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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 hydro-thermo-
chemo-mechanical coupling. However, to date, research has not adequately described the early-age cracking mechanisms in
track beds, and few risk control measures have been proposed. To solve this problem, we incorporated 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 that typically cause early creep of concrete. A four-field coupled risk prediction model was
built based on hydro-thermo-chemo-mechanical properties, and was used to calculate and analyze various time-varying behavior
(including the risk and form of cracking) in the hydro, thermo, chemo, and mechanical fields of early-age concrete. Finally, we
focused 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 was analyzed, and risk control measures against early cracking were proposed accordingly.
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1 Introduction

By the end of 2024, China’s railway system had
an operating mileage of over 162000 km, including
48000 km designated for high-speed rail. Ballastless
tracks are important for high-speed railways due to
their smoothness, stability, and low maintenance re-
quirements (Ren et al., 2023). China has formed a bal-
lastless track ecosystem comprising five types: the
CRTS I and II double-block types and the CRTS 1, 11,
and III slab types (Ren et al., 2021). Thanks to its sim-
ple 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
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lines. Its structural form is detailed in Section S1 of
the electronic supplementary materials (ESM).

For CRTS I double-block tracks, cracking in the
cast-in-place, early-age concrete of track beds is typi-
cally caused by material degradation, unfavorable con-
struction environments, and poor construction tech-
niques. For the track beds or sleepers, cracking may
occur between existing and newly-poured concrete,
which can form irregularly on the surface of the track
beds or regularly on the body of the track beds (Fig. 1).
In areas of extreme climate such as mountains, des-
erts, or hot and humid regions, the risk of cracking is
greater (particularly in the track beds), which may
cause damage to the track structure and threaten its
service life.

Early-age cracking of the track beds is not caused
by external loads but is the result of shrinkage in-
duced 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 environmental
conditions (Miao, 2018). However, current research
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Fig. 1 Cracking in the track bed concrete

on the cracking of early-age concrete track beds is
limited to single metrics, namely temperature or hu-
midity (Zhang et al., 2013; Hu et al., 2018), which
is insufficient for analyzing cracking mechanisms in
complex scenarios. We summarized the current state of
research on the multi-field behavior of early-age con-
crete, and evaluated the applicability and limitations
of existing methods in Section S2 of the ESM.

Although existing studies have attempted to
reveal the cracking mechanisms of early-age concrete
structures through hydro-thermo-chemo-mechanical
coupling models, these measures only suit simple
structures that are less affected by environmental con-
ditions. Thus, they lack the complexity needed to ana-
lyze double-block ballastless tracks (van Breugel,
1995; de Schutter, 2002; Gawin et al., 2006). Overall,
there is a clear need for a model that can adequately
describe the time-varying behavior and cracking mech-
anisms in such track beds, which would enable accu-
rate risk forecasting for early-age concrete cracking
and better formulation of risk control measures.

2 Risk prediction model for early-age concrete
cracking

To better represent the influence of material prop-
erties, environmental conditions, and construction
processes on the cracking of early-age concrete, we
used the hydro-thermo-chemo-mechanical coupling
theory to establish multi-field coupling control equa-
tions and boundary conditions. Through these, we de-
veloped 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 hu-
midity on the hydration rate of concrete, the hydration

field of early-age concrete in the track bed can be
expressed as (Cervera et al., 2002):

da
E =A25ﬂ¢ﬂrv (1)

where a is the degree of hydration; ¢ is the time; 4, is
the chemical affinity of the track bed concrete at the
reference temperature of 25 °C; B, and g, are the influ-
ence coefficients of humidity ¢ and temperature 7, re-
spectively. Since there are many existing studies on
concrete hydration fields, a more detailed explanation
of the parameters in Eq. (1) can be found in Section
S3 of the ESM. Essentially, the temporospatial distri-
bution of hydration degree in the trackage beds 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. 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 the initial setting, the initial
hydration degree of the track beds is taken as 0.01.

2.2 Calculation method for the temperature field
of early-age concrete in track beds

Assuming the heat conduction inside the concrete
is isotropic and applying the law of conservation of
energy, the governing equation for the micro-element
temperature field inside the track is:

or +V-(AVT) + aa%‘

(PC) 5

=0, 2

where (pC),;; is the equivalent volumetric heat capac-
ity of the concrete; 4 is the thermal conductivity; O,



214 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2025 26(3):212-225

is the hydration heat release of the cement gelling sys-
tem. A more detailed discussion of these parameters is
provided in Section S4.1 of the ESM.

