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Structural responses of longitudinally coupled slab tracks (LCSTs) under extreme heat waves (EHWs) and the
adaptability of track reinforcement measures to cope with EHWs-related issues have been unprecedentedly
investigated in this study. A novel finite element model (FEM) to assess nonlinear mechanical behaviours of
LCSTs exposed to temperature rise has been established. The nonlinearities of material constitutional properties,
interfacial behaviours and temperature distribution are taken into account, and the FEM has been fully validated
by experimental data. This paper is the world’s first to highlight nonlinear structural responses of LCSTs such as
slab arching and interface failure under EHWs and under normal temperature rises (NTRs). More importantly,
effectiveness of track reinforcement measures (such as post-installed anchors and interface adhesives) in miti-
gating track damage under EHWs are demonstrated to determine whether those measures are capable of making
LCSTs adapt to EHWs. The new findings reveal that: (1) vertical buckling of LCST can be caused by atmospheric
temperature rises; (2) the interface area between the mortar layer and the track slab adjacent to the joint with
initial defect can fail under NTRs, while the interface delamination incurs under EHWs; (3) vertical displace-
ments of track slabs under EHWs can be reduced by 97.3 % when post-installed anchors are introduced; and (4)
the bond strength of interface adhesives should be larger than 0.02 MPa and 0.048 MPa to retain the vertical
displacements within the threshold of level III interfacial gaps under NTRs and under EHWs, respectively.

1. Introduction

Climate change has caused extreme heat waves (EHWs) much more
frequent and intenser in recent years around the globe [1-5]. In 2022,
the UK’s new record-high temperature reached previously-unthinkable
40.3 °C, breaking the previous record of 38.7 °C set in 2019. Due to
climate change, heatwaves occurring about every 100 years in a pre-
industrial climate are expected to appear around once every-eight
years in the UK [1]. In Chongging, China, the highest temperature hit
45 °C on 18 August 2022. Evidently, records of high temperatures have
also been surpassed in many other places around the world.

Under EHWs, the safety and serviceability of railway infrastructures
are compromised, especially for those sensitive to temperature change,
for example, longitudinally coupled slab tracks (LCSTs) or long-span
railway bridges [6]. The main components of LCSTs include rails,
track slabs, mortar layers, concrete bases and concrete joints, as shown

in Fig. 1. In general, track slabs are connected by concrete joints for
LCSTs, which have been widely constructed all around the world.
Typical LCSTs include Max Bogl slab track in Germany and the China
Railway Track System (CRTS) Il slab track in China [7]. The longitudinal
expansion and contraction of LCSTs are thus confined due to their lon-
gitudinal continuity, resulting in massive longitudinal thermal stresses
induced during summer or winter when the temperature changes of
LCSTs are most significant [8,9]. Slab end arching, layer delamination
and interface gaping between track slabs and mortar layers have been
identified as the most common issues observed in summer (as shown in
Fig. 1), while cracking has been observed in winter [10]. The former is
deemed as a more severe problem that is dangerous to train safety and
costly in terms of corrective repair than the latter [11].

While ballasted tracks are prone to buckle laterally at high temper-
atures [12,13], LCSTs tend to arch vertically when the temperature rises
enough. This is because the bending moment of LCSTs in the vertical
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direction is much smaller than that in the lateral direction. Some studies
determined the mechanism of arching deformation of LCSTs by finite
element analyses. Huang [14] assessed the slab end arching mechanism
of LCSTs caused by combined actions of temperature rise and temper-
ature gradient. Chen et al. [15] analyzed the stability of LCSTs in which
there was initial arching at high temperatures. Cai et al. [16] investi-
gated the vertical deformation of slab ends for LCSTs with interface
debonding between track slabs and mortar layers. Huang et al. [17]
investigated the arching of LCSTs installed on subgrade due to daily
temperature change in summer. Li et al. [18] studied the arching of
LCSTs reinforced by post-installed reinforcement, and concluded that
post-installed reinforcement bars can mitigate the slab end arching of
LCSTs subjected to normal temperature rises (NTRs). In contrast, based
on the critical literature review, it appears that the effects of EHWs have
not been investigated thoroughly and never been discussed in the pre-
vious studies.

