometers designated for high-speed 

rail Ren et al. (2023). Ballastless tracks are important 

for high-speed railways due to their smoothness, 

stability, and low maintenance requirements. China 

has formed a ballastless track ecosystem comprising 

five types: the CRTS Ⅰ and Ⅱ double-block types, 

and the CRTS Ⅰ, Ⅱ, and Ⅲ  slab types Ren et al. 

(2021). Thanks to its simple structure, accurate and 

stable force transmission, and simple construction 

process, the CRTS Ⅰ double-block track covers the 

most existing mileage in China and has become the 

most popular foundation for new lines. Its structural 

form is detailed in Chapter 1 of the annex. 

For CRTS Ⅰ double-block tracks, cracking in 

the cast-in-place, early-age concrete of track beds is 

typically caused by material degradation, unfavorable 

construction environments, and poor construction 

techniques. For the track bed or sleepers, cracking 

may occur between existing and newly-poured con-

crete, and can form irregularly on the surface of the 

track bed, or regularly on the body of the track bed 

(see Fig. 1). In areas of extreme climate such as 

mountains, deserts, or hot and humid regions, the risk 

of cracking is greater (particularly in the track bed), 

which may cause damage to the track structure and 

threaten its service life. 
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Fig. 1  Cracking in track bed concrete 

 

Early-age cracking of the track bed is not caused 

by external loads, but is instead the result of shrinkage 

induced by changes in temperature and humidity. This 

shrinkage is a multi-field time-varying process that 

couples hydration, heat, humidity, and force, and is 

also affected by material properties and environ-

mental conditions Miao (2018). However, current 

research into the cracking of early-age concrete track 

beds is limited to single metrics, namely temperature 

or humidity (Hu et al., 2018;Zhang et al., 2013), 

which is insufficient for analyzing cracking mecha-

nisms in complex scenarios. We summarize the cur-

rent state of research on multi-field behavior of ear-

ly-age concrete, and evaluate the applicability and 

limitations of existing methods in Chapter 2 of the 

annex. 

Although existing studies have attempted to re-

veal the cracking mechanism of early-age concrete 

structures through hydro-thermo-chemo-mechanical 

coupling models, these measures only suit simple 

structures that are less affected by environmental 

conditions. Thus, they lack the complexity needed to 

analyze double-block ballastless tracks (Gawin et al., 

2006; Breugel, 1995; Schutter, 2002). Overall, there 

is a clear need for a model that can describe the 

time-varying behavior and cracking mechanisms in 

such track beds, thus enabling accurate risk fore-

casting for early-age cracking and better formulation 

of risk control measures. 

 

 

2  Risk prediction model for early-age con-

crete cracking 

To better represent the influence of material 

properties, environmental conditions, and construc-

tion processes on the cracking of early-age concrete, 

we use hydro-thermo-chemo-mechanical coupling 

theory to establish multi-field coupling control equa-

tions and boundary conditions. Through these, we 

develop a feasible expression for the risk coefficient 

of cracking. 

2.1  Calculation method for the hydration field of 

early-age concrete in track beds 

Considering the influence of temperature and 

humidity on the hydration rate of concrete, the hy-

dration field of early-age concrete in the track bed can 

be expressed as (Cervera et al., 2002):  
 

25 TA
t




 





                        (1) 

 

In this equation, α is the degree of hydration, A25 

is the chemical affinity of the track bed concrete at the 

reference temperature of 25 °C, βφ and βT are the 

influence coefficients of humidity and temperature, 

respectively.  Since there are many existing studies on 

concrete hydration fields, more detailed explanation 

of the parameters in Eq. (1) can be found in Chapter 3 

of the annex. Essentially, the temporospa-

tial distribution of hydration degree in the track bed is 

caused by the uneven temporospatial distribution of 

temperature and relative humidity. There is no diffu-

sion process in the hydration field itself, and there is 

no exchange occurring with the external environment. 

Therefore, the only definite solution condition of the 

hydration field is the initial hydration degree, and in 

this study we consider this to be the hydration degree 

when the track bed concrete enters the mold. Since the 

track bed concrete needs to be transported and poured 

into the mold before initial setting, the initial hydra-

tion degree of the track bed is taken as 0.01. 

2.2  Calculation method for the temperature field 

of double-block track beds 

Assuming the heat conduction inside the con-

crete is isotropic and applying the law of conservation 

of energy, the governing equation for the mi-

cro-element temperature field inside the track is: 
 

    + 0h

eff

QT
C T

t t
 


  

 
          (2) 

 

In this equation, (ρC)eff is the equivalent volu-

metric heat capacity of the concrete, λ is the thermal 

conductivity, and Qh is the hydration heat release of 

the cement gelling system. A more detailed discus-

sion of these parameters is provided in Chapter 4.1 of 

the annex. 

