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Drying-induced cracks are an important issue for bi-block ballastless track system consisting of foundation, precast sleepers, and cast-
in-place track slab, which not only significantly affects the comfortableness and safety of rapid transit railway but also reduces the
service life of ballastless track. In order to explore its damage mechanism, this work presents an evolution model of relative humidity
(RH) in the CRTS I bi-block ballastless track system by considering the actual construction sequence and environmental conditions
to simulate the crack propagation induced by nonuniform RH field. Firstly, based on the node coupling technique, a three-step
transfer process of RH is designed to separately investigate the influence of the construction sequence on the early humidity field in
the foundation, sleepers, and cast-in-place track slab, and then the nonuniform distribution of early humidity field in the ballastless
track system is determined. Subsequently, the formation mechanism of shrinkage crack in the system is analyzed, and the crack
propagation path is predicted by using the mixed-mode fracture criterion. (e results show that the maximum relative humidity
gradient (RHG) appears at the interface between the track slab and the sleeper after concreting the cast-in-place track slab, which
causes themaximumprincipal stress due to the drying shrinkage property of concrete materials.When themaximumprincipal stress
exceeds the tensile strength of the interface, an interface crack will be generated and converted to a splayed crack with an initial angle
of about 45° at the sleeper corner, which will be further propagated under the action of drying shrinkage deformation and finally
forms a transverse through-wall crack in the track slab.(e simulated crack propagation path agrees with the observed one at the site
well, and thus the results are beneficial to understand the formation mechanism of through-wall crack in the track slab and further
guide the construction design of the bi-block ballastless track system.

1. Introduction

Since the operation of Beijing-Tianjin intercity high speed
railway in 2008, Chinese rapid transit railway has made a
rapid development and remarkable achievement [1]. Bal-
lastless track has become the main structural type of rapid
transit railway because of its good stability and less main-
tenance. By the end of April 2021, the total mileage of rapid
transit railway has reached about 38,000 kilometers in China
[2, 3]. As the most widely used type of ballastless track, the
CRTS (Chinese Railway Track System) I bi-block ballastless
track has been applied onmore than 44 rapid transit railways

such as Wuhan-Guangzhou, Xi’an-Chengdu, and Lanzhou-
Xinjiang lines [4]. According to the difference of structures
built on the subgrade, bridge, and tunnel, the CRTS I bi-
block ballastless track can be divided into three types. (e
schematic diagram of CRTS I bi-block ballastless track in
tunnel is shown in Figure 1, which consists of rail, fastener,
sleeper, track slab, and tunnel foundation [5]. However, the
ballastless track, as the basis for rapid transit railway, is
directly exposed to the atmosphere and eroded by the
complex environment factors. (ese influencing factors
make the component materials of the ballastless track in a
continuous deterioration process [6–8]. (rough the field
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investigation, it is found that the early cracks are more likely
to occur on the surface of track slab due to the bad con-
struction and inadequate design, and then these cracks
would rapidly develop into obvious water diseases in
abundant rain or poor drainage areas, as shown in
Figures 2(c) and 2(d).

(e bi-block ballastless track has large contact area with
the external environment, and thus the transport of moisture
from concrete to environment is significantly affected by the
environmental humidity. After concreting the track slab, the
hydration of concrete materials will lead to the overall de-
crease of relative humidity inside the structure. (en, the
higher humidity diffuses from track slab to sleepers and
ambient dry air, as shown in Figure 2(b). Due to the slow
transport rate of moisture in concrete materials, the non-
linear humidity gradient is formed in the ballastless track by
the difference of low surface humidity and high internal
humidity. On account of the wetting expansion and drying
contraction of concrete materials, the shrinkage deformation
and stress will occur under the nonlinear humidity gradient.
Once the stress is greater than the ultimate tensile strength of
concrete, the early cracks will form in the structure, as shown
in Figure 2(c).

Figure 3 shows the distribution of early cracks on the
track slab of bi-block ballastless track, which was discovered
during the investigation of a new bi-block ballastless track.
Combined with existing reports [9], the characteristics of
cracks on the track slab of bi-block ballastless track can be
described as follows: (1) the majority of cracks occurred at
the age of 2∼3 days or 2 months after the initial setting of
track slab; (2) the splayed crack first appeared at the corner
of sleeper, and its initial angle is about 40°; (3) the crack angle
decreases with the propagation of crack and gradually tends
to 0°; (4) the cracks at corner of adjacent sleepers would be
coalesced and finally form a transverse through-wall crack in
the track slab. Currently, the formation mechanism of early
drying-induced cracks on the track slab is not clear.

