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Abstract: The temperature deformation and damage of CRTS |l slab track reinforced by post-installed anchors are affected by many factors, such as the state of concrete
joints, and the bonding state between post-installed anchors and concrete of the track. Considering the non-linear characteristics of the mechanical properties of the concrete
material, the interfacial behaviour, and the mechanical performance of the anchoring system, a finite element model of the reinforced CRTS |l slab track is established to
analyze the influence of multiple factors on the temperature deformation and damage behaviour of the reinforced CRTS Il slab track. The results show that the main wave
wavelength of the up-arching of the track slabs under temperature rise loading is smaller than the auxiliary wave wavelength, and the post-installed anchors do not significantly
change the wavelengths of the main wave and the auxiliary wave. It is possible to make the longitudinal middle position of track slabs arch when anchoring reinforcement is
implemented. Compared with the bonding state of anchoring reinforcement, the degree of damage of concrete joints has a greater impact on the temperature-induced
deformation of the track after reinforcement. Considering the deformation of the track-slab arch, longitudinal displacement, and interlayer damage, it is recommended to

repair the lower part of the concrete joints with a damage height of more than 50% of its total height in time.
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1 INTRODUCTION

For medium and long-distance transportation,
compared with aviation, highways, and other modes of
transportation, high-speed railways have advantages in
terms of cost, safety, environmental protection, and so on
[1-4]. Ballastless track is an important part of high-speed
railway engineering. The CRTS II slab track is a typical
ballastless track, which is a multi-layer composite structure
system consisting of track slabs, CA mortar layer, and
concrete base, or supporting layer, in which the track-slab
layer consists of pre-fabricated track slabs with concrete
joints cast on site. The composite structure of the track
causes a discontinuity in the material strength and
densification degree. Compared with the concrete base
layer and CA mortar layer, the track-slab layer, which is
directly exposed to the external environment is larger, and
the amplitude of the temperature load changes it is
subjected to is also higher. Therefore, track-slab layer
diseases caused by high-temperature deformation are more
common, such as arching of slabs, concrete joint breakage,
etc. [5, 6]. To deal with these kinds of diseases, the
post-installed anchoring method is used to connect the
track slabs and concrete base, limiting the deformation of
track slabs. In recent years, to prevent the diseases of
tracks, post-installed anchors have been utilized in several
high-speed railways.

2 LITERATURE REVIEW

Change of mechanical performance of railway tracks
can be induced by repeated wheel loading, temperature
change, deterioration of materials, etc.[7-10]. Samuel et al.
[11] investigated the effects of railway traffic and extreme
weather on the long-term performance of slab tracks. Zhou
et al. [12] researched the mechanical responses of CRTS 11
slab tracks subject to diurnal temperature variation. Li et al.
[13] studied the damage behaviour of slab tracks caused by
fatigue loading. Lou et al. [14] investigated the mechanism
of interfacial failure of slab tracks induced by solar
radiation in alpine and plateau regions. Train-induced

vibrations and noise are also one of the concerns for the
performance of slab tracks [15]. Zhang et al. [16] conducted
an experimental study on noise mitigation measures used
for slab tracks. There is a big difference between the
force-transfer mechanism of the slab tracks after
post-installed reinforcement and that of the unreinforced
track. At present, some studies on the force deformation
and damage law of CRTS II slab track after reinforcement
have been conducted. Zhong et al. [17] used the finite
element simulation method to analyze the effect of
post-installed anchoring on deformation of ballastless
tracks during track-slab repair construction. Ren [18]
established a finite element model of CRTS 1I slab track
after anchoring reinforcement and studied the influence of
the number of post-installed anchors on the arching of slab
ends. Li et al. [19] used numerical simulation to study the
development of the interlayer damage of post-installed
anchored track. Li et al. [20] used the finite element method
to study the effect of post-installed anchoring on the
structural damage of the CRTS II slab track in
reinforced-unreinforced transition sections. Experimental
investigation and on-field tests have also been carried out
to study the behaviour of the reinforced tracks. Zhao et al.
[21] studied the failure mode of post-installed anchors by
pull-out and shear tests. Feng et al. [22] investigated the
seismic performance of CRTS II slab track reinforced by
post-installed anchors by using an indoor test method. Lu
et al. [23] evaluated the performance of interfaces of
reinforced tracks under repeated temperature changes by
experimental tests. Zhang [24] carried out on-site
observation and analysis of the structural state of the CRTS
II slab track after reinforcement with post-installed
anchors. The above studies indicate that the serviceability
of slab tracks reinforced by anchors can be significantly
improved, while damage of slab tracks can still occur under
complex operating conditions. As the concrete joints of
CRTS II slab track are cast on-site, their strength and
compactness are often lower than that of prefabricated
track slabs, and it is more common for the concrete joints
to be broken [25]. In addition, the waterproof adhesive of
the post-installed anchoring system at the upper part of the
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ballastless track is directly exposed to the atmosphere,
which makes it prone to aging and breakage after being
irradiated by sunlight and infiltrated by rain, resulting in
the degradation of the bonding strength of the
post-installed anchors and track concrete. The above
factors have an important influence on the mechanical
properties of CRTS 1II slab track reinforced by
post-installed anchors, but there is a lack of relevant
research at present. Therefore, this paper establishes a
finite element model of the CRTS II slab track reinforced
by post-installed anchors to analyze the influence law of
concrete joints state and post-installed anchors state on the
temperature-induced deformation of the reinforced CRTS
IT slab track. The insights from this study can provide
theoretical guidance for the maintenance and repair of
CRTS II slab tracks.