For our model, we consider the initial time as the 

moment the track bed concrete enters the mold. 
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Therefore, the initial temperature is the spatial-

ly-distributed temperature of each track component at 

the time of molding. Convective heat transfer, solar 

radiation, radiative heat transfer, and water evapora-

tion are the main forms of heat exchange between the 

early-age track bed and the external environment. The 

above boundary conditions of the temperature field 

are discussed further in Chapter 4.2 of the annex.  

2.3  Calculation method for the humidity field of 

double-block track beds 

In accordance with the law of conservation of 

mass, transported water and water consumed during 

concrete hydration need to be considered. The con-

trolling equation for the humidity field of concrete is 

therefore established as: 
 

       + =0e n

w p sat

dw dw
D P

dt dt
             (3) 

 

Here, wn is the mass of consumed (bound) water 

(kg/m
3
); ζφ is the function of water storage, which 

represents the relationship between relative humidity 

and free water content; Dw is the diffusion coefficient 

of concrete’s relative humidity (m/s
2
); δp is the vapor 

diffusion coefficient in concrete [kg/(m·s·Pa)]; and 

Psat is the saturated vapor pressure at temperature T 

(Pa). Bound water content is expressed as a function 

of the degree of hydration: 
 

0.25n cw m                         (4) 

 

In this equation, mc represents the mass of ce-

ment contained in the unit volume of concrete in the 

track bed. 

The two main factors affecting the relative hu-

midity in concrete are the free water content and the 

porous structure. For the former factor, it is intuitive 

that the higher the free water content, the greater the 

relative humidity. For the latter, the influence on 

relative humidity is multifaceted: i) The larger the 

porosity, the higher the free water content under the 

saturated state of relative humidity. ii) The free water 

in concrete mainly resides in the gel pores and ca-

pillary pores. This means the free water in the gel 

pores can approach humidity saturation when the 

relative humidity is 50% and is difficult to lose; 

concordantly, the water content in the capillary pores 

is low when the relative humidity is 50%, but in-

creases rapidly as the relative humidity increases (see 

Fig. 2). 
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Fig. 2  The relationship between relative humidity and free 

water content 

 

For a mature sleeper or supporting layer, the 

pore structure is stable, and in most cases, the relative 

humidity in the concrete will not drop below 50%. 

According to Künzel (1995), water storage in mature 

concrete can be expressed as a function of relative 

humidity and volumetric water content: 
 

 1
e f

b
w w

b









                        (5) 

 

Here, wf is the saturated water content of the 

relative humidity of the mature concrete sleeper or 

supporting layer (in kg/m
3
). Higher concrete strength 

(or a smaller water-cement ratio) corresponds to a 

smaller internal porosity of concrete and smaller 

saturated water content wf , and b is a dimensionless 

factor that characterizes the proportion of gel pores 

inside the concrete. This factor is always greater than 

1, and increases with a higher proportion of gel pore 

space.  

The porosity and hydration degree in early-age 

concrete have a roughly linear relationship, and the 

proportion of gel pores also increases gradually with 

the hydration degree. From this, expressions for free 

water content, relative humidity, and degree of hy-

dration can be established. Using the water storage 

function (5) for mature concrete, the saturated water 

content of early-age track concrete (wf), and the di-

mensionless factor representing the ratio of gel pores 

(b) are expressed as: 
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 0 expb bb b n m                           (7) 

 

In Eq. (6) and (7), wf0 is the free water content of 

the initially-mixed track bed concrete, which is taken 

as the mass of the mixed water (kg/m
3
); wfu is the 

saturated free water content (kg/m
3
) when the track 

bed reaches the final degree of hydration; αu, b0, nb, 

and mb are the correction coefficients for the dimen-

sionless factor b for early-age concrete, and can be 

obtained by back-calculating the parameters from the 

relative humidity evolution curve during the hydra-

tion of sealed concrete. 

The relative humidity diffusion coefficient is a 

key factor for determining the moisture transmission 

capacity of concrete, and for calculating the humidity 

field. It largely depends on the porosity and relative 

humidity inside the concrete. The pore structure in 

mature concrete is fully formed and unlikely to 

change, meaning the relative humidity diffusion 

coefficient is only affected by relative humidity. 