In view of the causes of early cracks in the ballastless
track, Wang [9] firstly conducted a statistical analysis of the
early crack characteristics on the track slab under con-
struction and pointed out that the temperature and drying
shrinkage deformation could be the main reasons for the
early cracks. Over the next decade, the related researches
[10, 11] mainly focus on the strength and stability caused by
temperature load and seldom consider the influence of

shrinkage deformation resulting from internal relative hu-
midity. Based on the heat-moisture-deformation coupling
analysis, Chen [12] found that the shrinkage deformation of
concrete with a 1% drop in humidity is equivalent to a 2°C
drop in temperature. (e research results of Li et al. [4] and
Yang et al. [6] indicate that the maximum humidity gradient
on the surface of the concrete in a dry environment is dozens
of times the temperature gradient. (at is, the drying
shrinkage deformation is much greater than the temperature
deformation. Han et al. [13] believe that the contribution of
drying shrinkage deformation to early crack can reach 80%.
In the control of early-age cracks of track slab, the addition
of anticrack steel bars can reduce the early splayed cracks,
while the film-forming moisture curing can effectively re-
duce the irregular cracks [14]. (e crack resistance test of
concrete slab indicates that adding the 6% TK-ICM anti-
crack materials in cementitious materials can maintain the
internal humidity of concrete for a long time and reduce the
risk of cracking [15].

As a main component material of ballastless track, the
influence of water on concrete is first reflected in its internal
moisture distribution. At present, the moisture transfer
model based on Fick’s law is widely used to describe the
moisture exchange between concrete and environment [16].
Liu et al. [17] used the finite difference method to conduct
the concrete humidity. By programming the finite element
program, Akika et al. [18] analyzed the humidity field of
solid structure with a simplified boundary. In the aspect of
experimental research, Parrott [19] fitted the formula for
calculating the humidity field in a unilateral drying condi-
tion based on experimental data. Combining the theoretical
and test results, Gao [20] proposed a calculation model for
the concrete humidity field under dry-wet cycles. For the
problem of humidity distribution in complex environment,
Wang et al. [21] qualitatively analyzed the problem of pa-
rameter values affecting the calculation accuracy of humidity
field. Subsequently, Gao and Wei [22] put forward the
quantitative analysis method of humidity gradient in con-
crete slab by comprehensively considering the influencing
factors such as water/cement ratio, ambient air humidity,
and moisture diffusion property of concrete material. To
predict the relative humidity of early-age concrete under
sealed and unsealed conditions, the models for early-age
relative humidity are proposed in consideration of water/
cement ratio, critical time, and age of concrete [23]. In view
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Figure 1: Diagram of CRTS I bi-block ballastless track in tunnel.
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of the disadvantages of the complex numerical calculation
method of humidity field which is not conducive to engi-
neering application, Wang et al. [24] proposed a conven-
tional method to calculate the concrete humidity field based
on the temperature field module by comparing the differ-
ential equation, initial and boundary conditions of the
temperature, and humidity fields. Although the scholars
have studied the distribution characteristics of humidity
field in concrete materials, these research results can neither
consider the influence of construction characteristics of
ballastless track on humidity field nor satisfy the complex
humidity environment acting on ballastless track. Up to
now, there are few reports on the research of early humidity
field of ballastless track. To realize the early humidity
analysis of the bi-block ballastless track, the following ob-
stacles need to be resolved firstly: (1) after concreting the
track slab, the three separated layers of bi-block ballastless

track bond to adjacent layers, (2) affected by the con-
struction sequence, the initial humidity field of each layer is
inconsistent, and (3) the initial humidity conditions of
sleepers and foundation are unknown. (erefore, the early
humidity prediction presents a considerable challenge when
construction sequence is taken into consideration.

