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Nonlinear modelling for structural damage assessments of reinforced and 
coated longitudinally coupled slab tracks 
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A B S T R A C T   

Interface debonding and slab end arching of the anchor-reinforced and coated longitudinally continuous slab 
tracks have been unprecedentedly investigated in this study. A novel finite element model of the longitudinally 
continuous slab track has been established by incorporating a tailored cohesive zone model to mimic nonlinear 
constitutive relationships. The new model has been validated by over 100 field measurement data. This paper is 
the first to assess the influences of the dual applications of anchors and coatings on the damages of the longi-
tudinally continuous slab tracks, and to identify the effectiveness of different track maintenance methods in 
mitigating track damages. This study exhibits new findings: (1) In comparison with traditional tracks, the tracks 
constructed with anchors, coatings, and the combined use of both can reduce the maximum vertical relative 
displacement between the concrete slab and the mortar layer by 75%, 40%, and 85% respectively. (2) In 
comparison with 4 anchors, 6 or more anchors in each slab can help to prevent inner interface defects. However, 
an increase in anchor quantity above 6 anchors does not have a significant impact on the interface damage 
mitigation. (3) For the anchor-reinforced tracks, the organic coating outweighs the inorganic coating to improve 
interface damage mitigation.   

1. Introduction 

Highspeed railway (HSR) networks have been constructed around 
the world over recent decades in order to connect regional communities 
and major cities. HSRs are considered to be the most sustainable means 
among many other transport modes (Rungskunroch et al., 2021; 
Gesualdo and Penta, 2018; Yang et al., 2019; Kaewunruen et al., 2016). 
HSR tracks with a high standard of surface smoothness, structural 
integrity, and material durability are fundamental to the operational 
safety and reliability of HSR systems. However, certain track damages 
can be inevitable since railway tracks are not only subjected to repeated 
train loadings but also in most cases exposed to harsh environmental 
conditions (Matias and Ferreira, 2022). For instance, structural damages 
like interfacial gaps and slab end arching have been reportedly a 
pressing industry issue for highspeed rail longitudinally continuous 
tracks in China (Lu et al., 2022). 

The longitudinally continuous slab track has been used in many HSR 
networks such as Beijing-Shanghai HSR, Beijing-Tianjin intercity rail-
way, Shanghai-Hangzhou HSR, and several other HSRs in China whose 

design speed is 350 km/h. It consists of continuously welded rails, fas-
teners, prefabricated slabs connected longitudinally by concrete joints, a 
layer of mortar, and a concrete base, as shown in Fig. 1. Interfacial gaps, 
slab end arching, slab and concrete base cracks, joint concrete crushing, 
and mortar crushing have been observed for several track segments 
(Zhou et al., 2023a; Xu et al., 2021; Wang et al., 2019; Ye et al., 2022; 
Cui et al., 2021). Among those types of damages, interfacial gaps be-
tween the concrete slabs and the mortar layer, and slab end arching are 
the most critical (as shown in Fig. 2), since the original track layers are 
delaminated and therefore harmfully affect the integrity of the track 
structure, impairing dynamic interactions between the tracks and 
highspeed trains (Xu et al., 2022). 

Analytical, numerical, and experimental studies have been con-
ducted to determine the effects of train axle load, temperature, and 
hydrodynamic pressure on the initiation and development of the dam-
ages (Zhu and Cai, 2014; Zhou et al., 2023b; Cao et al., 2016). It is re-
ported that the difference in deformation between the concrete slabs and 
the mortar layer induced by temperature changes is the main factor that 
causes interface damage (Liu and Zhao, 2013). A cohesive zone model 
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has been proven to be capable of simulating the interfacial cracking and 
debonding behavior of laminated composite structures (Chen et al., 
2019a, 2019b, 2021). And it has been widely used to study the damage 
of the interfaces between track slabs and mortar layers of railway slab 
tracks (Xu et al., 2022; Zhu and Cai, 2014). In summer, the track 
structure is subjected to both high levels of temperature rise and tem-
perature gradient, which may cause severe interface damage and slab 
end arching (Matias and Ferreira, 2022). In addition, the mechanical 
properties, which are greatly related to construction quality, are also 
crucial for the structural integrity of the interface (Matias and Ferreira, 
2022). During construction, air bubbles can gather on the upper surface 
of the mortar layer other than the lower surface due to the effect of 
gravity, resulting in lower bond strength at the interface between the 
slabs and the mortar layer than that between the mortar layer and the 
concrete base (Liu et al., 2011). Fatigue behavior and damage of slab 
tracks have also been investigated (Heng et al., 2020). Khajehdezfuly 
et al. (2023) studied the influences of track flexibility on the fatigue life 

of slab tracks. Yang et al. (2022) analyzed the evolution of fatigue 
damage of track slabs and predicted their fatigue life. Tarifa et al. (2015) 
conducted full-scale experimental tests to investigate the fatigue 
behavior of precast reinforced track slabs. Deng et al. (2021) researched 
the fatigue damage of the mortar layer of ballastless tracks based on the 
finite element method. 