Typically, numerical calculation of the humidity 

field in early-age concrete uses the relative humidity 

diffusion coefficient of mature concrete, and does not 

consider how changes in pore structure affect this 

coefficient during the hydration process. However, 

this approach will underestimate the humidity 

transmission rate for early-age concrete, as well as 

the rate of water loss under dry conditions. Instead, 

we consider the correlation between the hydration 

degree in early-age concrete and the pore structure, 

and also incorporate the relative humidity diffusion 

coefficient of mature concrete, to establish a more 

refined expression for the coefficient of early-age 

concrete: 
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Here, D∞ 

1  is the permeability coefficient of ma-

ture track bed concrete under a saturated humidity 

state (in m
2
/h); φc is the relative humidity when the 

relative humidity diffusion coefficient is 0.5D1; and 

nD is the influence index of hydration degree on the 

relative humidity diffusion coefficient, which is about 

6.0 to 10.0 (DU, 2015). These parameters depend on 

the specific concrete mixing ratio and can usually be 

obtained through material drying tests. A small po-

rosity value will result in a denser pore structure and 

smaller water permeability coefficient D∞  

1 . In ac-

cordance with CEB-FIP recommendations (Ceb, 

1996), D1 is set as 2.0×10
-6 

(m
2
/h) and 0.6×10

-6 
(m

2
/h) 

for the supporting layer and sleeper, respectively, i.e. 

φc =0.8 and nφ=15. 

Present research does not typically account for 

vapor diffusion in the numerical modeling of hu-

midity fields for early-age concrete, despite its im-

portance for moisture transport in concrete. For ma-

ture concrete with a stable pore structure, the vapor 

diffusion coefficient can be expressed as: 
 

0.81
-7

A

=2.0 10p

T

P



                         (9) 

 

where PA is the standard atmospheric pressure 

(Pa), and μ is the resistance factor of water vapor 

diffusion in concrete. 

The resistance factor of water vapor diffusion 

largely depends on the internal pore structure of the 

concrete. Typically, in mature concrete, this ranges 

from 200 to 300 (Künzel, 1995), with a higher con-

crete strength corresponding to a greater value. 

During the hydration process of early-age track 

bed concrete, the internal porosity of the concrete 

gradually decreases and the structure becomes 

denser, causing an increase in the resistance factor of 

water vapor diffusion μ in line with the degree of 

hydration. Current research on the resistance factor 

of water vapor diffusion considers various concrete 

materials (although none specifically for early-age 

concrete) and has shown that resistance factors for 

different materials are on the same order of magni-

tude. Considering that the porosity decreases linearly 

as hydration develops in early-age concrete, we 

propose the following function to account for the 

degree of hydration: 
 

 0 1 n   
                        (10) 

 

where μ0 is the initial resistance factor of water 

vapor diffusion, which can be taken as 30 to 50. 
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The initial time condition is when the track bed 

concrete is poured into the mold. According to our 

assumed initial conditions for the hydration and 

temperature fields, there is a strict time window 

between when the track bed concrete is mixed and 

when it is poured, in which time the water consumed 

in hydration and lost in drying is limited. We assume 

that the initial relative humidity of the humidity field 

is 100%. To account for the water added to the 

sleeper and supporting layer before pouring, and the 

dry environment and humidity diffusion of the sup-

porting layer itself, we assume that the relative hu-

midity of the sleeper and the supporting layer is 90% 

when the track bed is poured. The humidity field is 

generally described by two boundary conditions: that 

of the water evaporation and the wet surface, both of 

which are discussed in more detail in Chapter 5 of the 

annex.  

2.4  Calculation method for the mechanical field of 

early-age track beds 

For mature sleepers and supporting layers, 

which can be regarded as elastic bodies unaffected by 

time, the mechanical parameters such as elastic 

modulus and Poisson's ratio are stable, and the creep 

is minimal. Their mechanical field follows the clas-

sical elastic calculation method, using 

three-dimensional displacement as the field variable: 
 

u=u(x,y,z,t)                         (11) 

 

After concrete is poured, the track bed gradually 

solidifies, with elastic modulus, tensile strength, 

creep, and other mechanical characteristics all 

showing a strong correlation with the degree of hy-

dration. In these early stages, track bed creep is af-

fected by factors such as hydration and stress state, 

and in turn impacts the stress evolution, forming a 

complex coupling relationship. Therefore, a more 

realistic early-age field calculation method is needed, 

in which the coupling of the mechanical field and 

creep is considered. 

Accordingly, we adopt the stress increment al-

gorithm and the rate-type creep law in calculating the 

mechanical field. Here, the creep is assumed to be 

incremental and is treated similarly to other external 

strains, such as those from temperature and humidity. 

The mechanical field of the early-age bed is a vector 

field, with the variables being the three-dimensional 

displacement and creep strain vectors: 
 

u=u(x,y,z,t)，ε
c
 =ε

c
(x,y,z,t)           (12) 

 

The early-age track bed gradually acquires 

strength and elastic modulus with higher hydration, 

reflecting the properties of solid materials. Its me-

chanical properties can be expressed through the 

degree of hydration as (Schutter and Taerwe, 1996): 
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where E(α), ft(α), and fc(α) are the elastic mod-

ulus, tensile strength, and compressive strength, re-

spectively, of the early-age track bed concrete for a 

degree of hydration α; E, ft, and fc are the elastic 

modulus, tensile strength, and compressive strength, 

respectively, at the peak hydration degree; βE, βt, and 

βc are the exponential constants of the elastic mod-

ulus, tensile strength, and compressive strength, re-

spectively; αu is the final hydration degree; and α0 is 

the degree of hydration at the time of final setting. 