In this paper, a finite element computational model of
humidity distribution in ballastless track was established by
introducing the complex environmental influence and
construction process. Based on the node coupling technique,
a three-step calculation process including one steady-state
and two transient analyses was designed to realize the in-
fluence of the construction sequence on the early humidity
field. (en according to the construction sequence, the early
humidity field of each layer of bi-block ballastless track was
analyzed, and the effects of controlling parameters related to
external ambient air drying, internal hydration self-
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Figure 2: State of bi-block ballastless track at different stages. (a) Accurately adjusted and positioned sleepers [4]. (b) Cast-in-place track
slab. (c) Early cracks. (d) Oozing slurry.
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Figure 3: Distribution of cracks on the surface of track slab. (a) Initial crack. (b) Crack coalescence.
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desiccation, and local wetting time on early humidity dis-
tribution in ballastless track were analyzed. (e distribution
characteristics and development law of early humidity field
of bi-block ballastless track were defined. Moreover, the
formation mechanism of shrinkage crack was analyzed on
the basis of strength theory, and the crack propagation path
was predicted by using the mixed-mode fracture criterion.
(e research results can provide theoretical basis for opti-
mizing track structure design and improving track con-
struction technology.

2. Computational Model of Humidity
Field in Concrete

In the complex environment, the internal relative humidity
field of the ballastless track is in a state of dynamic equi-
librium under the combined action of wetting on the bot-
tom, moisture exchange between the exposed surface and
the ambient air, internal moisture diffusion from high hu-
midity region to low humidity region, and self-desiccation
due to hydration of cement. To serve the practical analysis of
the ballastless track, here the computational theory of hu-
midity field is firstly reviewed.

Assuming that the RH at the position (x, y, z) and time t
is H(x, y, z, t), the moisture change within a closed domain
Ω caused by the RH variation from H(x, y, z, t1) to
H(x, y, z, t2) is

Q1 � 
t2

t1

C
Ω

zH

zt
dV

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦dt. (1)

Considering the effect of self-desiccation of material, the
moisture change from time t1 to t2 is

Q2 � − 
t2

t1

C
Ω

G(x, y, z, t)dV
⎡⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎦dt, (2)

where G(x, y, z, t) is the function of hydration self-desic-
cation of material, and the relationship between the hy-
dration self-desiccation and the water-cement ratio w/c can
be described as follows [24]:

G(t) �
0.002 · exp[− (w/c)/0.3068]

(1 + 0.43t)
1.2 . (3)

(e moisture in the structure will diffuse from high
humidity region to low humidity region under the action of
humidity gradient, and the moisture diffused through a tiny
surface is proportional to the time dt, surface area dA, and
humidity gradient along the surface normal direction; that
is,

dQ3 � − D(x, y, z, t)
zH

zn
dAdt, (4)

where zH/zn is the change rate of humidity along the
normal direction of surface andD(x, y, z, t) is the coefficient
of moisture diffusion which is a function of the internal RH
[22]:

D(H) � D1 α +
1 − α

1 + 1 − H/1 − Hc( 
β

⎡⎣ ⎤⎦. (5)

In equation (5), D1 is the maximum moisture diffusion
coefficient, α is the ratio of minimum to maximummoisture
diffusion coefficient, Hc is the relative humidity when
D(H) � 0.5D1, and β is the material constant.

(erefore, the total amount of water diffused through the
closed surface from time t1 to t2 can be written as

Q3 � 
t2

t1

C
Ω

D∇2HdV
⎡⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎦dt. (6)

According to the law of conservation of mass,
Q1 �Q2 +Q3, we have


t2

t1

C
Ω

zH

zt
dV

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦dt � − 

t2

t1

C
Ω

G(x, y, z, t)dV
⎡⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎦dt + 
t2

t1

C
Ω

D∇2HdV
⎡⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎦dt. (7)

(e humidity boundary condition for the ballastless
track can be divided into the following two categories.

(1) (e humidity on the material surface is a known
function related to time; that is,

Hm � H(t). (8)

(2) (e moisture exchange coefficient between the ex-
posed surface and ambient air is known; then,

− D
zH

zn
� am Hm − Hs( , (9)

where Hs is the RH of the ambient air, Hm is the RH of the
exposed surface, and am is the moisture exchange coefficient.

In order to verify the correctness of the computation
model of concrete early humidity field, a concrete specimen
from casting to curing stage is considered, as shown in
Figure 4. A serial of monitoring points A, B, C, D, and E were
set in the calculation model, and the corresponding distance
to the upper surface is 2, 8, 15, 25, and 28 cm, respectively.
(e calculation conditions were set as follows: within 28 days
after casting the concrete specimen, the upper surface of
specimen is exposed to the ambient air with a RH of 65%.
After this, the bottom is in contact with water directly.
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Furthermore, both the left and right sides of the concrete
specimen keep isolated from the ambient air. Using ANSYS
Workbench 18.0, the concrete specimen is discretized by 900
elements. (e resulting humidity distribution in the speci-
men is shown in Figures 5 and 6.