3 RESEARCH METHODOLOGY
3.1 Interfacial Constitutive Relationships and Damage
Characterization

The shear and tensile tests of the interface between the
track slabs and CA mortar layers (hereinafter referred to as
"the interface") of the CRTS II slab track show that the
relationship between the bond stress and relative
displacement in the shear and tensile directions of the
interface show obvious nonlinearity, i.e., the bond stress
increases and then decreases with the increase of the
relative displacement [26]. The relationship between bond
stress and relative displacement at the interface can be
characterized by the bilinear cohesive zone model shown
in Fig. 1.

bond stress A
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o displacement
Figure 1 Bond stress-relative displacement bilinear relation

For the descending section of the bilinear relationship,
the bond stress-relative displacement relationship can be
expressed as:
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In the above equation 7, and 7, are normal and
tangential stresses; #, and ¢ are normal and tangential
stresses after damage. When 7, < 0 the normal direction is
in compression, and the interface stiffness is unchanged. D
is the total stiffness damage of the cohesive element, which
is defined as:
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In the above equation, &, is the maximum

displacement in the damage process, . and 5/ are the

effective displacement when damage and fracture occur
respectively. When D = 0, the interface is in intact state;
when D = 1, the interface is completely debonded; when
0 < D < 1, the interface is in a damaged state. Based on
fracture mechanics theory, when the interlayer damage
mode is mixed (i.e., a combination of tensile and shear
forms), the Quadratic nominal stress criterion can be used
as a criterion for the occurrence of damage at the interface:
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In the above equation, #,, & and ¢ are the normal stress
and the two tangential stresses, respectively; ¢, ¢ and

are the bond strengths in the three directions, respectively.
(tn> = (tn + |tt |) /2 . Determination of interlayer fracture

based on the energy release rate is as follows:
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In the above equation, G,, G, and G, are the normal
and the two tangential strain energy release rates,

respectively, and G*, G, and G© are the normal and the

two tangential fracture toughness, respectively. According
to reference [19], the values of cohesive zone model
parameters are used, as shown in Tab. 1.

Table 1 Cohesive Zone Model Parameter

£/ MPa k/>x10°N'-m? | G°/mJ-mm?
Normal 0,0137 0,274 0,0041
Tangents 0,01 0,2 0,003

The validation of the cohesive zone model can be
found in reference [19].

3.2 Characterization of the Constitutive Relationships of
Concrete Materials

Concrete materials have complex components and
internal micro voids, and the emergence and expansion of
microcracks will occur under external loading, which will
lead to damage and deterioration of the material. The
concrete damaged plasticity (CDP) model proposed by
Lubliner et al. [27] and Lee et al. [28] based on the damage
mechanics theory can be used to characterize the
deformation and damage properties of concrete. Taking the
case of uniaxial compression of concrete as an example,
the material behaviour is considered to be linear-elastic at
the initial stage of loading, i.e., before the stress reaches the
yield stress; when the stress exceeds the yield stress, the
material behaviour exhibits nonlinearity. According to the
Code for the Design of Concrete Structures [29], the
stress-strain  relationship for concrete in uniaxial
compression is:
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In the above equation, o, is the value of the parameter
of the descending section of the stress-strain curve during
uniaxial compression, f. , is the representative value of the
uniaxial compressive strength of the concrete, &. . is the
peak compressive strain  corresponding to the
representative value of the uniaxial compressive strength,
and d. is the parameter of the evolution of the compressive
damage of the concrete. The CDP model is driven by
inelastic strain in the finite element software, and the
inelastic strain in the case of uniaxial compression of
concrete can be obtained from the following equation [30]:

e"=¢,—0./E, (®)
The compression damage factor expression is [30]:
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According to reference [31], £ can be 0.6. Derivation
of uniaxial tension relations for concrete can be found in
References [29, 31]. Experimental validation of the
concrete plasticity model can be seen in References [32].

3.3 Numerical Model of Post-installed Anchors

The slip-bond relationship between anchors and
surrounding concrete is simulated by nonlinear springs in
the pull-out direction (vertical direction), which connect
each anchor node with the corresponding concrete node.
Large-stiffness lateral springs and large-stiffness
longitudinal springs are set up between the reinforcement
nodes and the concrete nodes to simulate the horizontal
interaction between anchors and concrete. The anchors are
simulated by B33 beam elements and its material
properties are simulated using a bilinear model. The
slip-bond relationship between anchors and surrounding
concrete established by Shu et al. [33] is used in this study,
which is as follows:
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In the above equation, 7 is the bond stress, S is the slip
value, S, is the ultimate slip, S, is the elastic slip, and
Se = PeuSu, Sr, 1s the residual slip. According to Reference
[19], S, = 1.26 mm, f., = 0.28, S, = 5 mm. 7, is the bond
strength, which is expressed as:

7, =56a\f., /7 (12)

In the above equation, f;, is the cubic compressive
strength of concrete, a = 0.85.

3.4 Ballastless Track Model and Parameters

A finite element model has been established using the
finite element modelling software ABAQUS according to
the actual structure of the CRTS II slab track on viaducts,
as shown in Fig. 2. Solid element C3D8R has been used to
model the main track components including rails, track
slabs, concrete joints, a CA mortar layer, and a concrete
base. The total length of the track components corresponds
to the length of a 32 m simply-supported viaduct (i.e., the
length of 5 track slabs). Fixed constraints were applied to
the longitudinal ends and bottom surfaces of the model.
The rails, track slabs, concrete joints, CA mortar layer, and
concrete base are modelled by solid elements, and the
fasteners are modelled by multidirectional spring elements.
The concrete strength of the track slabs and concrete joints
is C55, and the concrete strength of the concrete base is
C30. The Concrete Damaged Plasticity model described in
section 1.2 is used to represent concrete material
properties, and the parameters are shown in Reference [29].
CA mortar and rails are characterized by an elastic model,
and the parameters are shown in Reference [25]. When
simulating the fastener, the spring vertical stiffness is taken
as 50 kN/mm, and the lateral stiffness is taken as
35 kN/mm. The longitudinal stiffness of the fasteners takes
into account its nonlinear characteristics: when the relative
displacement of the rail and the track slabs at the
corresponding position of the fastener is less than 2 mm,
the stiffness of the fastener is 4.5 kKN/mm; when the relative
displacement is greater than 2 mm, the longitudinal force
provided by the fastener keeps as 9 kN.

Concrete joint

/

Rail

Track slab——

CA mortar layer Concrete base

Figure 2 Finite element model

It has been found that the CA mortar is usually well
bonded to the concrete base, so tie constraint is applied to
the interface between the two. The interface between track
slabs and CA mortar are prone to cracking, so the cohesive
zone model is used to characterize the interaction between
the two. Validation of the established finite element model
can be found in References [19].
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4 RESULTS AND DISCCUSION

In the simulation condition of this paper, the joint
between the 3rd slab and the 4th slab is set as a damaged
joint, and the rest of the joints are intact joints. According
to the actual location of the field post-installed anchoring
and the commonly used number of post-installed
anchoring, each slab is reinforced by 4 rebars, as shown in
Fig. 3. The maximum temperature rise of the track
structure was set to 40 °C. Point A, point B, and the
longitudinal path are selected as the comparative analysis
location of track deformation.