Several repair methods have been adopted in the railway industry to 
cope with the interface damages found in the longitudinally continuous 
slab tracks. Cracked interfaces are generally repaired by adhesive ma-
terials like low-viscosity grouting resin (Yi et al., 2015). Crushed joints 
and broken slabs should be replaced (Mao, 2020). Post-installed anchors 
can be used to connect several adjacent track slabs and the concrete base 
before replacing the damaged joint or track slab, in order to prevent the 
differential displacement of adjacent track slabs (Ni et al., 2016; Li et al., 
2021a). Since 2017, in several HSRs in East China, anchors have been 
installed in all the track slabs and the concrete base to enhance the 
integrity of the track structures and prevent any possible damage (Zhao 
et al., 2021). 

Post-installed anchors have been proven to be effective as the num-
ber of damages has reportedly declined after the installation of anchors 
(Zhao et al., 2021). Finite element simulation results also indicated that 
post-installed anchors could reduce the differential deformation and 
displacement of the tracks (Li et al., 2021a). However, even though 
tracks have been reinforced by anchors, damages including interfacial 
gaps can still occur due to high temperatures in summer (Li et al., 
2022a). Thus, some other measures, like solar reflective coatings, may 
be taken to further improve the damage resistance of the longitudinally 
continuous slab tracks over the long run. 

In addition to post-installed anchors, solar reflective coatings are also 
seen as a promising solution to mitigate the damages of slab tracks 
caused by elevated temperatures. While post-installed anchors intend to 
reinforce the tracks, solar reflective coatings resolve the issue by 
reducing heat absorption and therefore lowering the temperature 
absorbed by the track (Li et al., 2022b). Several solar reflective coatings, 
such as metal-ceramic anticorrosion coating and fluorocarbon coating, 

Fig. 1. Illustration of the structure of the longitudinally continuous slab track with (a) side view of the track structure, (b) photo of the concrete joint (c) front view of 
the track structure, and (d) photo of actual track structure. 

Fig. 2. Actual photo of the longitudinally continuous slab track with damages 
like the interfacial gap between concrete slabs and mortar layers, and slab 
end arching. 
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have been developed for the railway industry (Kang, 2018; Li et al., 
2021b; Zhang et al., 2020). However, its consequence towards structural 
damages has not been thoroughly assessed. 

To cope with the temperature-induced problems in the railway 
tracks, solar reflective coatings are likely to be used on both traditional 
tracks and anchor-reinforced tracks. Therefore, it is of great practical 
value and necessity to identify the performance of anchor-reinforced 
and coated longitudinally continuous slab tracks. However, to our 
knowledge, there is no previous research that has studied the coupling 
effects of the dual applications of anchors and coatings on the damages 
of the longitudinally continuous slab tracks. In addition, the efficiency of 
different track maintenance methods in mitigating HSR track damages 
has not been comparatively investigated. The lack of such insights will 
impede progresses for rail decarbonisation towards net zero (Kae-
wunruen et al., 2023; Sresakoolchai and Kaewunruen, 2023). 

In this paper, temperature-induced damages such as interface 
debonding and slab end arching of anchor-reinforced and coated 
longitudinally continuous slab tracks have been investigated. A novel 
finite element model of the longitudinally continuous slab track has 
been established, and the cohesive zone model to represent the 
nonlinear constitution relationships has been incorporated into the 
nonlinear finite element model. This study highlights the effects of dual 
applications of post-installed anchors and solar reflective coatings on the 
development of interface damage and slab end arching. In particular, the 
efficiency of different HSR track maintenance measures has been 
compared, which is of great necessity for track maintenance method 
selection. It is noted that the influence of different quantities of anchors 
and varied types of coatings on the performance of the longitudinally 
continuous slab tracks has been explored in detail. The insight of this 
study will help track engineers optimize track maintenance strategies, 

thereby improving the reliability and sustainability of rail infrastructure 
systems. 

2. Applications of anchors and coatings 

Anchors are installed symmetrically at both ends of a track slab to 
prevent slab end arching due to elevated temperature. Four anchors in a 
track slab are the most common case. Six, eight, ten, and twelve anchors 
in a track slab can also be used, as shown in Fig. 3. The diameter and 
length of the anchor are 27 mm and 350 mm respectively, which are the 
same as the values used in practice. Embedment depths in the track slab, 
the mortar layer, and the concrete base are 160 mm, 30 mm, and 160 
mm respectively. In practice, anchors can be placed into the boreholes 
after adhesives are injected into the boreholes. In this way, the anchors 
can be bonded with the surrounding concrete in the boreholes. The 
waterproof material is used to cover the top of the anchors. 