As can be seen from Figure 5, since the monitoring
point A is close to the upper surface and greatly affected by
the dry ambient air, the relative humidity declines rapidly
over time. For the deeper monitoring point B and below,
due to the slow rate of moisture diffusion in the concrete
material, the declining rate and amplitude of humidity are
significantly smaller than those at monitoring point A, and
the humidity reduction is mainly caused by the hydration
self-desiccation. At the age of 28 days, the specimen bottom
is beginning to contact with the water directly, and the
relative humidity of monitoring points adjacent to the
bottom increases to a different degree. Due to the fast rate
of capillary water absorption, the relative humidity at
monitoring point E increases rapidly, while the relative
humidity at monitoring point D increases with a delay
amplitude and slow rate but still shows a rising trend. From
Figures 6 and 7, it can be seen that, under the combined
action of upper drying air, bottom wetting environment,
and internal hydration self-desiccation, the moisture var-
iation in the concrete specimen can be divided into three
regions along depth: (1) the influence area of the ambient
drying air is about 8 cm away from the upper surface; (2)
the influence area of the wetting environment is within
7.5 cm from the bottom; (3) the influence area of hydration
self-desiccation is the intermediate region with a uniform
humidity distribution. In addition, the numerical calcu-
lation value of relative humidity is in good agreement with
the test result, so it can be considered that the transient
calculation model of humidity field established in this
paper can be used to predict the humidity distribution of
ballastless track under the complex environment.

3. Early Humidity Field Calculation Model and
Process of Ballastless Track

3.1. Calculation Model. In this paper, the CRTS I bi-block
ballastless track in tunnel is focused on to establish the humidity
field calculation model, as shown in Figure 8. (e model
consists of bi-block sleepers (800mm× 140mm× 300mm),
track slab (2800mm× 260mm× 6250mm), and foundation
(5800mm× 2000mm× 6250mm).(e correspondingmaterial
parameters are shown in Table 1 [20, 22, 25]. In order to solve
the unsteady moisture diffusion problem, the internal moisture
source with negative value is used to control the hydration self-
desiccation of early-age concrete, as shown in equation (3).
Meanwhile, the convective moisture flux is applied on the
exterior boundaries of ballastless track to realize the moisture
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exchange between exterior boundaries and ambient air. (e
external ambient relative humidity is set to be 65%, and the
moisture transfer coefficient am is listed in Table 1. In addition,
the wet boundary is specified as constant relative humidity of
100%.

3.2. Calculation Process. CRTS I bi-block ballastless track
is a kind of track structure which is one-time cast-in-
place after assembling the prefabricated bi-block sleepers
into track panels. It is important to notice that the three
separated layers of bi-block ballastless track will be
bonded to adjacent layer after concreting the track slab.
Meanwhile, the initial humidity conditions of three layers
are nonuniform and inconsistent. In order to overcome
the above technical obstacles, based on the node coupling
technique, the three-step calculation process including
one steady-state and two transient analyses was designed
to realize the influence of the construction sequence on
the early humidity field, as shown in Figure 9.

(1) Step 1: Under the long-term action of groundwater
infiltration and external ambient air drying, the
humidity field of foundation is in equilibrium. First,
the steady humidity field of foundation is obtained
by conducting a steady-state humidity field analysis.
(is steady result will be used as the initial humidity
condition of foundation for the transient humidity
field analysis of ballastless track in step 3.

(2) Step 2: (e sleepers are precast at the factory and
maintained to t� 60d. In this case, their humidity
distribution is mainly affected by the external ambient
air drying and internal hydration self-desiccation. In
this step, the variation of humidity field is obtained by
carrying out a transient humidity field analysis of
sleepers. (e last-time result is used as the initial hu-
midity condition of sleepers for the transient humidity
field analysis of ballastless track in step 3.

(3) Step 3: To control the interface state transition
before and after concreting the track slab, the node
coupling technique is applied at the interfaces be-
tween track slab and sleepers, track slab and
foundation, as shown in Figure 10. Before con-
creting the track slab, the node coupling technique
is deactivated, and the interface state keeps sepa-
rated. After concreting the track slab, the node
coupling technique is activated, and the interface
state translates from separated state to bonded state.
(en, the initial high humidity will diffuse from
track slab to sleepers and foundation through the
bonded interfaces.