Delamination and interface gaping between track slabs and mortar
layers are another temperature-induced problem for LCSTs. A cohesive
zone model capable of mimicking the damage initiation and propagation
behaviour of the interface has been widely used to appraise the inter-
facial performance of LCSTs and other track types. Zhou et al. [19]
analyzed the interface damage and structural responses of LCSTs sub-
jected to various temperature conditions including temperature rising
and temperature gradient. Qin et al. [20] investigated the interface
damage characteristics between track slabs and mortar layers of LCSTs
by using acoustic emission, digital image correlation technique and
cohesive zone theory. Xu et al. [21] assessed the interfacial and fatigue
damage of slab tracks by the vehicle-track dynamic analyses. Song et al.
[22] investigated the interfacial separation between track slabs and
mortar layers of LCSTs in which the temperature field was obtained
according to meteorological data. Du et al. [23] studied the damage
behaviour of the interface between sleepers and track slabs for twin-
block slab tracks induced by overall temperature change and tempera-
ture gradient. However, very few studies have investigated the effects of
EHWs on the interfacial damage of slab tracks.
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The world is on track for a predicted warming of 3.2 °C by 2100 if
measures are neither taken nor effective, or 1.9 °C of maximum warming
in the most optimistic prediction [5]. As a local maximum temperature
rise can be much higher than the global average, far more terrifying and
more frequent EHWs can be expected in following decades. Therefore, it
is of great necessity and significance to investigate the effects of EHWs
on LCSTs, which are very sensitive to temperature increases. In addition,
as global warming is inevitable, adaption is needed to make LCSTs
resilient under EHWs, for instance, the use of post-installed anchors and
interface adhesives to reinforce the tracks. Thus, it is also important to
evaluate the effectiveness of possible track reinforcement measures to
tackle issues related to EHWs, but there are very few studies focused on
this topic.

To address this global challenge, structural responses including slab
arching and interface failure of LCSTs under EHWs, as well as the
adaptability of track reinforcement measures to cope with EHWs-related
issues, have been unprecedentedly investigated in this study. A novel
finite element model (FEM) to study the nonlinear mechanical behav-
iour of LCSTs subjected to temperature rises has been established, in
which the nonlinearities of material constitutional properties and
interfacial behaviours are represented by a concrete damaged plasticity
model and a cohesive zone model respectively, and the FEM has been
rigorously validated by experimental data. Structural responses of LCSTs
are systematically investigated under EHWs as well as NTRs to compare
the influence of atmospheric conditions. The effects of track reinforce-
ment measures, such as post-installed anchors and interface adhesives,
on mitigating track damage under EHWs are also assessed to determine
whether those measures are capable of making LCSTs adapt to EHWs.
The new insights in this paper are intended to help track engineers to
better evaluate the performance of LCSTs under EHWs and hence to
determine the measures to be taken to cope with the warming of the
planet.

Fig. 1. Structure and damages of the LCST. (a) Actual photo of the track, (b) Side view of the track structure, (¢) Damages of the track.
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2. Track reinforcement measures to cope with EHWs
2.1. post-installed anchors

As a measure to reinforce LCSTs and therefore prevent possible
damages, post-installed anchors have been introduced in several high
speed railways in China, including Beijing-Shanghai high speed railway,
Nanjing-Hangzhou high speed railway, etc. [24]. Generally, anchors
connecting track slabs and concrete bases are installed at two ends of
track slabs to mitigate arching deformation at slab ends. The length and
diameter of anchors used in tracks over bridges are 350 mm and 27 mm
respectively, and both the embedded length of anchors in concrete slabs
and in concrete bases are 160 mm. Adhesives are applied to bond an-
chors with the surrounding concrete. At the top of the anchors, water-
proof materials with thickness of 40 mm are used. Installing 4 anchors
embedded in a slab is the most common practice, as shown in Fig. 2.

Some studies showed that post-installed anchors are effective in
mitigating the vertical and longitudinal deformation of track slabs [11].
Therefore, post-installed anchors can be seen as a possible solution for
LCSTs to deal with problems induced by EHWs. To assess the perfor-
mance of anchor-reinforced LCSTs, it is necessary to know the re-
lationships of bond stress-relative slip between anchors and concrete.
Pull-out tests have been conducted to determine such the relation-
ships, as shown in Fig. 3 [18]. The anchors in concrete blocks were
pulled out; at the same time, the loading force and the relative
displacement were recorded. The relationships of bond stress-relative
slip between anchors and concrete may differ for various compressive
strength of concrete. Since the compressive strength of concrete of track
slabs and that of concrete bases is generally different, separate tests have
been conducted.

According to the tests, the relationships between bond stresses and
relative slips for anchors in track slabs with standard cubic compressive
strength grade of C55 are as follows:

30:1550 < S < 0:26 a
6:181(S — 0:26) + 7:8390:26 < S < 1:091
where T is the mean bond stress between the anchors and the concrete,
whose unit is MPa, and S is the mean relative slip between the anchors
and the concrete, whose unit is mm.