[ intact joint
Bl damaged joint

lateral path e anchoring position

T T |

T epoint B
concrete base  vertical path ®point A

Figure 3 Working condition settings and post-installed anchoring instructions

4.1 Influence of Bonding Properties of Post-installed
Anchoring Systems

To study the influence of the bonding performance of
the post-installed anchoring system, this paper analyzes the
deformation characteristics of the track with bond strengths
of post-installed anchoring system of 2 MPa, 5 MPa,
8 MPa, 11 MPa, and without post-installed anchors.
Among them, 11 MPa is the undegraded bond strength
calculated by Eq. (12). According to the actual situation of
concrete joint damage, it can be known that joint damage
occurs mostly in narrow joints. In this paper, it is assumed
that the broken height of the narrow joint is 25% of the total
height of the narrow joint, and it is considered that the
breakage is through the vertical direction of the track slabs,
as shown in Fig. 4.

Wide joint
Narrow joint

Broken area

Figure 4 Schematic diagram of damaged joint

The vertical displacement of the track slab on the
lateral path for different bond strengths of the post-installed
anchoring system is shown in Fig. 5. From the figure, it can
be seen that the two lateral ends of the track slab are
slightly uplifted under the overall temperature rise load.
The vertical displacement decreases after post-installed
anchors are used. And with the decrease of bond strength
of post-installed anchors, the vertical displacement
gradually increases, but the vertical displacement after the
weakening of bond strength is still significantly larger than
that without post-installed anchors.

—— without post-installed anchor

= ----2MPa
g1o4 o 5 MPa
Ei —-—-—- 8 MPa
£ 11 MPa
L
2
=
S 0.5
S
=
4
anchoring point coordinate
0.0 o

0 500 1000 1500 2000 2500 3000

lateral path coordinate/mm
Figure 5 Effect of bond strength of post-installed anchoring system on vertical
displacement in lateral path

The vertical displacement of the track slab on the
longitudinal path for different bond strengths of the
post-installed anchoring system is shown in Fig. 6. From
the figure, it can be seen that there is a more obvious
auxiliary wave in the side close to the main wave of the
upper arch of the track slab, which is consistent with the
theoretical analysis results of the upper arch of the ideal
structure on the elastic foundation [34]. It can also be seen
from Fig. 6 that the wavelength of the main wave of the
upper arch of the track-slab under temperature rise loading
is smaller than the wavelength of the auxiliary wave, and
the post-installed anchor did not significantly change the
wavelengths of the main wave and the auxiliary wave. In
the main wave crest, the greater the bond strength of the
post-installed anchoring system, the smaller the vertical
displacement; however, the auxiliary wave crest shows the
opposite trend: the greater the bond strength of the
post-installed anchor, the greater the vertical displacement.
The possible reason for this phenomenon is that the
constraint on track displacement at the anchoring point is
enhanced when the bond strength of the post-installed
anchoring system is increased, which reduces the track
expansion deformation that can be released by the main
wave under the effect of temperature rise, and thus results
in the release of greater vertical up-arching deformation of
the auxiliary wave. The fixed-point restriction of the track
slab using post-installed anchoring may cause a certain
degree of up-arching at the location of the auxiliary wave
(in the middle of the longitudinal path of the track slab),
but since the main purpose of post-installed anchors is to
limit the amplitude of up-arching of the main wave, this
does not affect the overall effect of post-installed anchors
on the prevention and control of track diseases.

—=— without post-installed anchor
*—2 MPa
0.7 4 —a— 5 MPa
v— 8 MPa
¢ 11 MPa damaged joint

intact joint

» main wave(half)

' auxiliary wave

vertical displacement/mm

anchoring point coordinate anchoring point coordinate

0.3 T T T T g T l ]
0 1000 2000 3000 4000 5000 6000 7000

longitudinal path coordinate/mm
Figure 6 Effect of bond strength of post-installed anchoring system on vertical
displacement of longitudinal path
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Fig. 7 demonstrates the effect of the bond strength of
the post-installed anchoring system on the longitudinal
displacement of slabs in the longitudinal path. As can be
seen from the figure, although the longitudinal
displacement of the track slab has a certain degree of
sudden increase at the slab-end close to the damaged joint,
the maximum value of the longitudinal displacement of the
track slab is small, and the track slab does not undergo
overall longitudinal movement. Moreover, the difference
in longitudinal displacement between the anchored and
unanchored cases is not significant, which shows that the
longitudinal continuity of the track slab itself can provide
good longitudinal restraint for the track.