According to the above calculation process, the early
humidity distribution characteristics of CRTS I bi-block
ballastless track can be defined. (e initial conditions,
boundary conditions, and result analysis of the above three
steps are described in detail in Section 4.
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4. Early Humidity Analysis in the
Ballastless Track

4.1. Steady-State Humidity Analysis of Foundation. In the
tunnel, it is assumed that the groundwater exists at a depth of
2m, and the relative humidity of the ambient air is 65%.
Under the long-term action of groundwater and ambient air,
the steady humidity distribution of tunnel foundation was
calculated by steady-state analysis, as shown in Figures 11
and 12.

Up to now, the linear interpolation is still a common
approach used to deal with the initial conditions of sub-
structures such as tunnel foundation and subgrade bed
during a transient physical field analysis of ballastless track
[26]. However, in view of the nonlinear relationship between
moisture diffusivity and humidity, the steady humidity
distribution along the depth follows a cubic polynomial, as
shown in Figures 11 and 12. (e relative humidity of the
upper surface is about 65.1%, which is very close to that of
the ambient air in tunnel. At the depth of 1m, the maximum

x
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Track sla
b

Foundation
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Confined groundwater

Self-desiccation
Moisture diffusion
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Track slab
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Figure 8: Early humidity field calculation model of CRTS I bi-block ballastless track. (a) Overall FE model and (b) local schematic for the
cross section I-I.

Table 1: Material parameters.

Component E28 (GPa) ] w/c ft (MPa) D1 × 10− 10 (m2.s− 1) α β Hc (%) am (m.d− 1)
Sleeper 36.0 0.2 0.3 1.54 0.25 0.018 1.3 98 0.0038
Track slab 32.5 0.2 0.4 2.39 0.5 0.022 1.1 98 0.0055
Foundation 25.5 0.2 0.6 2.74 2.02 0.071 0.8 98 0.0105
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difference between numerical result and linear interpolation
is 7.5%. (erefore, the steady-state humidity analysis of
foundation is essential, and the steady result will be as the
initial humidity condition of foundation for the transient
humidity field analysis of ballastless track in Section 4.3.

4.2. Transient Humidity Analysis of Sleeper. After concreting
sleepers at the factory, the sleepers were stored in the am-
bient air with an average RH of 65% and RH amplitude of
50%, as shown in Figure 13, and kept for 60 days. Under the
action of external ambient air drying and internal hydration
self-desiccation, the humidity distribution of sleeper was
calculated, as shown in Figures 14–16.

Figure 14 shows that, under the coupling effect of ex-
ternal air drying and internal hydration self-desiccation, the
relative humidity in the sleeper shows a steady decline. On
the 60th day after the sleepers have been precast, the surface
relative humidity decreases to 66.6%, and the intermediate
relative humidity decreases to 80.1%. (e relative humidity
of the surface layer of the sleeper is mainly affected by the
ambient air, while the interior of the sleeper is mainly
controlled by hydration self-desiccation. In order to further
study the distribution of sleeper’s relative humidity, the
relative humidity and relative humidity gradient (RHG)
along line ab shown in Figure 14(b) were calculated, as
shown in Figures 15 and 16, respectively.

According to Figures 15 and 16, it is found that the
typical nonlinear relative humidity gradient is formed inside
the sleeper due to the slow transfer of moisture in concrete
materials, which can also be approximated by a five-segment
linear distribution. As a result of diurnal fluctuations of
ambient relative humidity, the maximum relative humidity
gradient appears around 6mm beneath the surface of
sleeper, and the limit influence depth of diurnal fluctuations
of ambient relative humidity is about 8mm. In this section,
the last-time transient result will be as the initial humidity
condition of sleepers for the transient humidity field analysis
of ballastless track in Section 4.3.

4.3. Transient Humidity Analysis of Ballastless Track.
Sixty days after the sleepers had been precast, the sleepers
were transported to the construction site. (en, the track
slab was poured after the sleepers had been assembled into
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track panels and maintained for 90 days. In this transient
analysis, the initial humidity state of ballastless track is
shown in Figures 17(a) and 17(b). (e initial humidity of
foundation used the steady-state result in Section 4.1, the
initial humidity of track slab was set to be 100%, and the
initial humidity of sleepers adopted the transient result in
Section 4.2. In the first seven days, the exposed surfaces of
ballastless track were specified as wet boundaries (H� 100%)
according to the construction requirements and replaced by
a convective moisture flux condition (H� 65%) in the days
that followed. Under the water wetting, external ambient air
drying, and internal hydration self-desiccation, the humidity
distribution of the ballastless track was calculated, as shown
in Figure 17.