Since early-age concrete is unlikely to experi-

ence compression failure, tensile strength is a com-

mon mechanical indicator used to evaluate its crack 

resistance. We consider its standard value ft as 2.39 

MPa, which defines the tensile strength of the C40 

concrete on 28th day aged concrete, and the elastic 

modulus E as 32.5 GPa, in accordance with the Code 

for Design of Concrete Structures (MCPRC. 2002). 

Referring to existing test results (Schutter and 

Taerwe, 1996), the hydration degree at final setting is 

taken as 0.2, and the exponential constants βE and βt 

are taken as 0.6 and 1.0, respectively. 

The confinement stress of the early-age concrete 

track bed suggests a strong temporal correlation, and 

the deformation mainly consists of the instantaneous 

reversible elastic strain εe, the creep strain εc, the 

humidity strain εφ, and the temperature strain εT. The 

constitutive relation of the incremental stress-strain 

formula is expressed by the following differential 

equation: 
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e( ) : ( ) : ( )c c c TD D                 (14) 

 

The temperature strain εT can be expressed as the 

product of the thermal expansion coefficient αT and 

the temperature difference ∆T: 
 

T T T                              (15) 

 

Once the concrete sets, it will shrink due to 

continuous hydration of its gel material (autogenous 

shrinkage) and environmental influence (drying-led 

shrinkage). Zhang (Zhang et al., 2010) proposed that 

both autogenous and drying shrinkage can be re-

garded as humidity deformation caused by humidity 

drop, which is expressed as: 
 

Δc                          (16) 

 

where εc is the humidity shrinkage strain of 

concrete, and αφ is the humidity deformation coeffi-

cient. 

To represent the early cracking of concrete and 

obtain an accurate restraint stress value, we must 

consider both temperature and humidity deformation, 

as well as the effects of creep and restraint stress 

relaxation under the influence of multiple factors. 

Accordingly, we utilize the strain superposition 

method, where creep is regarded as an external strain 

similar to temperature or humidity strain, and is the 

dependent variable to be calculated from the state of 

stress. The development of stress is then determined 

by the state of strains (e.g. creep), thus forming a 

calculation method that couples creep and stress.  

The early-age concrete creep vector includes the 

recoverable short-term creep εkv vector and the ir-

recoverable long-term creep εam vector. The 

one-dimensional model consists of a viscoelastic 

body and a viscous body in series, to reflect the re-

coverable creep and non-recoverable creep of the 

early-age concrete, respectively ( Schutter, 1999). The 

one-dimensional model of short-term creep can be 

expressed as: 
 

  + =kv kv kvE     
 
 
 

              (17) 

 

In addition to aging effects, stress states (such as 

tension or compression), stress level, and multi-axial 

stress behavior all affect early creep development. A 

more detailed description of factors affecting the 

creep can be found in Chapter 6 of the annex.  Ut-

lizing the above equation and material from the an-

nex, we express the creep as follows: 

 

   

 

 

c c

c c

c c

c

c

c

1 - - 0 0 0

- 1 - 0 0 0

- - 1 0 0 01
=

2 1+ 0 0

s 2 1+ 0

2 1+

x

y

z

xy

yz

zx

am xam

x

am am y
y

am
am z

z

am
xyamxy

am

yz yz
am

zx
zx

t

sy













  
 

   

   

   

  

  

 
     
     
     
     
           
     
     
        

             (18) 

 

 
 

 

 

c c

c c

c c

c

c

c

1 - - 0 0 0

- 1 - 0 0 0

- - 1 0 0 0
+ =

2 1+ 0 0

s 2 1+ 0

2 1+

kv kv
xx x

kv kv
yy y

kv kv
zz z

kv kv kv
xyxy xy

kv kv
yzyz yz

kv kv
zxzx zx

E
t

sy

   

   

   
 

  

  

  

      
      
      
      
      

      
      
      

          











             (19) 

 

 
 

 

Une
dit

ed



J Zhejiang Univ-Sci A (Appl Phys & Eng)   in press  | 7 

2.5  Numerical modeling 

To simulate the continuous double-block track 

structure on the subgrade, the model length spans two 

sleepers with symmetrical boundaries in the longi-

tudinal direction. In essence, we design a finite ele-

ment model that couples multiple fields for the C40 

track bed, the C60 sleeper, and the C20 hydraulic 

supporting layer. The interfaces between the new and 

old concrete and the surface area of the track bed, 

which exchange heat and humidity with the envi-

ronment, are meshed and divided (Fig. 3) with a 

minimum mesh thickness of about 4 mm. More 

complete information on the model, its validation, 

and the calculation parameters is provided in Chapter 

7 of the annex. 