Bond-slip relationships between the anchors and the concrete pro-
vide essential mechanical parameters for the finite element model. Pull- 
out tests have been carried out by Li et al. (2022a) to determine the 
bond-slip relationships between the anchors and the concrete. A detailed 
illustration of the anchor pull-out test can be found in Reference (Li 
et al., 2022a). Based on the pull-out tests, for anchors and the concrete 
with standard cube compressive strength of C55 used for track slabs, the 
bond strength and corresponding slip are 12.975 MPa and 1.091 mm 
respectively, and the bond-slip relationships are as follows: 

τ=
{

30.15S, 0 ≤ S < 0.26
6.181(S − 0.26) + 7.839, 0.26 ≤ S < 1.091 (1) 

In which τ is the mean bond stress between the anchors and the 
concrete, whose unit is MPa, and S is the mean relative slip between the 

Fig. 3. Scenarios of quantities of anchors in a track slab with (a) top view of the track slab with 4 anchors, (b) front view of the track slab with 4 anchors, (c) top view 
of the track slab with 6 anchors, (d) top view of the track slab with 8 anchors, (e) top view of the track slab with 10 anchors and (f) top view of the track slab with 
12 anchors. 
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anchors and the concrete, whose unit is mm. 
For anchors and the concrete with standard cube compressive 

strength of C30 used for the concrete base, the bond strength and cor-
responding slip are 11.992 MPa and 2.042 mm respectively, and the 
bond-slip relationships are as follows: 

τ =

⎧
⎨

⎩

20.043S, 0 ≤ S < 0.317
− 1.897S2 + 7.748S + 4.082, 0.317 ≤ S < 2.042

− 0.574S + 13.164, 2.042 ≤ S < 4.446
(2) 

Solar reflective coatings are designed to lower the temperature of the 
track structures, especially the mass concrete slabs, by reflecting solar 
radiation in summer, as shown in Fig. 4. Several types of solar reflective 
coatings have been developed, among which an organic coating and an 
inorganic coating developed by Kang et al. (Kang, 2018) have been 
tested on a full-scale longitudinally continuous track prototype located 
in Shanghai, which is very close to the actual situation of application. 
The temperature change of the track slabs for the uncoated track slabs, 
the slabs coated by the organic coating and the inorganic coating during 
the summer was recorded. It has been found that the vertical tempera-
ture distribution in track slabs is nonlinear. Choubane et al. (Choubane 
and Tia, 1992) found that the maximum vertical temperature distribu-
tion in a concrete slab can be defined by a quadratic function. Therefore, 
based on the measurement data by Kang et al. (Kang, 2018) and the 
quadratic function by Choubane et al. (Choubane and Tia, 1992), the 
maximum vertical temperature distribution of track slabs can be 
obtained. 

For the uncoated track slabs, the maximum vertical temperature 
distribution is determined as follows: 

T(z)= 40.6 + 29z + 330z2 (3) 

In which, T(z) is the temperature at the location of z, and z is the 
height to the slab bottom, whose unit is m. 

For the organic coating, the equation is 

T(z)= 35.2 + 16z + 240z2 (4) 

For the inorganic coatings, the equation is 

T(z)= 35.2 − 16z + 460z2 (5) 

Temperature distribution in the track slabs with different coatings 
are shown in Fig. 5. 

The temperature gradients in the mortar layer and concrete base are 
so small that they can be negligible (Zhao and Liu, 2020). Therefore, the 
temperature of the mortar layer and concrete base can be considered to 
be equal to the temperature of the slab bottom (Li et al., 2022a). 

3. Finite element model 

3.1. Finite element modelling of the track structure 

A nonlinear finite element model of the longitudinally continuous 
slab track structure has been established by ABAQUS, as shown in Fig. 6. 
It consists of 2 rails, 100 fasteners, 5 track slabs connected by 4 concrete 
joints, a layer of mortar, and a concrete base. The length, width, and 
thickness of a track slab are 6.45 m, 2.55 m, and 0.2 m respectively. The 
width and thickness of the mortar layer are 2.55 m and 0.03 m respec-
tively. The width and thickness of the concrete base are 2.95 m and 0.3 
m respectively. The track slabs are installed on railway viaducts, which 
are widely adopted in China since they take up less agricultural land, 
and 32 m simply-supported girders are one of the most popular bridge 
supports. The total length of the track model equals the length of a 32 m 
simply-supported girder. For the coordinate system, the axis of x is in the 
lateral direction of the track, y is in the vertical direction, and z is in the 
longitudinal direction. 

Due to poor construction quality, damage of the narrow part of the 
joint is commonly found in the longitudinally continuous slab tracks, 
which can result in slab end arching and interface damage (Gao et al., 
2020). Therefore, the joint between track slabs labeled 3 and 4 is 
considered as a damaged joint, in which the elements of the narrow part 
are deleted, and other joints are considered as intact, as shown in Fig. 6. 