It can be seen from Figure 17 that, at the initial phase after
concreting the track slab, the significant difference of humidity
forms on both sides of the interface. Under the driving action of
humidity difference, the moisture in the structure diffuses from
high humidity to low humidity areas and forms a higher relative
humidity gradient at the interface, as shown in Figures 17(c),
and 17(d). Subsequently, the relative humidity field inside the
whole ballastless track gradually becomes stable under the
continuous effect of moisture diffusion, as shown in
Figures 17(c), 17(e), and 17(g). Finally, the maximum relative
humidity gradient of each region appears at the surface in-
terface, shown as points A and B in Figure 17(h). In order to
further study the humidity distribution at the interface, the
relative humidity and relative humidity gradient along the line
ab shown in Figure 17(h) were calculated, as shown in Fig-
ures 18 and 19. Interface 1 represents the interface between
sleeper and track slab, and interface 2 represents the interface
between track slab and foundation.

From Figures 18 and 19, a large relative humidity gradient
will occur at the interface between track slab and sleeper or the
track slab and foundation. On the 1st, 3rd, 7th, 14th, 30th, 45th,
60th, and 90th days after concreting the track slab, the relative
humidity gradients at the interface between the track slab and
sleeper are 24.46, 14.45, 8.69, 4.17, 2.26, 1.65, 1.39, and
1.09×100%/m, respectively. (e results show that the relative
humidity gradient decreases rapidly in the first week after
concreting the track slab, and then the descending rate tends to
be slow over time.

5. Crack Formation

5.1. Cracking Criterion. Due to the apparent characteristics
of wetting expansion and drying contraction of concrete
materials, the cracks in concrete structures may be caused by
the nonuniform internal relative humidity. Based on the
beam warping test, the relation between drying-induced
strain ε and internal relative humidity H in concrete can be
written as follows [27]:

ε � 8.14 ×(1 − H) × 10− 4
, (10)

from which it is found that the nonuniform RH field leads to
the nonuniform strain and then stress.

Besides, as a key parameter that affects the deformation
of material, the elastic modulus of concrete increases with

age, and the increase rate in early age is higher than that in
the later age. In this paper, the constant elastic modulus E28
of sleeper and foundation listed in Table 1 is adopted, and the
elastic modulus of track slab is described by exponential
formula [28]:

E(t) � E28 × 1 − exp − 0.4t
0.34

  , (11)

where t is the time in day and E28 is the elastic modulus of the
concrete at the equivalent age of 28 days.

For brittle materials such as concrete, its failure is mainly
caused by the maximum tensile stress. (e cracking risk of
concrete can be defined as the ratio of the maximum
principal stress to the tensile strength [29]; that is,

ζ �
σ1,max

ft
, (12)

where ζ is the cracking risk, σ1,max is the maximum principal
stress, and ft is the tensile strength.

Considering the fluctuating characteristics of the me-
chanical properties of concrete materials, it is generally
believed that the crack will be caused when the cracking risk
reaches 0.7 [30].

5.2. Results andAnalysis. After concreting the track slab, the
distributions of maximum principal stress at different times
were calculated without taking into account wet curing, as
shown in Figure 20.

It can be seen from Figure 20 that, in the curing stage of
track slab, a certain tensile stress will be generated due to the
drying shrinkage property of concrete materials, and the
stresses that occur at the interface between sleeper and track
slab are greater than those at other areas. When the stress
exceeds the tensile strength of the interface, the interface
crack will be generated.

After the interface crack between sleeper and track slab
has been generated, shown as white lines ab and cd in
Figure 20(b), the released energy of interface crack will be
transferred to the corner of sleeper and intensifies the stress
concentration effect. When the maximum principal stress
exceeds the tensile strength of the track slab, the splayed
crack with an initial angle of about 45° will be generated at
the sleeper corner. Finally, the cracks at corner of adjacent
sleepers would be coalesced and form a transverse through-
wall crack of track slab, as shown in Figures 3(b) and 20(b).