For our model, we consider the initial time as the
moment that the track bed concrete enters the mold.
Therefore, the initial temperature is the spatially dis-
tributed temperature of each track component at the
time of molding. Convective heat transfer, solar radia-
tion, radiative heat transfer, and water evaporation are
the main forms of heat exchange between the early-age
track beds and the external environment. The above
boundary conditions of the temperature field are dis-
cussed further in Section S4.2 of the ESM.

2.3 Calculation method for the humidity field of
early-age concrete in track beds

Following the law of conservation of mass, trans-
ported water and water consumed during concrete hy-
dration need to be considered. The controlling equa-
tion for the humidity field of concrete is therefore es-
tablished as:

dw, N dw,
dt dt

+V-D ., Vo+V-0,V(pP,) =0, (3)

where w, is the the amount of water stored in mature
concrete; w, is the mass of consumed (bound) water
(kg/m’); D, is the diffusion coefficient of concrete’s
relative humidity (m/s%); ¢, is the function of water
storage, which represents the relationship between rel-
ative humidity and free water content; ¢, is the vapor
diffusion coefficient in concrete (kg/(m-s-Pa)); P, is
the saturated vapor pressure at temperature 7 (Pa).
Bound water content is expressed as a function of the

degree of hydration:
w,=0.25m.a, “4)

where m_ represents the mass of cement 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 rela-
tive humidity is multifaceted: 1) 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 capillary pores.
This means the free water in the gel pores can ap-
proach humidity saturation when the relative hu-
midity is 50% and is difficult to lose; concordantly,
the water content in the capillary pores is low when
the relative humidity is 50%, but increases rapidly as
the relative humidity increases (Fig. 2).

Free water content (kg/m®)

Gel pore water
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0 10 20 30 40 50 60 70 80 90 100
Relative humidity (%)

Fig. 2 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 hu-
midity in the concrete will not drop below 50%. Ac-
cording to Kiinzel (1995), the amount of water stored
in mature concrete can be expressed as a function of
relative humidity and volumetric water content:

(b-1e

We:Wf b_(ﬂ

) ®)

where w; is the saturated water content of the relative
humidity of the mature concrete sleeper or supporting
layer (kg/m’). Higher concrete strength (or smaller
water-cement ratio) corresponds to smaller internal
porosity of concrete and lower saturated water con-
tent. b is the 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
hydration can be established. Using the water storage



function (Eq. (5)) for mature concrete, the saturated
water content of early-age track concrete (w,) and the
dimensionless factor representing the ratio of gel pores
(b) are expressed as:

(Wm_qu)

(a,—a), (6)
b=b,+n,exp(m,a), @)

Wf(a) :qu+

u

where w,, is the free water content of the initially-
mixed track bed concrete, which is taken as the mass
of the mixed water (kg/m’); w,, is the saturated free
water content (kg/m’) when the track bed reaches the
final degree of hydration; o, is the final hydration de-
gree; b, n,, and m, are the correction coefficients for
the dimensionless factor b for early-age concrete, and
can be obtained by back-calculating the parameters
from the relative humidity evolution curve during the
hydration of sealed concrete.

The relative humidity diffusion coefficient is the
key factor for determining the moisture transmission
capacity of concrete and calculating the humidity field.
It largely depends on the porosity and relative humidity
inside the concrete. The pore structure in mature con-
crete is fully formed and unlikely to change, meaning
the relative humidity diffusion coefficient is only af-
fected by the relative humidity. Typically, numerical
calculation of the humidity field in early-age concrete
uses the relative humidity diffusion coefficient of ma-
ture concrete, and does not consider how changes in
pore structure affect this coefficient during the hydra-
tion process. However, this approach will underesti-
mate the humidity transmission rate for early-age con-
crete, as well as the rate of water loss under dry condi-
tions. 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:

D,=D7x 107|005+ 17005 | ®

l_go n,
1+(1_¢C)

where D, is the relative humidity diffusion coeffi-
cient; D7 is the permeability coefficient of mature
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track bed concrete under a saturated humidity state
(m’/h); ¢, is the relative humidity when the relative
humidity diffusion coefficient is 0.5D7 x 10""~*; n, is
the influence index of hydration degree on the relative
humidity diffusion coefficient, which is about 6 to 10
(Du, 2015); n, is the curve fitting index of relative hu-
midity diffusion coefficient. These parameters depend
on the specific concrete mixing ratio and can usually
be obtained through material drying tests. A smaller
porosity value will result in a denser pore structure
and a smaller water permeability coefficient DY. By
the CEB-FIP recommendations (CEB, 1990), the DY
of the supporting layer and sleeper are set as 2.0x
10° m*h and 0.6x10°° m’/h , respectively, i.e., ¢, =0.8
and n,=15.

Present research does not typically account for
vapor diffusion in the numerical modeling of humidity
fields for early-age concrete, despite its importance for
moisture transport in concrete. For mature concrete
with a stable pore structure, the vapor diffusion coeft-
icient can be expressed as:

T0.81

0
2N

P

x2.0x 107, 9)

where P, is the standard atmospheric pressure (Pa);
1 1s 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, it ranges from
200 to 300 (Kiinzel, 1995), with a higher concrete
strength corresponding to a greater value.

During the hydration process of the early-age
track bed concrete, the internal porosity of the con-
crete gradually decreases and the structure becomes
denser, causing an increase in the resistance factor of
water vapor diffusion g in line with the degree of hy-
dration. Current research on the resistance factor of
water vapor diffusion considers various concrete ma-
terials (although none specifically for early-age con-
crete) and has shown that the resistance factors for dif-
ferent materials are on the same order of magnitude.
Considering the fact that the porosity decreases linearly
as hydration develops in early-age concrete, we pro-
pose the following function to account for the degree
of hydration:

u=p,(1+n,a), (10)
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where g, is the initial resistance factor of water vapor
diffusion, which can be taken as 30 to 50; n, is the
correction coefficient for water vapor diffusion resis-
tance factor.

The initial time condition is when the track bed
concrete is poured into the mold. According to our as-
sumed initial conditions for the hydration and temper-
ature fields, there is a strict time window between
mixing and pouring of the track bed concrete, in
which the water consumed in hydration and lost in
drying is limited. Therefore, we assume that the initial
relative humidity of the humidity field is 100%. To ac-
count for the water added to the sleeper and support-
ing layer before pouring, as well as the dry environ-
ment and humidity diffusion of the supporting layer
itself, we assume that the relative humidity 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: the water evap-
oration and the wet surface, both of which are dis-
cussed in detail in Section S5 of the ESM.

2.4 Calculation method for the mechanical field
of early-age concrete in track beds

For mature sleepers and supporting layers,
which can be regarded as elastic bodies unaffected by
time, the mechanical parameters such as elastic modu-
lus and Poisson’s ratio are stable, and the creep is
minimal. Their mechanical field follows the classical
elastic calculation method, using 3D displacement as
the field variable:

u=u(x,y,zt), (1)
where u is three-dimensional displacement field.

After the concrete is poured, the track bed gradu-
ally solidifies, with elastic modulus, tensile strength,
creep, and other mechanical characteristics all show-
ing a strong correlation with the degree of hydration.
In these early stages, track bed creep is affected by
factors such as hydration and stress state, and in turn
impacts the stress evolution, forming a complex cou-
pling relationship. Therefore, a more realistic early-age
field calculation method is needed, in which the cou-
pling of the mechanical field and creep is considered.

Accordingly, we adopt the stress increment algo-
rithm 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 caused by temperature and hu-
midity. The mechanical field of the early-age track
bed is a vector field, with the variables being the 3D
displacement and creep strain vectors:

g.=¢&.(x),z1), (12)
where ¢, is the creep strain vector.

The early-age track bed gradually acquires stren-
gth and elastic modulus with higher hydration, reflect-
ing the properties of solid materials. Its mechanical
properties can be expressed through the degree of hy-
dration (de Schutter and Taerwe, 1996):

b
E(a) =E(O‘_"ZO) i

au_aO

a—a,

fia) =ﬁ()ﬁl (13)

au - a()

A,
a—a, )
°

au_aO

1o =

where E(a), f(a), and f(a) are the elastic modulus,
tensile strength, and compressive strength, respectively,
of the early-age track bed concrete for a degree of hy-
dration a; E, f, and f, are the elastic modulus, tensile
strength, and compressive strength, respectively, at the
peak hydration degree; f,, S, and S, are the exponen-
tial constants of the elastic modulus, tensile strength,
and compressive strength, respectively; a, is the de-
gree of hydration at the time of final setting.