Solid element type C3D8R is used for the rails, the track slabs, the 
concrete joints, the mortar layer, and the concrete base. Beam element 
type B33 is used to simulate the anchors, and nonlinear spring elements 
have been utilized to represent the interaction between the anchors and 
the surrounding concrete in the vertical direction (y), as described in Eq 

Fig. 4. Illustration of the effect of solar reflective coatings which are capable of 
reflecting more solar radiation. 

Fig. 5. The maximum vertical temperature distribution in the track slabs whose 
thickness is 0.2 m, z is the height to the slab bottom. 

Fig. 6. Finite element model of the longitudinally continuous slab track with 5 
track slabs labeled with numbers 1 to 5. 
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(1) and Eq (2). In the longitudinal (z) and the lateral (x) directions, there 
is very minor displacement between the anchors and the surrounding 
concrete, so spring elements with a large stiffness of 1×108 N/mm have 
been used to simulate the interaction in the longitudinal and the lateral 
directions. Fasteners are simulated by spring elements with bilinear 
force-displacement interaction, as defined in Reference (Li et al., 
2022a). Standard cube compressive strength for the concrete of track 
slabs, joints, and concrete base are C55, C55, and C30 respectively. The 
concrete damaged plasticity model is applied to represent the nonlinear 
constitutive properties of the concrete. Detailed descriptions and ma-
terial parameters for the model can be found in References (Lubliner 
et al., 1989; Ren et al., 2019; Ministry of Housing and Urban-Rural 
Development of the People’s Republic of China, 2014). Material prop-
erties for other track components are considered linear, since their 
strains should be within the elastic range under the thermal load 
considered in this paper, and their material parameters can be found in 
Reference (Li et al., 2022a). 

The damage usually initiates and propagates on the interface be-
tween the track slabs and the mortar layer, so a cohesive zone model 
described in Section 3.2, which can mimic interface damage evolution, 
is used for this interface. Other interfaces between track components are 
not prone to any damage under temperature rise, so they are tied. The 
lower surface and the two ends of the track structure are fixed to 
simulate the constraint of the girder and the neighboring track segments 
on the slab track. The temperature loading is simulated by changing the 
predefined temperature field of the track. The maximum temperatures 
of the track structures under different coating strategies defined in 
Section 2 are used in the simulations. The temperature of the zero-stress 
state for the track is considered to be 15 ◦C. Accordingly, the tempera-
ture rise in the finite element analysis will be equal to the maximum 
temperatures subtracted by 15 ◦C (Li et al., 2022a). The gravity of the 
track is considered and the acceleration of gravity is taken as 9.8 m/s2. 
General static analysis has been conducted in the simulation. 

The finite element model established in this paper enables the 
simulation of the combined use of anchors and coatings in slab tracks 
and promotes the understanding of the mechanical behavior of the 
reinforced and coated tracks subjected to temperature change. 

3.2. Cohesive zone model for the interface 

Previous studies show that the interface between the track slabs and 
the mortar layer presents a nonlinear bond stress-displacement rela-
tionship in both normal direction and shearing directions (Zhu and Cai, 
2014). The bilinear cohesive zone model, capable of simulating brittle 
fracture behaviors under the mixed mode of normal and shearing dis-
placements depicted in Fig. 7, is considered to be suitable to represent 

both the bond stress-displacement relationship and the damage evolu-
tion of the interface. 

In the simulation, 8-node cohesive elements whose thickness is zero 
have been embedded between the track slabs and the mortar layer. 
Damage of the cohesive elements is initiated when 
{

〈σn〉
σ0

n

}2

+

{
σs

σ0
s

}2

+

{
σt

σ0
t

}2

= 1 (6)  

Where σ represents the bond stress. The subscripts n, s, and t mean the 
normal direction, the first shearing direction, and the second shearing 
direction respectively. 〈σn〉 = (σn + |σn|)/2. 

After the damage is initiated, the interface undergoes a softening 
process and the bond stress-displacement relationships can be described 
as: 

σn =

{
(1 − D)knδn, δn > 0

knδn, δn ≤ 0
,

σs = (1 − D)ksδs,

σt = (1 − D)ktδt

(7) 

Fig. 7. Bi-linear cohesive law in the mixed mode with bi-linear bond stress- 
displacement relationship in both normal direction and shearing directions. 

Fig. 8. (a) comparison between monitoring and simulation data with vertical 
displacement versus temperature gradient, (b) correlation between monitoring 
and simulation data. 
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Where k refers to the penalty stiffness, and D is a damage variable 
expressed as: 

D=
δf

m

(
δmax

m − δ0
m

)

δmax
m

(
δf

m − δ0
m

) (8)  

Where δmax
m donates the maximum effective displacement during the 

loading history, δ0
m and δf

m refer to the effective displacements at damage 
initiation and failure of the interface respectively. 