 

 
Fig. 3  Multi-field coupling model of a double-block  

ballastless track of early age 

 

 
Fig. 4  Layout of the monitoring points in the numerical 

model 
 

Field investigations suggest that cracks in ear-

ly-age track bed concrete generally appear and 

spread within seven days after pouring, and are pri-

marily concentrated in areas A and B (see Fig. 4) near 

the four corners of the double-block sleeper (area A 

is on the inner side of the track, and area B is near the 

outer side the track). The cracks in both A and B 

mainly originate at the corners of the sleeper and 

spread outward in a direction close to 45°. To explore 

the hydration degree, humidity, temperature.e, and 

stress development of the early-age track bed, ten 

calculation points are selected in the numerical 

model. Points 1-3 are in the inward-facing corner of 

area A. They are 10 cm horizontally from the corner 

of the sleeper, with vertical depths of 1 cm, 13 cm, 

and 25 cm, which represent the surface, the center, 

and the bottom layer of the inner side of the track 

bed, respectively. Points 4-6 are located in the in-

ward-facing corner of area B and represent the sur-

face, the center, and the bottom layer of the outer side 

of the track bed. Their horizontal distances from the 

corner of the sleeper and their vertical depths are the 

same as for points 1-3. Points 7-9 are in areas D, E, 

and C, respectively, 2 mm away from the side of the 

sleeper, and 25 cm deep. Point 10 is located deeper in 

the center of the sleeper, with a depth of 13 cm from 

the surface of the track bed. The locations of all 

calculation points are shown in Fig. 4. 

 

 

3  Multi-field time-varying behaviors of ear-

ly-age concrete track beds 

 

We make the following assumptions in our 

model: the track bed is cast in place at 22:00, the 

initial hydration degree is 0.01, the pouring temper-

ature of the concrete is 20°C, and the relative hu-

midity is 100%. Four hours after being cast in place, 

the concrete is covered and cured. The equivalent 

heat transfer coefficient between the track bed and 

the environment is 10, the solar radiation coefficient 

is 0.2, and the blackness coefficient is 0.1. To ensure 

the results reflect typical daily cycles, the ambient 

temperature, ambient relative humidity, and solar 

radiation intensity are represented by simple periodic 

functions, as shown in Fig. 5. The daily mean tem-

perature is set as 20°C, and the diurnal temperature 

difference as 6°C, with the highest and lowest tem-

peratures occurring at 4:00 and 16:00, respectively; 

the daily average relative humidity of the environ-

ment is set as 80%, and the relative day-to-night 

humidity difference is 20%, with the highest and 

lowest relative humidity occurring at 4:00 and 16:00, 

respectively; finally, the maximum intensity of solar 

radiation from 6:00 to 18:00 is set as 600 W/m
2
. 
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 Fig. 5  Conditions in the external environment for the 

model 
 

3.1 Time-varying development of the hydration 

degree 

Fig. 6 shows the time dependence of hydration at 

various depths in the track bed for the first 7 days after 

casting. We can see the degree of hydration reaches 

0.65 after 7 days, which is about 90% of the final 

hydration degree (αu=0.76). The degree and rate of 

hydration at different depths in the track bed exhibit 

similar development trends, though the hydration rate 

at point 1 (on the surface) fluctuates with the ambient 

temperature. Also, the spatial difference in the de-

velopment of hydration degree is small. The hydra-

tion development is particularly rapid on the first day 

(seven hours after casting) with a maximum hydration 

rate of about 0.7/day, after which the hydration rate 

decreases to about 0.05/day on the 2nd and 3rd day, 

and then plateaus on the 7th day. 
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(a) Hydration rate                                                              (b) Hydration degree 

Fig. 6  Time evolution of the track bed’s hydration field 
 

 

3.2  Time-varying development of the temperature 

field 

From these calculations, we obtained 

time-varying curves that represent the temperature at 

different points in the track bed for seven days after 

casting (Fig. 7). Due to hydration heat release and 

heat exchange with the environment, the temperature 

of the early-age track bed is higher than the ambient 

temperature, but displays a diurnal cycle like that of 

ambient temperature. The highest temperature in the 

early-age track bed appears 12 to 24 hours after 

pouring, and the highest temperature at point 1 (35°C) 

occurs 16 hours after pouring and is 15°C higher than 

the molding temperature. As the concrete ages, the 

peak temperature in the track bed decreases until it 

reaches the ambient temperature. Intuitively, areas 

close to the surface experience a greater temperature 

difference between day and night, in addition to a 

faster rate of temperature change. The temperature 

inside the track bed shows an uneven distribution, 

with more complex behavior in the sides due to more 

heat dissipation pathways; as a result, the tempera-

tures at these positions are lower than the internal 

temperatures at the same height. For example, the 

temperatures of points 4-6, measured on the outer side 

of the track bed, are lower than the temperatures of 

points 1-3, measured on the inner side of the track bed 

at the same height. 
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Fig. 7  Evolution of temperature for measuring points in 

the track bed, and the environment 

Since the track bed temperature changes signif-

icantly within one day of pouring, we extracted the 

temperature distribution cloud map of the dou-

ble-block track at two time points: 12 and 24 hours. 