The bond stress vs relative slip relationships for anchors in concrete
bases with standard cubic compressive strength grade of C30 are as
follows:

8
< 20:043S0 < S < 0:317

T= _ —1:897S% + 7:748S + 4:0820:317 < S < 2:042 2)
- —0:574S 4 13:1642:042 < S < 4:446

2.2. Interface adhesives

LCSTs have multiple interfaces, such as the interface between track
slabs and mortar layers, the interface between mortar layers and con-
crete bases, and the interface between concrete joints and concrete slabs.
However, field experiences reveal that the interface between track slabs
and mortar layers is the most vulnerable. The main reason for this is
related to the construction procedure of LCSTs. Concrete bases are first

Fig. 2. The track reinforced by post-installed anchors.
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cast on site, then the prefabricated track slabs are positioned 30 mm
above the concrete bases. Finally, cement asphalt mortar is injected into
the gap between the track slabs and the concrete bases through pre-
fabricated holes in track slabs to form mortar layers. However, it is
almost impossible to fill the void space completely with cement asphalt
mortar without air. Therefore, small air bubbles that are lighter than
cement asphalt mortar will gather at the interface between the track
slabs and mortar layers, resulting in the poor bond strength for the
interface. Based on full-scale shearing tests, the bond strength between
the track slabs and mortar layers is about 0.01 MPa, which is far less
than expected [25].

For the aforementioned reason, delamination and interface gaping
between track slabs and mortar layers have been commonly observed in
LCSTs [11]. Adhesives are widely used to make sure that track slabs are
well stuck to mortar layers, as shown in Fig. 4. Shear tests showed that
the bond strength of the interface with adhesive can be around 0.1 MPa.
Some studies also indicated that the maximum vertical displacement
induced by temperature rises can drop significantly for LCSTs with ad-
hesive. Therefore, interface adhesives can also be seen as a possible
solution for LCSTs to tackle the problems induced by EHWs.

3. Finite element modelling of LCSTs subjected to EHWs
3.1. Concrete damaged plasticity model

The constitutive relationships between stress and strain of concrete
are nonlinear. It is necessary to consider the damage behaviour of
concrete for LCSTs subjected to massive temperature rise, as there can be
a significant difference between the displacement results calculated by
introducing the CDP model and those calculated by using the linear
elasticity model [26]. A Concrete Damaged Plasticity (CDP) model
capable of representing the non-linear relationships and the damage
behaviours of concrete is adopted in this study. The constitutive re-
lationships between stress and strain of concrete in tension and in
compression can be obtained according to Ref [27]. The relationships in
tension are as follows:

0 = (1 —dy)Eo& 3
i‘ 1—p(1:22 = 0:2%7); % < 1

di = 4
! :1—#1_7;x,>1 )
O(% — 1) + X

P
Sl:l’ ! ECStQT

Xt (5)
In which 0, represents a shape parameter of the curve in the
descending segment in tension, f;, means the representative value of the
uniaxial tensile strength, €., is the peak strain corresponding to f;,, d; is
the damage parameter in tension, and Ej is the elastic modulus.
In the CDP model, cracking strain for concrete in tension is [28]:

ECk =& — 0[=E0 (6)
And the damage parameter in tension is expressed as:

D, = (1 — BJE*Ey )
0y + (1 — By)E*E,

In which B, is 0.9 [28].

Analogously, the constitutive relationship between stress and strain
of concrete in compression for the CDP model can be calculated based on
Ref [27,28]. The standard cubic compressive strength grade of concrete
for track slabs and concrete joints is C55 whilst C30 is commonly used
for concrete bases. The CDP model is used for both grades since there
may be damage behaviour for concrete around the anchors in the track
slabs and in the concrete bases when the track is subjected to temper-
ature load.
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Fig. 3. Setup of anchor bonding performance tests.

Fig. 4. Interface adhesive used between track slabs and mortar layers.

3.2. Cohesive zone model for interfaces

The stress-slip relationships of the interface between track slabs and
mortar layers show nonlinear characteristics. A nonlinear mixed-mode
cohesive zone model (shown in Fig. 5) has been widely deployed to
mimic the interfacial behaviour and represent the damage initiation,
damage development and failure of the interface [29,30]. The mixed-
mode slip consists of normal slip and shearing slip. The interfacial
stress grows linearly when the slip is minor, and declines after the slip is
bigger than the yield value, as shown in Fig. 5.