Since early-age concrete is unlikely to experience
compression failure, tensile strength is a common me-
chanical indicator used to evaluate its crack resis-
tance. We consider its standard value f as 2.39 MPa,
which defines the tensile strength of the C40 concrete
on the 28 d aged concrete, and set the elastic modu-
lus £ as 32.50 GPa, in accordance with the Code for
Design of Concrete Structures (MOHURD, 2004).
Referring to the existing test results (de Schutter and
Taerwe, 1996), the hydration degree at the final set-
ting is taken as 0.20, and the exponential constants /3,
and p, are taken as 0.60 and 1.00, 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 ¢, the creep strain &, the humid-
ity strain ¢,, and the temperature strain &,. The constitu-
tive relation of the incremental stress—strain formula
is expressed by the following differential equation:

6=D (a)é.=D (a)(é—&,~&,— &), (14)
where ¢ is the stress tensor; D («) is the stiffness ma-
trix; ¢ is the strain tensor.

The temperature strain ¢, can be expressed as the
product of the thermal expansion coefficient a, and
the temperature difference AT

e,=0,AT. (15)

Once the concrete sets, it will shrink due to con-
tinuous hydration of its gel material (autogenous
shrinkage) and environmental influence (drying-led
shrinkage). Zhang et al. (2010) proposed that both au-
togenous and drying shrinkage can be regarded as hu-
midity deformation caused by humidity drop, which
is expressed as:

e,=&.+a,Ag, (16)
where a, is the humidity deformation coefficient.

To represent the early cracking of concrete and

obtain an accurate restraint stress value, we must con-
sider both temperature and humidity deformation, as

- 1 —v, —v,
g
N v, 1 v,
&" v % 1
ﬁ s ! 0C 0C 0 2(1
e | nula)
e 0 0 0
L€ 0 0 0
I I e
gk g
i(\' kv —VC 1 -V
Fo &,
) -y, -V 1
kv kv c c
EJ|% |+ =% =0 0o o
kv 8;\; at 61;:/
e en 0 0 0
kv kv
LE, LEy 0 0 0

where &, (i=x,,z,xy,yz 2zx) is the component of stress
vector; 77,.(a) is the coefficient of viscosity of viscous
body; .. is the correction coefficients for early-age
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well as the effects of creep and restraint stress relax-
ation under the influence of multiple factors. Accord-
ingly, we utilize the strain superposition method, where
creep is regarded as an external strain similar to tem-
perature or humidity strain, and the dependent variable
is 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 vector &,, and the irrecov-
erable long-term creep vector ¢,,. The one-dimensional
model consists of a viscoelastic body and a viscous
body in series, to reflect the recoverable creep and
non-recoverable creep of the early-age concrete, re-
spectively (de Schutter, 1999). The one-dimensional
model of short-term creep can be expressed as:

E (a)(e,+18,) =0, (17)
where E, () is the elastic modulus of viscoelastic
bodies; 7 is the relaxation time of viscoelastic bodies.

In addition to the 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 Section S6 of the ESM. Utilizing the
above equations and materials from the ESM, we can
express the creep as follows:

0 0 o 1Bmo.pB. |
0 0 0 B0, B,
0 0 0 B o p
+v,) 0 0 " (18)
0 2(1+v,) 0 -
0 0 200+v) || o
) 0 0 0o 1 .
. 0 0 0 %
0 0 0 %
O-Z
2(1+4v,) 0 0 o | (19)
Xy
0 2(1+v,) 0 o,
0 0 2(1+v,) |-

concrete creep under tensile/compressive state; v, is
Poisson’s ratio of creep; 8, is the correction coeffi-

cient of stress level for irrecoverable long-term creep;
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g™ and & (i=x, y, z, x, yz, zx) is the component of
recoverable short-term creep vector and irrecoverable
long-term creep vector, respectively.