—=— without post-installed anchor

0.104 o—2 MPa

. —&— 5 MPa

£ +— 8 MPa damaged joint

2 0.05- +— 11 MPa -T

8 intact joint

=
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=

=

£

= -0.054

= . . .

s anchoring point coordinate anchoring point coordinate
-0.10

0 1000 2000 3000 4000 5000 6000 7000
longitudinal path coordinate/mm

Figure 7 Effect of bond strength of post-installed anchoring system on
longitudinal displacement of longitudinal path

The influence of the bond strength of the post-installed
anchoring system on the interlaminar damage state of the
lateral path can be seen in Fig. 8: regardless of whether
post-installed anchors are set or not, the interlaminar
separation occurs at both ends of the lateral path of the
track slabs under the action of the maximum
temperature-rise loading; however, the degree of damage
to the interlaminar interface in the middle part of the lateral
path is relatively small when the bond strength of
post-installed anchoring system is larger.

—=— without post-installed anchor
*—2 MPa
—&— 5 MPa
v— 8 MPa
interface gapping +— 11 MPa
>0 o00
&?N‘

-
A4

Q 0.54 4

0.0 ./ no damage between layers

anchoring point coordinate

0 500 1000 1500 2000 2500 3000
lateral path coordinate/mm

Figure 8 Effect of bond strength of post-installed anchoring system on lateral
path interlayer damage value

4.2 The Effect of the Degree of Breakage of Concrete
Joints

To study the influence of concrete joint breakage
degree on the mechanical behaviour of ballastless track,

this section analyzes the temperature deformation
behaviour of the track when the breakage degree of the
concrete joint is 25%, 50%, 75% and 100% respectively,
where 100% indicates that the lower part of the concrete
joint is completely broken. In this section, the bond
strength of the post-installed anchoring system is
considered as 11 MPa. The effect of the degree of concrete
joint damage on the vertical displacement of track slabs in
the lateral path is shown in Fig. 9. As can be seen from the
figure, the larger the degree of damage of the concrete
joint, the larger the vertical displacement. When the
vertical displacement of the track slabs is larger, the
vertical displacement of the track slabs can be regarded as
the height of the gap between layers. It can be known that
when the degree of breakage of the concrete joint is 100%,
the height of the gap in the lateral path is more than 1.5
mm. according to the "Maintenance Rules for Ballastless
Track of High-speed Railway" (TG/GW 115-2012), the
CRTS II slab track with the interfacial gaps larger than 1.5
mm is the III level damage, which needs to be repaired in
time.
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Figure 9 Effect of the degree of joint breakage on the vertical displacement of
the lateral path

The effect of the degree of breakage of the concrete
joint on the vertical displacement in the longitudinal path
is shown in Fig. 10. From the figure, it can be seen that on
the side close to the intact joint, the vertical displacement
of the track slab under different degrees of concrete joint
damage does not differ much, but in the side close to the
damaged joint, the degree of concrete joint damage has a
great influence on the vertical displacement of the track
slab.

——25%
_ 31 —e—50%
z —a—75%
2 — 100% damaged joint
L
‘N 7
= y
& | intact joint y
=14 ¥y
3| | J e
::-)- L
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i i

T T T T

0 1000 2000 3000 4000 5000 6000 7000

longitudinal path coordinate/mm

Figure 10 Effect of the degree of joint breakage on the vertical displacement of
the longitudinal path
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Fig. 11 shows the influence of the degree of breakage
of the concrete joint on the longitudinal displacement in the
longitudinal path. As can be seen from the figure, when the
degree of damage to the concrete joint is less than or equal
to 75%, the longitudinal displacement of the track slab is
mainly concentrated on the side close to the damaged
concrete joint; when the lower part of the concrete joint is
completely damaged, although there are post-installed
anchors, the whole track slab moves towards the damaged
joint, and the maximum longitudinal displacement is more
than 0.5 mm. The longitudinal movement of the track slab
as a whole has an unfavorable impact on the stability of
ballastless track structure, so it should be repaired in time
to avoid this kind of situation.