The damage initiation criterion for the mixed-mode can be expressed
as [31]:

@) ® o ® q°
w To T 1 ®)
(On) = (On + |0n] )=2 9

where 0 is the interfacial stress, and subscripts n, s and t mean the

Fig. 5. Mixed-mode cohesive zone model.

normal direction, the first tangential direction and the second tangential
direction respectively.
The criterion for interfacial failure is as follows [31]:
G“ 2 Gs 2 Gl 2

EE+ES+§:1 (10)

where G is the work done by the interfacial stress and its corresponding
slip, and G is the fracture energy in a certain fracture mode.

After damage initiation, the interfacial stress-slip relationships are as
follows:

((1 — D)ky0y; 8, >0
0, = ;
Ky, 8,<0
an)
0, = (1 — D)kds;
0, = (1 — D)k,

where k is the stiffness of cohesive zone elements, and D is an interfacial
damage index, which is defined as:

AL ) .
5 (8, — 80

where 82 is the maximum effective slip in a loading process, 82 and &,

are the effective slips corresponding to interfacial damage initiation and

interfacial failure, respectively.

When the interfacial cohesive zone element is intact, D remains as a
constant of 0. When the interfacial cohesive zone element is damaged, D
is a variable between 0 and 1. When the interfacial cohesive zone
element is failed, D becomes 1. According to [25,26], the parameters for
the cohesive zone model are given in Table 1.

3.3. Nonlinear temperature distribution in track slabs under EHWs

When the temperature in the track slabs of LCSTs reaches its highest
in summer, the vertical temperature distribution profile is nonlinear and
can be expressed by a quadratic function [6,32]. Based on the moni-
toring data by Kang [33], the vertical temperature distribution in the

Table 1
Parameters for the cohesive zone model.

Interface Direction Strength  Stiffness Fracture energy
(MPa) (10°Nm™%)  (mJmm?)
Initial interface Normal 0.0137 0.274 0.0041
Tangential 0.010 0.200 0.0030
After use of adhesive Normal 0.137 2.74 0.041
Tangential ~ 0.100 2.00 0.030
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track slabs when the atmospheric temperature is 41.6 °C can be
described as follows|[6]:

T(z) = 40:6 + 29z + 3302 13)

where T(z) is the temperature of the track at the location of z, and z is the
height to lower surface of track slabs, whose unit is m.

It can be realised from Eq (13) that the track temperature at the
upper surface is 59.6 °C, which is 18 °C higher than the atmospheric
temperature of 41.6 °C. If the atmospheric temperature is taken as a
round number of 42 °C, and the difference between the track tempera-
ture at the upper surface and atmospheric temperature keeps as 18 °C,
the vertical temperature distribution profile in the track slabs is

T(z) = 41 +29z2 + 3302 a4

Note here that Eq (14) is considered as the vertical temperature
distribution in the track slabs under NTRs with the atmospheric tem-
perature of 42 °C in this study.

A past research showed that the atmospheric temperature in China
under EHWs is likely to be over 46 °C [34]. Therefore, the atmospheric
temperature under EHWs is considered to be 47 °C in this study. The
vertical temperature distribution profile in the track slabs under EHWs
with the atmospheric temperature of 47 °C is as follows:

T(z) = 46 +29z 4 3307 (15)

The nonlinear temperature distributions in track slabs of LCSTs
under NTRs and EHWs are shown in Fig. 6. The construction tempera-
ture (CT) of the track is considered as 15 °C, at which LCSTs is in a “zero
thermal stress state”, which implies that no thermal stress has been
induced in the track structures. It should be noted that when the at-
mospheric temperature is mild, the vertical temperature distribution in
the track slabs tends to be linear and close to the atmospheric temper-
ature. Therefore, the CT is considered to be equal to the corresponding
atmospheric temperature of 15 °C.

The temperature gradients in mortar layers and concrete bases are so
little that they can be ignored [35]. Therefore, the temperature of mortar
layers and concrete bases is considered to be equal to the temperature at
the lower surface of track slabs [18].