D with the value of 0 shows that no damage has occurred for the 
cohesive element, and D with the value of 1 represents a complete failure 
of the cohesive element. D between 0 and 1 indicates that the damage 
has evolved. 

The interface is considered to fail when the following equation sat-

isfies 
{

Gn

GC
n

}2

+

{
Gs

GC
s

}2

+

{
Gt

GC
t

}2

= 1 (9)  

Where G means the work done by the bond stress and the displacement, 
and GC represents critical energy release rate corresponding to the 
interface failure. 

The parameters of the cohesive zone model are determined in Ref (Li 
et al., 2021a). Since the temperature doesn’t go beyond the normal 
temperature range in this paper, the effects of temperature on the pa-
rameters of the cohesive zone model have been neglected. 

3.3. Model verification 

Field monitoring for the longitudinally continuous slab track on the 
simply-supported beam bridges was conducted by Tan et al. (2020). The 
temperature at the top and the bottom of the track slab was measured by 
temperature sensors so that the temperature gradient of the track slab 
could be calculated. The relative vertical displacement between the 
track slab and the concrete base was measured by LVDTs located at the 
end of the track slab. The field-collected data in Fig. 8(a) suggests that 
the relative vertical displacement between the track slab and the con-
crete base shows an increased trend with a rising temperature gradient 
(Tan et al., 2020). A finite element model of the track using the modeling 
techniques described above has been established accordingly. The 
simulation results are also shown in Fig. 8(a). It can be found that the 
simulation results are within the scope of field monitoring data. The 

Fig. 9. Contours of interface damage for the track with (a) 4 anchors in each 
slab and organic coating, (b) 4 anchors in each slab and the inorganic coating, 
(c) 6 anchors in each slab and the organic coating and (d) 6 anchors in each slab 
and the inorganic coating. 

Fig. 10. Contours of interface damage of the track slab with 4 anchors and 
inorganic coating (a) with a temperature rise of 16.8 ◦C, (b) 27.4 ◦C and (c) 
35.4 ◦C respectively. 
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correlation between the field monitoring data and the simulation data is 
presented in Fig. 8(b). It can be known from Fig. 8(b) that the simulation 
results are close to the monitoring data. Therefore, the above-mentioned 
techniques are capable of simulating the mechanical performance of the 
longitudinally continuous track. 

4. Results and discussion 

Vehicle passages and temperature changes have been considered as 
two main sources of external loading for railway slab tracks. While train 
loads applied to the slab track can cause deterioration of track compo-
nents during the life of slab tracks, significant temperature rises in the 
short-term can induce structural damage of the slab tracks. In this paper, 
the influences of elevated temperature in the short-term have been 

Fig. 11. Development of interface damage in path B for (a) the uncoated track with 4 anchors in each slab, (b) the uncoated track with 6 anchors in each slab, (c) the 
track coated by the organic coating with 4 anchors in each slab, (d) the track coated by the organic coating with 6 anchors in each slab, (e) the track coated by the 
inorganic coating with 4 anchors in each slab and (f) the track coated by the inorganic coating with 6 anchors in each slab. 
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evaluated while the effects of repeated train loads have been neglected. 

4.1. Effect of repair methods on the interface damage 

Fig. 9 presents the contours of the interface damage variable D with 
different combinations of anchor quantities and coating types. Note here 
that the interface is between the mortar layer and the track slab labeled 
with 3 in Fig. 6, and the right end of the track slab is adjacent to the 
damaged joint. It can be known that for the same anchor quantities but 
different coating types, the interface damage distribution follows the 
same pattern, while for the same coatings but different anchor quanti-
ties, the interface damage distribution can be significantly different. To 
better show the detailed differences of interface damage, two paths and 
two points on the interface between the mortar layer and the track slab 
labeled with 3 in Fig. 6 are defined in Fig. 9(d). D in different paths and 
points will be compared in the following text. 

High temperature has been considered as the main cause of interface 
damage of longitudinally continuous slab tracks (Yan et al., 2016; Kang 
et al., 2019; Zhou et al., 2022, 2023c; Zhang et al., 2022). Fig. 10 shows 
the contours of D for the interface with 4 anchors and the inorganic 
coating with different temperature rises. It can be found that the inter-
face damage initiates from the right end of the interface, which is close 
to the damaged joint. With a temperature rise of 27.4 ◦C, the middle of 
the interface is also damaged, but the area near the anchors remains 

intact. When the temperature rise reaches its maximum of 35.4 ◦C, most 
of the interface is damaged, while damage for the interface area near the 
anchors is milder than other area. It indicates that anchors can reduce 
local interface damage and therefore improve the long-term service-
ability of the longitudinal track (Dai and Su, 2016; Lou et al., 2015; Li 
et al., 2020; Qi et al., 2015; Dai and Li, 2016; Xiao et al., 2018; Zhong 
et al., 2018; Mahaboonpachai et al., 2010). 