These results are shown in Fig. 8. Because the em-

bedded sleeper destroys the integrity of the track bed, 

the temperature around the sleeper is then unevenly 

distributed. As for the temperature distribution un-

derneath the sleeper, it is significantly lower than in 

other areas, which is caused by concurrent heat dis-

sipation to the sleeper and the supporting layer. 

 

 
(a) 12h                                                                             (b) 24h 

Fig. 8  Temperature cloud maps of key time nodes after pouring 
 

3.3  Time-varying development of the humidity 

field  

Fig. 9 shows the temporal evolution of free water 

content and relative humidity at points 1-3 in the track 

bed after casting. Fig. 10 displays the spatial distri-

bution of relative humidity in the track bed on day 1 

and day 7 after casting. 
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(a) Free water content                                                       (b) Relative humidity 

Fig. 9  Temporal evolution of the humidity field 
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(a) Day 1                                                                            (b) Day 7 

Fig. 10  Spatial distribution of relative humidity in the track bed 

 

The relative humidity and free water content in 

the track bed decreases over time, and the water 

consumption by hydration is the fastest after one day 

of pouring, but also slows down with time. Since the 

water storage capacity and humidity diffusion ca-

pacity are lower at the sleeper than at the supporting 

layer, the spatial distribution of the relative humidity 

of the track bed is more affected by the drying of the 

supporting layer than of the sleepers. The relative 

humidity change is most significant between the 

bottom of the track bed and the upper part of the 

supporting layer, due to water exchange between 

these elements. On the 7th day, the minimum hu-

midity is about 92%, and some areas near the sleepers 

have uneven humidity levels. Due to the short ex-

posure time, the water loss to the environment on the 

concrete surface layer is minimal. It can be con-

cluded that water consumption during hydration and 

the drying effect of the supporting layer are the main 

factors that cause the decreasing water content in the 

track bed. The influence of ambient temperature and 

relative humidity on the water content inside the 

track bed is essentially negligible. 

3.4  Time-varying development of the stress field 

The stress development of early-age concrete in 

the track bed is complex due to continuous changes 

in mechanical properties and creep coefficients, as 

caused by the hydration process. The stress evolution 

curves at points 1-6 in the track bed, as determined 

from the modelling, are shown in Fig. 11. 
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(a) Longitudinal stress                                                             (b) Lateral stress 

Fig. 11  Stress evolution patterns for measuring points in the track bed 

 

The early-age stress in the track bed changes 

periodically with the ambient temperature. For about 

the first ten hours, the concrete is in a plastic state, 

during which there is essentially zero effective stress 

in the structure for temperature and humidity de-

formation. Subsequently, the track bed reaches final 

setting state and begins to develop strength, with the 

temperature increases due to hydration heat, the 

structure to expand and enter a compressed state. The 

track bed then decreases in temperature and humid-

ity, which causes the structure to enter a tensile state, 

thus forming a cycle of stress development. The track 
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bed is a longitudinally-continuous structure. Its lon-

gitudinal constraints are mainly derived from the 

longitudinally-continuous plane strain structure, and 

these constraints are relatively large; this means the 

longitudinal stresses at the inner and outer points for 

the same depth are essentially the same. The lateral 

constraint predominantly comes from the bonding 

between the bonding layer and the lower supporting 

layer, and we find that the closer to the supporting 

layer (or the more inward to the track bed) one goes, 

the greater the lateral stress. 

The early-age track bed cracking risk coefficient 

is the most intuitive parameter to evaluate structural 

cracking sensitivity. We take the first principal stress 

component in proportion to the track bed tensile 

strength as the evaluation index. The time evolution 

of cracking risk for points 1-6 is shown in Fig. 12. 
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 Fig. 12  Temporal evolution of track bed cracking risk 

 

The risk of early-age cracking in the track bed is 

periodic. Across the six measuring points, the crack-

ing risks at points 1 and 4 are the highest. On day 6.25 

after casting, the maximum cracking risk is about 

0.72, which is because the areas closer to the surface 

are more susceptible to the external ambient temper-

ature. 

In Fig. 13 we investigate the cracking risk coef-

ficients across the track bed surface for days 1.25, 

2.25, and 6.25, since these are high risk times. The 

arrows indicate the direction of principal stress, and 

three main forms of early-age cracking are illustrated 

(the cracking path is perpendicular to the direction of 

principal stress). 