6. Crack Propagation

6.1. Mixed-Mode Fracture Criterion. In order to clarify the
propagationmechanism of track slab crack, the mixed-mode
fracture criterion was selected to predict the propagation
direction of track slab crack by considering the combined
effect of tensile and shear stresses. (e previous studies have
shown that the maximum circumferential tensile stress
criterion is in good agreement with the test data of brittle
materials such as concrete and rock.(erefore, this criterion
is often used to analyze the fracture mechanism of concrete
structures. For the mixed-mode crack, the equivalent stress

10 Advances in Civil Engineering



100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

1.5

1.0

0.5

0

y (
m

)
0 1 2 3 4 5

x (m)

(a)

100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

0.3
0.2
0.1

0

y (
m

)

0 0.2 0.4 0.6 0.8 1.0 1.2
x (m)

(b)

100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

1.5

1.0

0.5

0

y (
m

)

0 1 2 3 4 5
x (m)

(c)

100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

0 0.2 0.4 0.6 0.8 1.0 1.2
x (m)

0.3
0.2
0.1

0

y (
m

)

(d)

100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

1.5

1.0

0.5

0

y (
m

)

0 1 2 3 4 5
x (m)

(e)

100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

0.3
0.2
0.1

0

y (
m

)

0 0.2 0.4 0.6 0.8 1.0 1.2
x (m)

(f )

100 96.1 92.2 88.4 84.5 80.6 76.7 72.9 69.0 65.1

1.5

1.0

0.5

0

y (
m

)

0 1 2 3 4 5
x (m)

(g)

87.7 85.2 82.7 80.2 77.6 75.1 72.6 70.1 67.6 65.1

a

b

A B

0.3
0.2
0.1

0

y (
m

)

0 0.2 0.4 0.6 0.8 1.0 1.2
x (m)

(h)

Figure 17: RH contour of ballastless track at different times. (a) t� 0d, entire contour; (b) t� 0d, local contour; (c) t� 1d, entire contour; (d) t� 1d,
local contour; (e) t� 7d, entire contour; (f) t� 7d, local contour; (g) t� 60d, entire contour; (h) t� 60d, local contour.
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intensity factor Keff can be evaluated by the following
equation [31]:

Keff �

�������������������

KΙ + KΙΙ( 
2

+
1

1 − 2υ
K

2
ΙΙΙ



, (13)

where ] is Poisson’s ratio and KI, KII, and KIII are the stress
intensity factors in modes I, II, and III, respectively, which
can be computed based on the displacement extrapolation
method [32]; that is,

KΙ �
G vc − ve( 

κ + 1

���
2π
r



,

KΙΙ �
G uc − ue( 

κ + 1

���
2π
r



,

KΙΙΙ �
G wc − we( 

κ + 1

���
2π
r

.



⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

G is the shear modulus, κ is the coefficient related to
Poisson’s ratio, r is the element length, and u, v, and w are
the node displacements in the x, y, and z directions, re-
spectively, as shown in Figure 21.

When the equivalent stress intensity factor Keff exceeds
the fracture toughnessKC, the crack will lose the stability and
fracture rapidly. (e fracture condition can be expressed as

Keff ≥KC. (15)

(e maximum circumferential tensile stress criterion
assumes that the crack propagates along the direction of the
maximum circumferential tensile stress [33]:

θ � 2 tan− 1 1
4

KΙ
KΙΙ

+
1
4

����������

KΙ
KΙΙ

 

2

+ 8




⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (16)

where θ is the turning angle of the crack, as shown in
Figure 21.

(e fracture models described above have been imple-
mented in the ANSYSWorkbench 18.0, and the flowchart of
numerical procedure for the fatigue crack growth simulation
is shown in Figure 22.

6.2. Results and Analysis. Based on the maximum cir-
cumferential tensile stress criterion, the propagation path
of crack with an initial length Lin � 0.1 m and angle
θin � 45° was predicted, as shown in Table 2 and Figure 23.
(e results show that, under the action of drying
shrinkage deformation of early-age concrete, the initial
crack tip is subject to the combined action of tensile and
shear stresses. In this case, the initial crack belongs to a
mixed-mode crack, and the ratio of KII and KIII to KI is
31.37% and 7.6%, respectively. Under the combined ac-
tion of stress intensity factors including KI, KII, and KIII,
the initial crack direction will turn an angle of 30.06°, as
shown in Figure 23(b). After the propagation path of
initial crack has been turned, the ratio of KII to KI drops to
1.34%, and then the crack propagation path further turns
an angle of 1.53°, as shown in Figure 23(c). Due to the
continuous turning of crack propagation path, the final
propagation path tends to be along the transverse di-
rection of track slab, and the corresponding failure mode
gradually transforms from mixed-model into pure
opening-mode. When there are initial cracks at the
corner of adjacent sleepers, the cracks would be coalesced
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Figure 18: Distribution of RH along the path ab.
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and further form the transverse through-wall crack of
track slab, as shown in Figures 3(b) and 23(d). (e
transverse through-wall crack not only significantly

affects the comfortableness and safety of rapid transit
railway, but also reduces the service life of ballastless
track.