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 longitudi-
nal direction. In essence, we design a finite element
model that couples multiple fields for the C40 track
bed, the C60 sleeper, and the C20 hydraulic support-
ing layer. The interfaces between the new and old con-
crete and the surface area of the track bed, which ex-
change heat and humidity with the environment, are
meshed and divided (Fig. 3) with a minimum mesh
thickness of about 4 mm. More complete information
on the validation and the calculation parameters of the
model is provided in Section S7 of the ESM.

Fig. 3 Multi-field coupling model of an early-age double-
block ballastless track

Field investigations suggest that cracks in early-
age track bed concrete generally appear and spread
within seven days after pouring, and are primarily con-
centrated in areas A and B (Fig. 4) near the four cor-
ners of the double-block sleeper (area A is on the in-
ner side of the track; 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 di-
rection close to 45°. To explore the hydration degree,
humidity, temperature, 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, 13, and 25 cm, which represent the surface, the cen-
ter, and the bottom layer of the inner side of the track
bed, respectively. Points 4—6 are located in the inward-
facing corner of area B and represent the surface,
the center, and the bottom layer of the outer side of
the track bed. Their horizontal distances from the cor-
ner 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 1 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 calcu-
lation points are shown in Fig. 4.

Supporting
layer

Fig. 4 Layout of the monitoring points in the numerical model

3 Multi-field time-varying behavior of early-
age concrete track bed

We make the following assumptions in our mod-
el: the track bed is cast in place at 22:00; the initial
hydration degree is 0.01; the pouring temperature of
the concrete is 20 °C; the relative humidity is 100%.
After the concrete has been cast in place for 4 h, it is
covered and cured. The equivalent heat transfer coeffi-
cient between the track bed and the environment is
10, the solar radiation coefficient is 0.2, and the black-
ness coefficient is 0.1. To ensure the results reflect
typical daily cycles, the ambient temperature, ambient
relative humidity, and solar radiation intensity are rep-
resented by simple periodic functions, as shown in
Fig. 5. The daily mean temperature is set as 20 °C,
and the diurnal temperature difference is set as 6 °C,
with the highest and lowest temperatures occurring at
4:00 and 16:00, respectively; the daily average rela-
tive humidity of the environment is set as 80%, and
the relative day-to-night humidity difference is set as
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/nr’.
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Fig. 5 External environmental conditions of 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 d after
casting. We can see the degree of hydration reaches
0.65 after 7 d, which is about 90% of the final hydra-
tion degree («,=0.76). The degree and rate of hydra-
tion 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 temper-
ature. Also, the max spatial difference in the devel-
opment of hydration degree during the first day is
roughly 14%. The hydration development is particu-
larly rapid on the first day (7 h after casting) with
a maximum hydration rate of about 0.70 d™', after
which the hydration rate decreases to about 0.05 d”'
on the 2nd and 3rd day, and then plateaus on the 7th
day, while the track bed finally sets about 9.5 h after
pouring.

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 7 d after casting (Fig. 7). Due to
hydration heat release and heat exchange with the en-
vironment, 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
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Fig. 6 Time evolution of the track bed’s hydration
field: (a) hydration degree; (b) hydration rate
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Fig. 7 Time evolution of temperature for measuring points
in the track bed and the environment

12 to 24 h after pouring, and the highest temperature
at point 1 (35 °C) occurs 16 h after pouring, which 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.
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Intuitively, areas close to the surface experience a
greater temperature difference between day and night,
in addition to a faster change rate of temperature. The
temperature inside the track bed shows an uneven dis-
tribution, with more complex behavior in the sides
due to more heat dissipation pathways. As a result,
the temperatures at these positions are lower than the
internal temperatures at the same height. For exam-
ple, the temperatures of points 4—6, measured on the
outer side of the track bed, are lower than the temper-
atures of points 1-3, measured on the inner side of the
track bed at the same height.

Since the track bed temperature changed signifi-
cantly within one day after pouring, we extracted the
temperature distribution cloud map of the double-
block track at two time points: 12 h and 24 h. These
results are shown in Fig. 8. Because the embedded
sleeper destroys the integrity of the track bed, the tem-
perature around the sleeper is then unevenly distribut-
ed. As for the temperature underneath the sleeper, it is
significantly lower than that in other areas, which is

(b)

Fig. 8 Temperature (°C) cloud maps of key time points
after pouring: (a) 12 h; (b) 24 h. References to color refer
to the online version of this figure

caused by concurrent heat dissipation to the sleeper
and the supporting layer.