Fig. 11 demonstrates the development of the interface damage in 
path B. It can be known that the interface damage initiates in the middle 
of path B for the track with 4 anchors in each track slab, and emerges at 
two ends of path B for the track with 6 anchors in each track slab. Note 
here that “temperature rise” in Fig. 11 refers to the temperature rise of 
the slab’s upper surface. Since temperature is not linearly distributed 
across the track profile (as shown in Fig. 5), the temperature rise below 
the slab’s upper surface can be slightly different from the temperature 
rise of the slab’s upper surface. It can be found from Fig. 11 that the 
temperature rise to interface damage initiation for the uncoated track is 
smaller than that for the coated tracks when the anchor quantities of 
those tracks are the same. However, the damage will initiate in path B 
with a temperature rise over 25 ◦C, no matter coatings are used or not. 

The development of interface damage for the uncoated track at 
points A and B is depicted in Fig. 12. It can be found from Fig. 12(a) that 
interface damage will initiate at 21.4 ◦C, and that interface debonding 

Fig. 12. Development of interface damage for the uncoated longitudinally 
continuous slab track with temperature rise at (a) point A and (b) point B. 

Fig. 13. Development of interface damage for the longitudinally continuous 
slab track with the organic coating with temperature rise at (a) point A and (b) 
point B. 

Y. Li et al.                                                                                                                                                                                                                                        



Developments in the Built Environment 15 (2023) 100204

9

will occur at 39.2 ◦C at point A for the uncoated track with no anchors. 
When 6 anchors are used in each slab for the uncoated track, the 
interface at point A will be damaged at 21.4 ◦C, but no interface 
debonding will emerge even the temperature reaches its highest. When 4 
anchors are used in each slab for the uncoated track, no interface 
damage at point A will occur. It can be known from Fig. 12(b) that 
interface damage will initiate at 35.9 ◦C at point B for the uncoated and 
unreinforced track. For the uncoated slabs with 4 anchors, interface 
damage will initiate at point B at 14.1 ◦C which is a very low temper-
ature, meaning that the position is prone to interfacial damage in this 
scenario. 

Fig. 13 depicts the development of interface damage for the track 
coated with the organic coating at points A and B. It can be found from 
Fig. 13(a) that interface damage will initiate at 22.4 ◦C at point A for the 
coated track with no anchors, but no interface debonding will emerge 
even the temperature reaches its highest. When 6 anchors are used in 
each, the interface at point A will be damaged at 23.8 ◦C. When 4 an-
chors are used in each slab, no interface damage at point A will occur. It 
can be known from Fig. 13(b) that interface damage will initiate at 
13.9 ◦C at point B for the coated track with 4 anchors in each slab. 

Fig. 14 depicts D in path A for the track with different combinations 
of anchor quantities and coating types. Fig. 14(a) shows that for the 
track without anchor reinforcement, the interfaces along path A for the 
uncoated track and the track with inorganic coating almost completely 
fails under temperature rise, as their D equals or is very close to 0, while 
the interface along path A for the track with the organic coating is 
damaged but not completely debonded as most of its D is between 0 and 

1. Fig. 14(b) suggests that D at or near the locations of anchors is smaller 
than others, indicating the effects of anchors on mitigating the interface 
damage, and that the organic coating significantly outweighs the inor-
ganic coating to improve interface damage mitigation. In comparison 
with the track with 4 anchors in each track slab in Fig. 14(b) and (c) 
shows a totally different interface damage pattern for the track with 6 
anchors in each track slab: The interface is intact in the middle of path A, 
and the interface damage near the damaged joint is much severer than 
that near the intact joint. In addition, D for the track with the organic 
coating is slightly smaller than D for the track with the inorganic 
coating. As shown in Fig. 14(d), the interface damage in path A for the 
track with 8 anchors in each track slab follows the same pattern as the 
track with 6 anchors in each track slab. 

Fig. 15 shows D in path B for the track with different combinations of 
anchor quantities and coating types. It can be seen that D in path B 
follows one pattern for 0 and 4 anchors in each track slab, and another 
pattern for 6, 8 anchors in each track slab (10 and 12 anchors in each 
track slab follow the latter pattern and thus are not depicted). In the 
former case, D in the middle of path B is larger than that at its two ends. 
In the latter case, the middle of path B is intact, while the two ends of 
path B are damaged. The interfacial damage or debonding in the middle 
of path B can be harmful to the stability of the longitudinally continuous 
slab tracks and thus should be avoided (Wang and Xia, 2012; Xu et al., 
2013; Yang et al., 2016; Liang et al., 2023; Zhao, 2017). For all the 
scenarios, D for the coated track is smaller than D for the uncoated 
tracks, and the organic coating performs better than the inorganic 
coating in terms of mitigating interface damage in path B. 