1.0 1

—=—25%

*—50%
——75%
v— 100% damaged joint
0.5+ o

v
. .. "
mlacW “x

anchoring point coordinate anchoring point coordinate

0.0

longitudinal displacement/mm

0 1000 2000 3000 4000 5000 6000 7000

longitudinal path coordinate/mm

Figure 11 Effect of the degree of joint breakage on the longitudinal
displacement of the longitudinal path

Fig. 12 gives the longitudinal displacement versus
vertical displacement for the anchored and unanchored
cases with different degrees of joint breakage. From the
figure, it can be seen that the vertical displacement of the
track slab is greater than the longitudinal displacement,
regardless of whether the post-installed anchors are used or
not. The greater the degree of damage to the concrete joint,
the more obvious the effect of post-installed anchors on
limiting the vertical and longitudinal displacements of the
track slab. When the lower part of the concrete joint is
completely damaged, the vertical displacement of the track
slab without post-installed anchors is close to 4 mm, but
the wvertical displacement of the track slab with
post-installed anchor is only about 2 mm.

—m— post-installed anchor/longitudinal displacement
—0O— without post-installed anchor/longitudinal displacement

54 —e— post-installed anchor/vertical displacement
—O— without post-installed anchor/vertical displacement
44
£ o
2 3
&
5
g 21 o
= /
© d
S ,\40
05' /l
0o{ o—mo— *
25 50 75 100

degree of damage/%
Figure 12 Effect of the degree of joint breakage on the maximum
displacement

Fig. 13 shows the distribution of interlaminar damage
values on the lateral path under different concrete joint
breakage conditions. As can be seen from the figure, when
the degree of breakage of the concrete joint is less than or
equal to 50%, although interlayer damage occurs in the
middle portion of the lateral path, interlayer debonding
does not occur in that region. However, when the degree of
damage to the concrete joints is greater than or equal to
75%, interface debonding does occur across the entire
lateral path.

interface gapping

1.0+

—=—25%

2 0.5- *—50%
——T75%
+— 100%

B/ no damage between layers

anchorini point coordinate

T T T T T 1

0 500 1000 1500 2000 2500 3000

lateral path coordinate/mm

Figure 13 Effect of the degree of joint breakage on the value of interlayer
damage

4.3 The Combined Effect of Concrete Joint Breakage and
the Bonding State of the Post-installed Anchors

From the above research results, it is known that the
bonding state of post-installed anchors and the damage
state of the concrete joint have a certain influence on the
temperature deformation of the ballastless track after
reinforcement. In this section, the temperature deformation
of the ballastless track under the combinations of different
parameters is investigated by taking the bonding strength
of post-installed anchors and the degree of damage of
concrete joints as the basic parameters. The maximum
vertical displacement distribution of the track slab under
the various working conditions is shown in Fig. 14. It can
be seen from the figure that when the bond strength of the
post-installed anchors is a certain value, the maximum
vertical displacement increases with the increase of the
damage degree of the concrete joint; when the damage
degree of the concrete joint is a certain value, the maximum
vertical displacement decreases with the increase of the
strength of the post-installed anchors. However, the effect
of the increase in post-installed anchor strength on limiting
the increasing trend of vertical displacement is small, while
the degree of damage to the concrete joint has a greater
impact on the change of vertical displacement. When the
damage degree of the concrete joint is less than 75%, the
vertical upward arch of the track slab can be controlled
within 1.5 mm. When the damage degree of the concrete
joint is less than 60%, the vertical displacement of the
track-slab can be controlled within 1 mm (corresponding
to the II level gap stipulated in the "Maintenance Rules for
Ballastless Track of High-speed Railway" (TG/GW
115-2012).

Tehnicki viesnik 32, 1(2025), 224-232

229



Yang Ll et al.: Analysis of Temperature-induced Deformation of Reinforced Track Slabs under the Influence of Multiple Factors

vertical displacement/mm
100

75

ol w®wa
Qoumwocuwmwouwme

(=]

50

damage degree of concrete joint/%

25
0 2 4 6 8 10
bond strength of post-installed anchor/MPa

Figure 14 Distribution of maximum vertical displacement of track-slab under
multifactorial action

The maximum longitudinal displacement distribution
of the track slab under the different working conditions is
shown in Fig. 15, from which it can be seen that when the
bond strength of the post-installed anchors is a certain
value, the maximum longitudinal displacement increases
with the increase in the degree of damage of the concrete
joint; when the degree of breakage of the concrete joint is
a certain value, the maximum longitudinal displacement
decreases with the increase in the bond strength of the
post-installed anchoring system. The effect of increasing
the bond strength of the post-installed anchoring system on
limiting the trend of increasing longitudinal displacement
is small, and the degree of breakage of the concrete joint
plays a significant role in controlling the change of
longitudinal displacement. When the damage degree of the
concrete joint is less than 50%, the longitudinal
displacement of the track-slab is less than 0.1 mm.