3.3 Time-varying development of the humidity
field

Fig. 9 shows the temporal evolution of free wa-
ter content and relative humidity at points 1-3 in the
track bed after casting. Fig. 10 displays the spatial dis-
tribution of relative humidity in the track bed on day 1
and day 7 after casting.
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Fig. 9 Temporal evolution of the humidity field: (a) free
water content; (b) relative humidity

The relative humidity and free water content in
the track bed decrease over time, and the water con-
sumption by hydration is the fastest within one day of
pouring, but also slows down with time. Since the wa-
ter storage capacity and humidity diffusion capacity at
the sleeper are lower than that at the supporting layer,
the spatial distribution of the relative humidity of the
track bed is more affected by the drying of the sup-
porting layer than that of the sleepers. The relative hu-
midity change is most significant between the bottom
of the track bed and the upper part of the supporting
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Fig. 10 Spatial distribution of relative humidity (%) in the
track bed: (a) day 1; (b) day 7. References to color refer to
the online version of this figure

layer, due to the water exchange between these ele-
ments. On the 7th day, the minimum humidity is about
92%, and some areas near the sleepers have uneven
humidity levels. Due to the short exposure time, the
water loss to the environment on the concrete surface
layer is minimal. It can be concluded that the water
consumption during hydration and the drying effect
of the supporting layer are the main factors that cause
the decrease of water content in the track bed. The in-
fluence 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 during
the hydration process. The stress evolution curves at
points 1-6 in the track bed, as determined from the
modeling, are shown in Fig. 11.

The early-age stress in the track bed changes pe-
riodically with the ambient temperature. For about the
first 10 h, the concrete is in a plastic state, during
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Fig. 11 Stress evolution patterns for measuring points in
the track bed: (a) longitudinal stress; (b) lateral stress

which there is essentially zero effective stress in the
structure for temperature and humidity deformation.
Subsequently, the track bed reaches the final setting
state and begins to develop strength. As the tempera-
ture increases due to hydration heat, the structure ex-
pands and enters a compressed state. The track bed
then decreases in temperature and humidity, which
causes the structure to enter a tensile state, thus form-
ing a cycle of stress development. The track bed is
a longitudinally-continuous structure. Its longitudinal
constraints are mainly derived from the longitudinally-
continuous plane strain structure, and these constraints
are relatively large, which means the longitudinal
stresses at the inner and outer points for the same depth
are essentially the same. The lateral constraint predomi-
nantly 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), the greater the lateral stress.

The cracking risk coefficient of the early-age
track bed is the most intuitive parameter to evalu-
ate structural cracking sensitivity. We take the first
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principal stress component in proportion to the track
bed tensile strength as the evaluation index. The time
evolution of cracking risk coefficient for points 1-6 is
shown in Fig. 12.
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Fig. 12 Temporal evolution of track bed’s 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 temperature.

In Fig. 13 we investigate the cracking risk coeffi-
cients across the track bed surface for days 1.25, 2.25,
and 6.25, because these are high-risk times. The ar-
rows 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).

The distribution of risk coefficients around the
sleeper is complex, especially near its corners. More-
over, the maximum cracking risk (1.00) is at the junc-
tion surface of the sleeper and the track bed, indicat-
ing that the debonding of the sleeper is likely. In terms
of form, cracking form (1) develops as a splayed crack
at 45° between adjacent sleepers inside the track bed,
until it develops into a transverse crack; cracking form
(2) develops as a 45° splayed crack between adjacent
sleepers inside the track bed, until it crosses to form a
longitudinal crack; cracking 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
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Fig. 13 Distribution diagram of cracking risk coefficients
and principal stress direction on the track bed surface: (a)
day 1.25; (b) day 2.25; (c¢) day 6.25. References to color
refer to the online version of this figure

considering how the creep relaxes the restrained
stresses, in Section S8 of the ESM.