Previous crack direction
Next crack direction

Actual crack direction
Turning angleθ

x

y z

c

e

b
d a

ac=ae=r
ab=ad=r/4

θ

Figure 21: Singularity elements at the crack tip and crack propagation path.

Initial crack with a length Lin and angle θin

Solve – Stress analysis
Calculation of KI, KII, KIII, θ (Eq 14, 16) 

New crack tip location (xi, yi)

Propagated crack path generation
(multi-linear curve defined by i+1 points)

i=i+1

i=1

Figure 22: Numerical procedure for the fatigue crack growth simulation.

Table 2: Turning angle of the crack propagation path.

Crack length
(m)

KI
(MPa.m0.5)

KII
(MPa.m0.5)

KIII
(MPa.m0.5)

Keff
(MPa.m0.5)

Initial angle
(°)

Previous angle
(°)

Actural angle
(°)

Turning angle
(°)

0.1 3.8659 1.2128 0.2960 5.0930 45 — 45 30.06
0.2 5.2919 0.0709 0.0072 5.3637 45 45 14.94 1.53
0.3 5.4932 0.1268 0.0009 5.6200 45 14.94 13.41 2.65
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7. Conclusions

(is paper focuses on the drying-induced crack mechanism
of the CRTS I bi-block ballastless track system induced by
early-aged internal relative humidity. Considering the
construction sequence and environmental conditions of the
ballastless track system, the RH distribution in the system is
simulated, and the crack propagation induced by the
nonuniform RH is predicted. (e following conclusions can
be drawn:

(1) Under the long-term action of groundwater infil-
tration and external ambient air drying, the steady
humidity of foundation along the depth obeys a
cubic polynomial distribution. (e steady result can
provide an accurate initial humidity condition of
foundation for the transient humidity field analysis
of ballastless track relative to the linear interpolation
method.

(2) After precasting the sleeper, the nonuniform hu-
midity field is formed inside the sleeper. (e surface
relative humidity of sleeper is mainly affected by the
ambient air drying, and the interior relative humidity
is mainly controlled by the hydration self-desicca-
tion. (e transient result can provide a nonuniform
initial humidity condition of sleepers for the tran-
sient humidity field analysis of ballastless track.

(3) After concreting the track slab in the site, the high
humidity diffuses from track slab to sleepers and
foundation through the bonded interfaces, and the
maximum relative humidity gradient appears at the
interface between track slab and sleeper. (e max-
imum value rapidly decreases from 24.46×100%/m

to 8.69×100%/m in the first week, and then the
descending rate tends to be slow over time.

(4) Due to the drying shrinkage property of concrete
materials, the stresses that occur at the interface
between sleeper and track slab are greater than
those at other areas. When the maximum prin-
cipal stress exceeds the ultimate tensile strength of
the track slab, the splayed crack with an initial
angle of about 45° will be generated at the sleeper
corner.

(5) Under the action of drying shrinkage deforma-
tion of early-age concrete, the initial splayed
crack belongs to a mixed-mode crack, and the
direction of crack tip turns an angle of 30.06°.
(en, the final propagation path tends to be along
the transverse direction of track slab due to the
continuous turning of crack propagation path,
and the corresponding failure mode gradually
transforms from mixed-model into pure opening-
mode. When there are initial cracks at the corner
of adjacent sleepers, the cracks would be coa-
lesced and further form the transverse through-
wall crack of track slab. (e transverse through-
wall crack not only significantly affects the
comfortableness and safety of rapid transit rail-
way, but also reduces the service life of ballastless
track.

Data Availability

All data used to support this study are available from the
corresponding author upon reasonable request.

(a) (b)

(c) (d)

Figure 23: Predicted propagation paths of the crack with an initial angle of 45°. (a) θ� 30.06°, (b) θ� 1.53°, (c) θ� 2.65°, and (d) crack
coalescence.
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