 

 
(a) Day 1.25 

 

 
(b) Day 2.25 

 

 
(b) Day 6.25 

Fig. 13  Distribution diagram of cracking risk coefficients 

and principal stress direction on the track bed surface 

 

The distribution of risk coefficients around the 

sleeper is complex, especially near its corner. 

Moreover, the maximum cracking risk (1.0) is at the 

junction surface of the sleeper and the track bed, 

indicating that debonding of the sleeper is likely. In 

terms of form, the cracking form 1 develops as a 

splayed crack at 45° between adjacent sleepers inside 

the track bed, until it develops into a transverse 

crack; form 2 develops as a 45° splayed crack be-

tween adjacent sleepers inside the track bed, until it 

crosses to form a longitudinal crack; form 3 develops 

as a splayed crack at a 45° between adjacent sleepers 

on the outer side of the track bed, until it develops 

into a transverse crack. 

We also study the influence of creep on cracking 

mechanisms in the early-age track bed, particularly 

considering how the creep relaxes restrained stresses, 

in Chapter 8 of the annex. 

 

 

4  Risk factors and control measures for 

early-age track bed cracking 

 

We use the coupled multi-field risk prediction 
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model to systematically study the influence of mate-

rial properties, environmental factors, and construc-

tion techniques on cracking risk in concrete track 

beds. This model can elucidate the influence of each 

factor, and we can accordingly propose more effec-

tive cracking prevention measures. The calculation 

details and cracking risk analysis for each factor 

mentioned above are detailed in Chapter 9 of the 

annex. The formulated ranges of cracking risk are set 

as <0.05, 0.05–0.10, 0.10–0.15, 0.15–0.20, and >0.20, 

corresponding to levels 1–5 of influence, respective-

ly. The results are shown in Table 1.  

 

Table 1  Influence level of each factor on the cracking risk of the track bed 

 
 Material factors Environmental factors Construction factors 

  
Maximum heat 

of hydration 

Heat 

release 

peak 

time 

Temperature 

difference be-

tween day and 

night 

Cooling 

rate 

Solar radia-

tion 

Molding 

temperature 

Molding 

time 

Insulation 

measures 

taken 

Surface 

Increase 

of risk 
0.12 0.17 0.09 0.08 0.06 0.05 0.07 0.12 

Influence 

level 
3 4 2 2 2 2 3 3 

Middle 

Increase 

of risk 
0.21 0.17 0.03 0.08 0 0.13 0.17 0.16 

Influence 

level 
5 4 1 2 1 3 4 4 

Bottom 

Increase 

of risk 
0.205 0.14 0.004 0.06 0 0.155 0.14 0.18 

Influence 

level 
5 4 1 2 1 4 3 4 

 

From Table 1, we can say that the maximum heat 

of hydration is the most important risk factor across 

all depths (surface, middle, and bottom: 3+5+5=13), 

followed by the peak heat release time (hydration 

affinity) (4+4+4=12). While of lower influence, the 

molding temperature, molding time, and insulation 

measures also affect cracking risk. 

Therefore, the risk control measures for track 

bed cracking, from most to least effective, are as 

follows: control of hydration heat, control of hydra-

tion affinity potential, enhancement of insulation 

measures, selection of reasonable molding time, and 

control of molding temperature. This order can serve 

as a reference to reduce cracking risk in track beds, 

though site feasibility and economic limitations 

should also be considered. 

 

 

5  Conclusions 

 

Based on multi-field coupling theory for ear-

ly-age concrete, we proposed a hy-

dro-thermo-chemo-mechanical coupling model for 

double-block ballastless  tracks of early age. This 

model was used to calculate the spatiotemporal dis-

tributions of hydration, temperature, humidity 

(chemo), and mechanical fields, and investigate the 

parameters that influence cracking risk.  

 

For the hydration field, the maximum hydration 

rate of the track bed occurs approximately seven 

hours after pouring, while the track bed finally sets 

about 9.5 hours after pouring. The maximum differ-

ence ratio in the hydration rate of the track bed un-

derneath the sleeper, influenced by temperature on the 

first day after pouring, is roughly 14%. In terms of the 

temperature field, the early-age track bed temperature 

is higher than the ambient temperature but presents a 

similar diurnal pattern. The maximum temperature of 

the concrete surface layer occurs approximately 16 

hours after pouring, which is about 15°C higher than 

the molding temperature. In terms of the humidity 

(chemo) field, there are localized areas in the at-

tachments of the double-block rail sleeper where 

humidity is unevenly distributed. The drying effect of 

the environment causes relatively little water loss, and 

instead water consumption by hydration is the main 

factor decreasing the water content in the track bed. 