Fig. 14. Interface damage in path A for the longitudinally continuous slab track with (a) 0 anchors, (b) 4 anchors, (c) 6 anchors, and (d) 8 anchors.  
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Interface damage can be caused by the interlayer separation, inter-
layer slide, or both of them. To better analyze the mechanism of the 
interface damage for the track, Fig. 16 shows the vertical relative 
displacement (Uy) and longitudinal relative displacement (Uz) between 
the track slab labeled with 3 in Fig. 5 and the mortar layer in path A for 
the track with different combinations of anchors and coatings. Note here 
that the lateral relative displacement is zero in path A thus not provided. 
It can be found from Fig. 16(a) that for the track with 0 anchor in each 
track slab, Uy is larger than Uz, and the relative displacements for the 
coated track are smaller than those of the uncoated track. Besides, the 
organic coating is more capable of decreasing the relative displacements 
than the inorganic coating. It can be known from Fig. 16(b) and (c) that 
for the track with 4 and 6 anchors in each track slab, the above- 
mentioned rules are also followed. However, in comparison with 
Fig. 16(a), Uy in Fig. 16(b) and (c) presents different maximum values 
and shapes. On the one hand, compared with the condition of 0 anchor 
in a track slab, the maximum value of Uy drops significantly when there 
are anchors. On the other hand, it can be found from Fig. 16(a) that Uy 
near end A is much larger than other positions for 0 anchor in each track 
slab, from Fig. 16(b) that Uy in the middle of path A Uy can be larger than 
its two ends for the track slabs with 4 anchors. Moreover, Fig. 16(c) 
suggests that Uy in the middle of path A is generally eliminated for the 
track slabs with 6 anchors, as more anchors prevent the arching in the 
middle of the slabs. For the track with 8, 10, and 12 anchors in each 
track slab, the pattern of relative displacements in path A is similar to the 
track with 6 anchors in each track slab in Fig. 16(c), and therefore not 
depicted. 

Table 1 shows the comparison of maximum vertical relative dis-
placements (Uy) between the track slab labeled with 3 in Fig. 6 and the 
mortar layer with different combinations of anchors and coatings. It 
should be noted that the values in the table are the proportions of the 
maximum Uy for each scenario to the maximum Uy for the uncoated 
track with 0 anchors. Since the efficiency of different maintenance 
methods in mitigating damages for the continuous slab tracks has not 
been evaluated previously, this paper exhibits new findings that in 
comparison with the original track, the track with anchors, coatings, and 
combined use of both can reduce the maximum vertical relative 
displacement between the track slab and the mortar layer by 75%, 40% 
and 85% respectively. 

Fig. 17 gives the interface damage variable at point A when the 
temperature is fully loaded. It can be found that the interface at point A 
is failed or severely damaged when there is no anchor. D can be slightly 
reduced when 4 anchors are installed in each track slab. And D turns to 
zero when there are 6 or more anchors in each track slab, whether 
coatings are applied or not. Interfacial failure at point A can lead to voids 
in the track structure which are difficult to detect and repair (Ma et al., 
2020; Guo et al., 2021; Park et al., 2020; Zhu et al., 2019). Therefore, 
based on the above-mentioned finding, 6 or more anchors in each track 
slab are recommended to prevent such inner interface defects or voids. 

Fig. 18 provides the interface damage variable at point B. It can be 
seen that D increases when anchors are used, and 6 or more anchors are 
generally better than 4 anchors in each track slab regarding lowering 
interface damage at point B. When there are 6 or more anchors, 
improvement of anchor quantity does not have a significant impact on 

Fig. 15. Interface damage in path B for the longitudinally continuous slab track with (a) 0 anchors, (b) 4 anchors, (c) 6 anchors, and (d) 8 anchors.  
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the interface damage at both point A and point B. Therefore, from the 
perspective of economy, 6 anchors in each track slab can be a good 
choice. For the anchor-reinforced track, the organic coating outweighs 
the inorganic coating to improve the interface damage mitigation. 