3.4. Finite element model of the LCST

A segment of LCST consisting of 5 track slabs, 4 concrete joints, 2
rails, 100 fasteners, a mortar layer, a concrete base has been modelled,
as shown in Fig. 7. The total length of the 5-slabs track model equals the
length of a popular 32 m simply-supported girder for railway viaducts on
which tracks are installed on. The dimensions (width x height x length)
of each track slab, the mortar layer and the concrete base are 2.55 m x
0.20 m x 6.45 m, 2.55 x 0.03 x 32.45 m and 2.95 x 0.30 x 32.45 m

Fig. 6. Vertical temperature distribution in track slabs.
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Fig. 7. Finite element model of the LCST.

respectively. The standard profile of 60 kg/m rail is used to model the
rails. The structure of rail supports on track slabs is ignored in the finite
element model since it has a very minor effect on the structural re-
sponses of LCSTs subjected to temperature load. Fasteners are modelled
by spring elements. The reinforcement bars embedded in track slabs are
simulated by truss element T3D2. For the model of the track with post-
installed anchors, the anchors are simulated by beam element B33. And
eight-node solid element C3D8R is used for other track components.
CDP model is used to represent the material properties of concrete. The
parameters of material properties can be seen in Reference [18].

The vertical stiffness and the lateral stiffness of a fastener is 5 x 10
’N/m and 3.5 x 10’N/m respectively. The longitudinal force R in a
fastener is:

78,0 <x<2

R= 15:6;x > 2

(16

where x is the relative displacement between the rail and the track slab
at the position connected by the fastener. The unit of R and x is kN and
mm, respectively.

The interfacial behaviour between the track slabs and the mortar is
imitated by the cohesive zone model described in Section 3.2. And “tie”
has been applied to other track components’ surfaces that are bonded
with each other. The interactions between post-installed anchors and
surrounding concrete defined by Eq (1) and Eq (2) are simulated by
nonlinear spring elements. The two ends of the model is symmetrically
constrained, and the vertical displacement of the lower surface of the
model is fixed. The acceleration of gravity is considered to be 9.81 m/s2.

3.5. Model validation

A full-scale experimental test on the effect of temperature rise on the
structural responses of the LCST was conducted by Li [36]. The finite
element model in this study can be validated fully by the experimental
test results. A full-scale LCST was installed with 5 slabs, 4 joints, a
mortar layer and a concrete base, as depicted in Fig. 8. The lower part of
the T-shaped concrete joint between slabs labeled 3# and 4# in Fig. 8
was removed to imitate the common joint defect, while other 3 concrete
joints keep intact. A displacement sensor was installed at the end of slab
labeled 4# to measure the relative displacement between the track slab
and the concrete base. An end of the LCST structure was fixed, and the
other end of the track slabs was loaded by multiple lifting jacks to
simulate the effect of temperature rise based on the following
relationship:

N = EAQAT a7)
where N is force induced by temperature change, E is elastic modulus of

track slabs, A is cross sectional area of track slabs, a is coefficient of
thermal expansion of track slabs, and AT is temperature change.
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Fig. 8. Experimental setup.

Comparison and correlation between experimental and simulation
results are shown in Fig. 9. It is evident that the simulation result is in a
very good agreement with the experimental data. The possible expla-
nation for the little difference between the simulation result and the
experimental data is that the state of actual track can be more complex
than the FEM, for example, there could be minor defects in the track
slabs caused by the creation of the pre-defected joint between slab 3#
and slab 4#, which may cause the difference. In addition, it can be seen
that the nonlinear characteristic of the temperature-displacement rela-
tionship can be well featured by the simulation result. Therefore, the
established techniques are considered to be capable of simulating the
structural responses of LCSTs caused by temperature change.

4. Results and discussion
4.1. Deformation and damage of the track under EHWs

Simulations have been conducted by using the novel FEM estab-
lished, in which the lower part of the T-shaped concrete joint between
slabs labeled 3# and 4# in Fig. 10 has been removed to imitate the
common joint defect in real life, while other 3 concrete joints are intact.
A lateral path and a longitudinal path are defined in Fig. 10, by which
the structural responses of the LCST can be illustrated.

Fig. 11 presents development of slab end arching in the two paths
with growing atmospheric temperature. It can be seen from Fig. 11(a)
that the vertical displacement of the track slab in the lateral path in-
creases mildly with atmospheric temperature below 40 °C. However, the
rise of the vertical displacement can be pronounced when atmospheric
temperature is above 40 °C. This new finding suggests that full-time
monitoring of the state of tracks with initial defects in summer is
needed, as the pronounced vertical uplift of track slabs can be extremely
dangerous. Three levels of interlayer gaps (corresponding to vertical
displacement of the slab in Fig. 11) for LCSTs are defined in Maintenance
Rules for Ballastless Track of High-speed Railway [37], namely, level I,
level II and level III whose gap height exceeding 0.5 mm, 1 mm and 1.5
mm respectively. Level I interlayer gaps need to be recorded, and Level II
interlayer gaps should be repaired in an appropriate time. Level III
interlayer gaps are the most severe that should be repaired in time. It can
be found from Fig. 11(a) that the vertical displacement under EHWs of
47 °C is much larger than the level III limit.