4 Risk factors and control measures for early-
age track bed cracking

We use the coupled multi-field risk prediction
model to systematically study the influence of materi-
al properties, environmental factors, and construction
techniques on the cracking risk of the concrete track
beds. This model can elucidate the influence of each
factor, and we can accordingly propose more effective
cracking prevention measures. The calculation details
and cracking risk analysis for each factor mentioned
above are detailed in Section S9 of the ESM. The for-
mulated 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, respectively. The results
are shown in Table 1.
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Table 1 Influence level of each factor on the cracking risk of the track bed

Surface Middle Bottom
Influence factor Craf:king Influence Craf:king Influence Craf:king Influence
risk level risk level risk level
coefficient coefficient coefficient
Material factor Maximum heat of hydration 0.120 3 0.210 5 0.205 5
Peak heat release time 0.170 0.170 4 0.140
Environmental factor Temperature difference 0.090 0.030 1 0.004 1
between day and night
Cooling rate 0.080 2 0.080 2 0.060 2
Solar radiation 0.060 2 0 1 0 1
Construction factor Molding temperature 0.050 2 0.130 3 0.155 4
Molding time 0.070 3 0.170 4 0.140 3
Insulation measures taken 0.120 3 0.160 4 0.180 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 (i.c.,
hydration affinity) (4+4+4=12). While of lower in-
fluence, 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 fol-
lows: control of hydration heat, control of hydration
affinity potential, enhancement of insulation measures,
selection of reasonable molding time, and control of
molding temperature. This order can serve as a refer-
ence to reduce cracking risk in track beds, though
site feasibility and economic limitations should also be
considered.

5 Conclusions

Based on the multi-field coupling theory for
early-age concrete, we proposed a hydro-thermo-
chemo-mechanical coupling model for early-age
double-block ballastless tracks. This model was used
to calculate the temporospatial distributions of hydra-
tion, temperature, humidity (chemo), and mechani-
cal fields, and to investigate the parameters that in-
fluence cracking risk.

For the hydration field, the maximum hydration
rate of the track bed occurs approximately 7.0 h after
pouring, while the track bed finally sets about 9.5 h
after pouring. The degree of hydration reaches 0.65
after 7 d, which is about 90% of the final hydration
degree. The maximum difference ratio in the hydration
rate of the track bed underneath 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 tem-
perature but presents a similar diurnal pattern. The
maximum temperature of the concrete surface layer
occurs approximately 16 h after pouring, which is
about 15 °C higher than the molding temperature. In
terms of the humidity (chemo) field, there are local-
ized areas in the attachments 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
around the sleeper exceeds 1. On day 6.25, 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 0.72. Temperature deforma-
tion is found to be the dominant factor in the develop-
ment of surface stress, while humidity deformation is
the main driver for the generation of tensile stress at
the bottom of the track bed.

View the attachment of the thesis. In terms of
material property factors, the risk of cracking increases
with the maximum heat of hydration. Once the heat
of hydration exceeds 430 kJ/kg, the maximum crack-
ing risk coefficient of the surface layer exceeds the
threshold (0.70). The risk of cracking and the peak
heat release time are in a concave relationship, with an
optimal peak heat release time occurring around 9.0 h
after pouring; meanwhile, a too-high or too-low hy-
dration rate will significantly increase the chance of
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cracking. With regards to environmental and atmo-
spheric factors, cracking risk increases linearly with
the temperature difference between day and night.
When this difference is 18.0 °C, the cracking risk
coefficient of the surface layer is about 0.90. The
cracking risk also increases linearly with the average
daily cooling rate, and the cracking risk coefficients
for all layers of the track bed exceed 0.87 when the
cooling rate is 0.75 °C/d, indicating that the entire
track bed has a greater cracking risk during a continu-
ous 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 in-
tensity. When the solar radiation is 800 W/(m*-K), the
cracking risk coefficient of the surface layer is about
0.77. As for construction technique factors, the crack-
ing risk increases linearly with the molding tempera-
ture, 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 the crack-
ing 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 0.50, the
insulation layer can effectively reduce the risk of crack-
ing in the surface layer of the track bed.

In terms of prioritizing risk control measures for
the cracking of early-age track beds, the recommended
measures are (in order of decreasing importance): re-
ducing hydration heat, optimizing the peak time of
heat release, enhancing insulation measures, selecting
an appropriate molding time, and controlling the mold-
ing temperature.
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