4.2. Effect of repair methods on the slab end arching 

While ballasted tracks tend to buckle laterally when the temperature 
is high (Chayut et al., 2021; Fu et al., 2023; Amin et al., 2021), ends of 
track slabs neighboring damaged joints are likely to arch vertically when 
the track is subjected to temperature rise (Li et al., 2023; Cai et al., 
2019). The anchors have been pulled out more from the concrete base 
than the track slabs since the bond strength between the anchors and the 
concrete base is lower than that for the track slabs. Fig. 19 reveals the 
development of the vertical displacement of the damaged joint for the 
track with organic coating. It can be found from Fig. 19(a) that the 
middle of the lateral path for the damaged joint rises under temperature 
rise when no anchor is used. Fig. 19(b) and (c) indicate that the arching 
in the middle of the lateral path is suppressed by the anchors. In addi-
tion, the vertical displacement increases nonlinearly with increasing 
temperature when there is no anchor, and goes up generally linearly 
with rising temperature when anchors are used. According to 

Fig. 16. Relative displacements between the track slab and the mortar layer in 
path A for the longitudinally continuous slab track with (a) 0 anchors, (b) 4 
anchors, and (c) 6 anchors. Uy and Uz represent vertical relative displacement 
and longitudinal relative displacement respectively. 

Table 1 
Comparison of maximum Uy with different repairing methods.   

Uncoated With organic coating With inorganic coating 

0 anchor 100.0% 47.7% 55.6% 
4 anchors 21.7% 13.6% 13.7% 
6 anchors 24.2% 14.8% 15.2%  

Fig. 17. Interface damage of the longitudinally continuous slab track with 
different quantities of anchors in a slab at point A. 

Fig. 18. Interface damage of the longitudinally continuous slab track with 
different quantities of anchors in a slab at point B. 
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Maintenance Rules for Ballastless Track of High-speed Railway in China, 
interlayer gaps exceeding 0.5 mm, 1 mm, and 1.5 mm are defined as 
damages of Level I, Level II and Level III respectively. It can be known 
that there will be damages of level II when no anchor is used. However, 
when 4 or 6 anchors are used, there will be no damage of Level I. 

The level of slab end arching can be represented by the maximum 
vertical displacement of the damaged joint, as shown in Fig. 20. It can be 
seen that for the track without anchors, the maximum vertical 
displacement of the damaged joint decreases by 51% and 44% when the 
organic coating and the inorganic coating are used respectively. When 
there are 4 or more anchors in each track slab, the maximum vertical 
displacement of the damaged joint for the coated tracks is between 60% 
and 73% of the uncoated track, no matter which coating is utilized. The 
maximum vertical displacement of the damaged joint stabilizes for the 
coated track with 4 or more anchors. 

5. Conclusions 

Temperature-induced damages such as interface debonding and slab 
end arching have become a critical issue for the longitudinally contin-
uous slab tracks in practice. It is of great importance and necessity to 
assess the effects of the combined use of multiple maintenance methods 
and to evaluate the efficiency of different maintenance methods. In this 
paper, temperature-induced damages of the anchor-reinforced and 
coated longitudinally continuous slab tracks have been investigated. A 
novel finite element model of the longitudinally continuous slab track 
has been established and incorporated with a cohesive zone model to 
mimic the nonlinear constitution relationships. The effects of post- 
installed anchors and solar reflective coatings on the development of 
the interface damage and slab end arching have been systemically 
investigated. The following conclusions are drawn: 

Interface damage between the track slabs and the mortar layer is 
mainly caused by the vertical relative displacement between the two 
layers. 

This paper is the first to assess the influences of the combined use of 
multiple maintenance methods and to identify the effectiveness of 
different maintenance methods in mitigating track damages. It reveals 
that in comparison with the original track, the track with anchors, 
coatings, and combined use of both can reduce the maximum vertical 
relative displacement between the track slab and the mortar layer by 
75%, 40%, and 85% respectively. 

In comparison with 4 anchors, 6 or more anchors in each track slab 
can help to prevent inner interface defects. However, an increase in 

Fig. 19. Development of vertical displacement of the damaged joint for the 
longitudinally continuous slab track with the organic coating and (a) 0, (b) 4, 
(c) 6 anchors in each slab. 

Fig. 20. Maximum vertical displacement of the damaged joint of the longitu-
dinally continuous slab track with different quantities of anchors in a slab. 
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anchor quantity above 6 anchors does not have a significant impact on 
the interface damage mitigation. Therefore, from the perspectives of 
both effectiveness and economy, 6 anchors in each track slab can be a 
good choice. 

For the anchor-reinforced track, the organic coating outweighs the 
inorganic coating to improve interface damage mitigation. 

When there are 4 or more anchors in each track slab, the maximum 
vertical displacement of the damaged joint for the coated track is be-
tween 60% and 73% of the uncoated track, no matter which coating is 
utilized. 

It should be noted that although the mechanical behavior of rein-
forced and coated longitudinally continuous slab tracks installed on 
railway viaducts are studied, the drawn conclusions in this paper are 
also valid for the tracks installed on the subgrade because the structure 
of the tracks on railway viaducts is similar to that on the subgrade. 

The short-term effects of temperature changes on the reinforced and 
coated slab track have been evaluated while the influences of repeated 
train loads have been neglected in this paper. The combine action of 
temperature changes and train loads will be investigated in future 
works. 
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