For the vertical displacement in the longitudinal path depicted in
Fig. 11(b), an obvious surge can also be observed vividly when atmo-
spheric temperature exceeds around 40 °C. The highest vertical
displacement emerges at the center of the longitudinal path, where the
concrete joint with defect locates. About one third of the path possesses
vertical displacement beyond the limit of interlayer gaps of level III,
indicating that the track is severely damaged under EHWs and urgent

(a) Comparison between experimental and simulation results

(b) Correlation between experimental and simulation results

Fig. 9. Comparison and correlation between experimental and simula-
tion results.
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Fig. 10. Definition of paths.

(a) In the lateral path

(b) In the longitudinal path

Fig. 11. Development of slab end arching with rising temperature.

measures must be taken to repair it [11]. This new insight suggests that
preventative maintenance strategy is necessary to avoid catastrophic
outcomes. More specifically, pre-reinforcement measures such as post-
installed anchors and interface adhesives should be taken before
serious EHWSs occur.

Fig. 12 illustrates the comparison between the vertical displacements
of track slabs under NTRs (42 °C) and EHWs (47 °C). It can be found
from Fig. 12(a) that under NTRs the vertical displacement in the middle
part of the path exceeds the level III limit, while the vertical displace-
ment at two ends is still under the limit. The vertical displacement in the
whole lateral path is larger than the limit under EHWs. Fig. 12(b) sug-
gests that only a small part of the longitudinal path near the joint with

(QILQHHULQJ BWUXFWXUHV

(a) In the lateral path

(b) In the longitudinal path

Fig. 12. Comparison of vertical displacements under NTRs and EHWs.

defect has vertical uplift above the level III limit under NTRs, but a large
proportion of the path would exceed the limit under EHWs. It should be
noted that this uplift (or up-ward deformation) in other part of track
slabs is also attributable to interfacial gaps in the middle of the track
structures, which could cause the tracks to deteriorate even faster. Some
techniques like air-coupled ultrasonic sensors to detect inner voids of
tracks can be used to locate those inner gaps as soon as possible [38].
Fig. 13(a) demonstrates the nonlinear curve of the vertical dis-
placements at the center of the lateral path versus atmospheric tem-
perature. It is found that the vertical displacement under EHWs is 11.47
mm, which is 7.6 times of the level III limit. The increment of vertical
displacement with a temperature rise of 5 °C from NTRs to EHWs ac-
counts for 84.1 % of the total arching deformation, far more than 15.9 %
with temperature increasing from 15 °C to NTRs. Fig. 13(b) gives the
arching rises with 1 °C increments from NTRs to EHWs. It can be found
that the arching displacement grows faster when atmospheric temper-
ature is closer to the level of EHWs. The vertical displacement increment
from 42 °C to 43 °C only account for 3.3 % of the total arching
displacement, while the increment from 46 °C to 47 °C would be
significantly 39.1 %. The sharp increase of vertical displacements at slab
ends indicates that the LCST buckles vertically under EHWs. This
nonlinear buckling phenomenon is extremely dangerous to train oper-
ations where significant track twists can induce a train derailment.
The damage at the interface between the track slab labeled 3# and
the mortar layer shown in Fig. 14(a) reveals that the right end of the
track slab is failed under NTRs, since the damage is close to the concrete
joint with defect and can cause slab end arching and thus interface
debonding [18]. At the other end of the track slab, the middle part is
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(a) Arching at the center of lateral path with temperature

(b) Arching increase with 1 °C increment

Fig. 13. Arching development of track slabs with increasing temperature.

damaged severer than other area due to larger vertical displacement in
the middle of the lateral path. Comparison between 14(a) and Fig. 14(b)
suggests the interface is much worse damaged under EHWs than under
NTRs. A large proportion of the interface area is failed under EHWs.
Fig. 15 highlights the percentage change of debonding area of the
interface between track slab labeled 3# and the mortar layer with
different atmospheric temperature. This is the world’s first to report
quantitatively that the percentage of interface debonding area increases
nonlinearly with growing atmospheric temperature. In the temperature
range from NTRs to EHWs, the higher the atmospheric temperature, the
sharper the percentage increase of interface debonding area. 12 % of the
interface area is failed under NTRs, while 68 % of the interface is
delaminated under EHWs. Massive delamination and interface gaping
between track slabs and mortar layers can make the LCST prone to
vertical buckling [24], indicating that the increase of interface
debonding area can be harmful to the stabilities LCSTs under EHWs.