 

When measuring the risk of early cracking in the 

track bed, on day 1.25, the risk coefficient of cracking 

at the interface between the old and new concrete 
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around the sleeper exceeds 1. On day 7, the risk of 

cracking for the splay-shaped crack of the track bed 

slab (near the rail sleeper) reaches the threshold, with 

a risk coefficient of about 0.75. Temperature defor-

mation was found to be the dominant factor in the 

development of surface stress, while humidity de-

formation is the main driver for the generation of 

tensile stress at the bottom of the track bed. 

In terms of material property factors, the risk of 

cracking increases with the maximum heat of hydra-

tion. Once the heat of hydration exceeds 430 kJ/kg, 

the maximum cracking risk coefficient of the surface 

layer exceeds the threshold (0.7). The risk of cracking 

and the peak heat release time are in a concave rela-

tionship, with an optimal peak heat release time oc-

curring around 9 hours after pouring; meanwhile, a 

too-high or too-low hydration rate will significantly 

increase the chance of cracking. With regards to en-

vironmental and atmospheric factors, cracking risk 

increases linearly with the temperature difference 

between day and night. When this difference is 18°C, 

the cracking risk of the surface layer is about 0.9. The 

cracking risk also increases linearly with the average 

daily cooling rate, and the cracking risk for all layers 

of the track bed exceeds 0.87 when the cooling rate is 

0.75°C/day, indicating that the entire track bed has a 

greater cracking risk during a continuous cooling 

process. Solar radiation intensity has the greatest 

influence on the cracking risk of the surface layer, and 

this risk is proportional to the radiation intensity. 

When the solar radiation is 800 (W/m
2
·K), the 

cracking risk of the surface layer is about 0.77. As for 

construction technique factors, the cracking risk in-

creases linearly with the molding temperature, and the 

molding temperature should not be too high. The 

cracking risk is influenced by the molding time, and 

pouring concrete at 20:00 (given normal temperature 

conditions) is best for reducing cracking risk in the 

track bed. The risk of cracking decreases as a convex 

function of the insulation coefficient, and when the 

insulation coefficient is larger than 0.5, the insulation 

layer can effectively reduce the risk of cracking in the 

surface layer of the track bed. 

In terms of prioritizing risk control measures for 

the cracking of early-age track beds, the recom-

mended measures are (in order of decreasing im-

portance): reducing hydration heat, optimizing the 

peak time of heat release, enhancing insulation 

measures, selecting an appropriate molding time, and 

controlling the molding temperature. 
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题 目：早期道床多场时变行为及开裂机理研究 
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目 的：无砟轨道现浇混凝土部件，尤其是双块式轨道整

体现浇道床，在材料不良、环境不利、施工不当

等多种因素影响下的早期开裂问题频发。本文旨

在建立一个更为完善的早期道床开裂风险预测

模型，在此基础上研究早期道床多场时变行为和

开裂机理，探寻早期道床开裂风险影响规律并讨

论更为合理的开裂风险管控措施。 

创新点：1.建立了更完善的早期道床开裂风险预测模型，

模型假设条件更少，准确性更高，适用场景更全

面。2.系统分析了道床早期多场耦合时变规律和

开裂机理。3.揭示了材料、环境以及施工三类因

素对混凝土道床早期开裂风险的影响规律，并提

出了道床早期开裂控制措施。 

方 法：通过理论推导，统一了混凝土早期到成熟全过程

的水化-热-湿-力耦合多场控制方程，建立了早期

道床开裂风险预测模型。2.通过数值模拟，得到

了道床早期多场耦合时变规律和开裂机理，揭示

了不同因素对混凝土道床早期开裂风险的影响

规律。 

结 论：1.典型工况条件下，水化场方面，道床最大水化

速率出现在浇筑后约第 7 个小时；道床终凝点在

浇筑后约第 9.5h；道床水化在第 7 天的水化进程

可达最终水化度的 90%。温度场方面，对流换热

和太阳辐射是影响道床早期温度场的主要环境

因素，道床表层的零应力温度约为 26.6℃，最高

温度浇筑后约 16h 达到最大值，比入模温度高约

15℃。湿度场方面，早期道床内双块式轨枕附件

存在局部不均匀湿度区域，最大湿度梯度可达

117%/m。力场方面，约在第 1.25 天，轨枕四周

新老混凝土结合面开裂的风险系数已超过 1.0；

在第 7 天，轨枕附近道床八字形裂纹的开裂风险

达到最大，风险系数约为 0.75。2.温度变形是道

床表层开裂的主导因素，湿度变形是道床板底开

裂的主要驱动力。如果不考虑道床混凝土早期徐

变，会大幅度高估开裂风险，因此建模时徐变应

当考虑。3.综合性的早期道床开裂风险控制措施

方面，建议按照降低水化热→优化放热峰值时刻

→增强保温措施→选择合理浇筑时刻→控制入

模温度的顺序，进行早期道床混凝土开裂控制选

择。 

关键词：无砟轨道；早期混凝土；水化-热-湿-力耦合；道

床早期开裂 
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