100 longitudinal displacement/mm

0. 80
0.70
0. 60
0. 50
0. 40
0.30
0.20
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0.00

75

50

damage degree of concrete joint/%
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Figure 15 Distribution of maximum longitudinal displacement of track-slab under
multifactorial action

The temperature increase value at which the interfacial
damage value reaches 1 at a certain point on the interface
between the track slab and the CA mortar layer is defined
as the critical temperature rise for that point. The higher the
critical temperature rise value, the less likely debonding to
occur at the interface. From Fig. 16a, it can be seen that at
point A, when bond strength of the post-installed anchoring
system is a certain value, the critical temperature rise
increases with the increase of the damage degree of the
concrete joint; when the damage degree of the concrete
joint is a certain value, the critical temperature rise
decreases with the increase of the bond strength of the
post-installed anchoring system. The increase of

post-installed anchor bond strength has less effect on
slowing down the increasing trend of critical temperature
rise, and the degree of breakage of the concrete joint has a
significant effect on controlling the change of critical
temperature rise. As can be seen from Fig. 16b, the trend
of change of critical temperature rise at point B is basically
the same as that at point A. However, the difference is that
the critical temperature rise at point A is lower than that at
point B under different parameter combinations. From Fig.
16b, it can be found that when the degree of breakage of
the concrete joint is less than 50%, whether the
post-installed anchors are used or not, the critical
temperature at point B is higher than 40 °C, which indicates
that under the normal temperature rise loading conditions,
the degree of breakage of the concrete joint should be less
than 50% to ensure that debonding will not occur in the
lateral center of the track-slab. In order to detect the
anchorage system degradation or joint damage for timely
maintenance, in addition to manual inspections and track
inspection car, new detection methods aided by machine
learning techniques should be used [35]. It can be found
that the critical temperature rise increases with the increase
of the damage degree of the concrete joint. For a severe
damage scenario in which the degree of breakage of the
concrete joint is over 75%, the critical temperature rise is
about 30 °C. Therefore, it is recommended to increase the
frequency of inspection to detect the interface degradation
in time when the temperature rises over 30 °C.
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Figure 16 Critical temperature rise distribution under multifactorial effects
5 CONCLUSIONS

(1) The wavelength of the main wave of the arch on
the track slabs under temperature rise loading is smaller
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than the wavelength of the auxiliary wave, and the
post-installed anchors do not significantly change the
wavelengths of the main and auxiliary waves.

(2) Limiting the displacement of the track slab using
post-installed anchoring has the potential to cause some
degree of upward arching at the mid-longitudinal position
of the track slab. Therefore, anchors should also be
installed at the mid-longitudinal position of the track slab.

(3) The greater the degree of breakage of the concrete
joint, the more pronounced the effect of the post-installed
anchors on limiting the wvertical and longitudinal
displacements of the track slab. Therefore, concrete
materials with high toughness are suggested to be selected
for concrete joint to improve the mechanical performance
of the slab track.

(4) Compared with the bond state of the post-installed
anchor, the degree of breakage of the concrete joint has a
greater impact on the temperature-induced deformation of
the ballastless track after reinforcement. Considering the
deformation of the track-slab and interlayer damage, it is
recommended to repair the lower part of the concrete joints
with a damage height of more than 50% of its height in
time.

(5) For a severe damage scenario in which the degree
of breakage of the concrete joint is over 75%, the critical
temperature rise is about 30 °C. Therefore, it is
recommended to increase the frequency of inspection to
detect the interface degradation in time when the
temperature rises over 30 °C.

It should be mentioned that some other factors
including rail pad stiffness and CA mortar properties may
also have some minor influence on the deformation of
reinforced slab tracks. In addition, combined action of
cyclic thermal loading with dynamic train loads can be
closer to real field conditions. In the future, the effects of
other factors on mechanical properties of reinforced slab
tracks subjected to the combined action of cyclic thermal
loading with dynamic train loads should be studied.
Besides, spatial variability and uncertainty in material
parameters may affect the deformation of the reinforced
tracks, which should also be considered in future works.
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