4.2. Effects of post-installed anchors on structural responses of the track
under EHWs

Fig. 16 depicts new findings related to the development of slab end
arching of the LCST with anchors in the two paths with growing atmo-
spheric temperature. Note here that 4 anchors are used in each slab as
shown in Fig. 2. It can be found from Fig. 16(a) that the vertical
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(a) Under NTRs

(b) Under EHWs

Fig. 14. Damage of the interface. (D in the figure is the interfacial damage
index defined in Section 3.2).

Fig. 15. Percentage of debonding area of the interface.

displacement under EHWs is smaller than the level II threshold of
interlayer gaps in the lateral path when anchors are installed, and the
displacement is significantly smaller than the value of 11.47 mm
without anchors. In addition, it can be seen from the figure that the
uplift displacement in the locations of anchors is smaller than in the
other parts of the lateral path due to the constraint effect of anchors.
Fig. 16(b) shows that the vertical displacement in the locations of an-
chors is smaller than in the other parts of the longitudinal path.

Fig. 17 compares the vertical displacements of track slabs with an-
chors under NTRs and EHWs. It is found from Fig. 17(a) that under NTRs
the vertical displacement in the middle of the path is close to the level I
limit, which is not urgent for corrective repairing [37]. In the center of
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(a) In the lateral path

(b) In the longitudinal path

Fig. 16. Development of slab end arching of the track with anchors.

the lateral path, the increment of vertical displacement with a temper-
ature rise of 5 °C from NTRs to EHWs accounts for 31.3 % of the total
arching deformation. Fig. 17(b) demonstrates that the vertical dis-
placements at the locations of anchors have been significantly mitigated
under NTRs as well as under EHWs.

Comparisons of the uplift development of slab tracks at the center of
the lateral path with and without anchors can be observed in Fig. 18. It is
found that the displacement-temperature curve has been lowered and
flattened after the use of anchors, and the vertical displacement or uplift
under EHWs can be reduced by 97.3 % when post-installed anchors are
introduced to the track slabs, indicating that anchors can effectively
mitigate nonlinear slab deformation induced by EHWs.

Fig. 19 presents new insights into the development of interfacial
damage at the center of the lateral path with and without anchors. It can
be seen that interfacial damage initiates at 18.2 °C no matter anchors are
used or not, but the interfacial damage of the LCST without anchors
develops much faster than the track slap with anchors. When atmo-
spheric temperature hits 33.4 °C, the interface of the track slap without
anchors fails. However, the interface of the track slap with anchors will
not fail even under EHWs.

4.3. Effects of interface adhesives on structural responses of the track
under EHWs

Bond strength may differ for different interface adhesives, so it is
necessary to analyse the influences of different bond strength of adhe-
sives on the structural responses of LCST under EHWs. Fig. 20 illustrates
unprecedented phenomena of the vertical displacements of track slabs
with different interfacial bond strength under EHWs. Note here that
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(a) In the lateral path

(b) In the longitudinal path

Fig. 17. Comparison of vertical displacements of the track with anchors under
NTRs and EHWs.

Fig. 18. Comparison of vertical displacement development with and
without anchors.

“bond strength” is used to refer to “tangential bond strength” in this
section, and 0.01 MPa is the original interfacial bond strength. It can be
inferred from Fig. 20 that the vertical displacement at both paths can be
reduced with the increase of bond strength of interface adhesives. When
interface adhesives with bond strength of 0.025 MPa and 0.1 MPa are
used, the maximum vertical displacement of track slabs under EHWs can
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Fig. 19. Development of interfacial damages with and without anchors.

Fig. 21. Arching at the center of lateral path with different bond strengths of
interface adhesives.

be found that the displacement-temperature curves tend to be lowered
and flattened after the use of interface adhesives. When interface ad-
hesives with bond strength no less than 0.075 MPa was used, the sharp
increase of vertical displacement in the temperature range from NTRs to
EHWs can be eliminated.

Fig. 22 depicts the vertical displacements of LCSTs at the center of
the lateral path with different bond strengths of interface adhesives. It
can be found that the vertical displacement of LCSTs declines sharply
with rising bond strength of adhesives when the bond strength is rela-
tively small. When the bond strength of adhesives is relatively large, the
vertical displacement decreases mildly with growing bond strength.
Under NTRs, the bond strength of adhesives should be larger than 0.02
MPa to retain the vertical displacements under the threshold of level III
interfacial gaps. However, under EHWs, the bond strength of adhesives
should exceed 0.048 MPa to maintain the same effect. This is a new
insight that will help engineers prepare the infrastructure for extreme
conditions.

Damages of the interface between the track slab labeled 3# and the
mortar layer with different bond strength of interface adhesives shown

(a) In the lateral path

(b) In the longitudinal path

Fig. 20. Vertical displacements of track slabs with different bond strength of
interface adhesives under EHWs.

be reduced by 63.2 % and 95.7 %, respectively.
Fig. 21 highlights the arching displacements at the center of the
lateral path with different bond strengths of interface adhesives. It can Fig. 22. Vertical displacement of LCSTs with different bond strength of inter-
face adhesives.
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in Fig. 23(a) reveal that the right end of the interface under the track slab
with bond strength of 0.025 MPa is failed under EHWs, since the dam-
ages near the concrete joint with defect can cause slab end arching and
thus interface debonding. In other area of the interface, the damage is
milder than the right end. Fig. 23(b) shows that while the damage of the
right end of the interface is severer than the left, interface failure does
not happen under EHWs at any part of the interface due to the
enhancement of bond strength of interface adhesives.

New insights into the development of interfacial damages at the
center of the lateral path with different bond strengths of interface ad-
hesives are portrayed in Fig. 24. It can be seen that interfacial damage
initiates at 18.2 °C when the bond strengths are 0.01 MPa and 0.025
MPa, and the damage temperature can be increased to 20.6 °C when the
bond strengths are 0.05 MPa, 0.075 MPa and 0.1 MPa. Interface failure
will occur at 33.4 °C and 39.8 °C if the bond strengths are 0.01 MPa and
0.025 MPa. However, if the bond strength is 0.05 MPa, the interface will
fail at 45.2 °C which is higher than NTR of 42 °C. Therefore, if EHWs
don’t occur, interface failure can be avoided for the bond strength of
adhesive over 0.05 MPa. This new finding can be helpful for engineers in
an optimal selection of adhesive products.

5. Conclusions

Global warming is a global grand challenge that induces EHWs to be
much more frequent and intenser. It can be problematic for the LCSTs,
which is very sensitive to temperature increases. This study provides a
breakthrough on structural responses including slab arching and inter-
face failure of LCSTs under EHWs, which is a precursor for establishing
the adaptability framework for track reinforcement measures to cope
with EHWs-related issues. In this study, a novel FEM to study the
nonlinear behaviours and buckling phenomena of LCSTs subjected to
temperature rise has been established. The nonlinearities of material
constitutional properties, interfacial behaviours and temperature dis-
tribution have been taken into account fully, and the FEM has been
robustly validated by full-scale experimental data. The structural re-
sponses of LCSTs have been systematically investigated under EHWs as

(a) With bond strength of interface adhesives of 0.025 MPa

(b) With bond strength of interface adhesives of 0.1 MPa

Fig. 23. Damages of the interface under EHWs.
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Fig. 24. Development of interfacial damage with different bond strengths of
interface adhesives.

well as NTRs to extract new insights into the influences of atmospheric
conditions. This study is the world’s first to demonstrate the effective-
ness of track reinforcement measures in practice, including post-
installed anchors and interface adhesives, on mitigating track damage
under EHWs. The new findings inform whether those measures are
capable of making LCSTs adaptive to EHWs. The following novel in-
sights can be are drawn:

(1) Vertical buckling of the LCST can be caused with a surge of ver-
tical displacement at slab ends of 9.65 mm when atmospheric
temperature rises from the level of NTRs to EHWs.

(2) Nonlinear increase of vertical displacement of the track slabs
under EHWs can be expected as the vertical displacement incre-
ment for an atmospheric temperature rise from 42 °C to 43 °C
only accounts for 3.3 % of the total arching, while the increment
from 46 °C to 47 °C could be significantly 39.1 %.

(3) 12 % of the interface area between the mortar layer and the track
slab neighbouring the joint with initial defect can be failed under
NTRs, while 68 % of the interface is delaminated under EHWs.

(4) The vertical displacement of track slabs under EHWs can be
reduced by 97.3 % when post-installed anchors are used in the
track.

(5) The bond strength of interface adhesives should be larger than
0.02 MPa and 0.048 MPa to retain the vertical displacements
within the threshold of level III interfacial gaps under NTRs and
under EHWs respectively.

The novel findings of this study can provide railway engineers with a
better understanding of influences of EHWs on structural responses of
LCSTs which is very sensitive to temperature rises. It is suggested that
pre-reinforcement measures such as post-installed anchors and interface
adhesives should be taken before EHWs to avoid severe damages of
LCSTs.
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