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Abstract: Initial up-warp deformation is one of the key factors that affect the stability of the China Railway Track System type II
(CRTS II) slab track. Through modeling analysis, we studied the effects of different initial up-warp conditions on the deformation
and stability of a slab track at high temperatures. Based on the theory of ‘variable span length’ in continuous welded rail (CWR), a
vertical stability analysis model of the CRTS II slab track was established using the finite element method (FEM), and a scale
model test was conducted. The effects of initial up-warp deformation features, such as rise displacement, span length, and line type
on the stability of track slabs at high temperatures were studied through simulation. Results showed that the trends of vertical
displacement were almost the same based on the FEM, analytical method, and on-site testing, but there was a better agreement
between results from the FEM and the analytical method. When the span length was 6.5 m and the rise displacement of the initial
up-warp reached 15 mm, compressional destruction was most likely to occur on the concrete at the bottom of the apex. The
rise-span ratio of the slab up-warp reached its maximum when the initial up-warp span was 6.5 m at high temperatures. It is easier
for track slabs to maintain their original form at a high temperature when there is an angle at the apex or a smooth boundary.
However, with a smooth boundary, the concrete at the bottom of the apex is more likely to suffer compressional destruction.
Therefore, to ensure the stability of the CRTS II slab track, an initial up-warp with a span of 6.5 m and a rise of 15 mm should be
avoided, and the effects of different line types of the initial up-warp also need to be considered.

Key words: High-speed railway; China Railway Track System type II (CRTS II) slab track; Initial up-warp; High temperature;
Stability
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1 Introduction

In recent years, high-speed railways have been
widely developed in China (Fang, 2011; Tan et al.,
2016; Zhang et al., 2017). As one of the main track
structures of a high-speed railway, the China Railway
Track System type II (CRTS II) slab track was in-
troduced and reformed based on the German Bogl
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slab. This kind of track was first put into operation in
the Beijing-Tianjin intercity passenger lines in 2008.
Because of high precision and durability, it was then
widely applied to other routes in China, including the
Beijing-Shanghai, Shanghai-Hangzhou, and Shijia-
zhuang-Wuhan lines (Liu et al., 2010; Yan et al.,
2015; Long et al., 2018).

The main components of the CRTS II slab track
are the CN60 rail (Chinese standard rail with a mass
of 60 kg/m) (Tao et al., 2017), elastic fastening sys-
tem type WJ-8 invented in China, track slabs, cement
asphalt mortar (CA mortar), and a hydraulic material
layer. A cross section of a CRTS II slab track is
shown in Fig. 1. Track slabs comprise prefabricated
concrete slabs made of reinforced concrete (0.2-m
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thick, 2.55-m wide, and 6.45-m long). The slabs are
connected by wide-narrow joints consisting of turn-
buckles and elastic concrete mortar to form a longi-
tudinal continuous track (Lichtberger, 2005). Wide-
narrow joints are the weak parts of the CRTS II slab
track, and are constructed by post-cast concrete after
the track slabs are longitudinally coupled. The wide
joint is 0.2 m, and the narrow joint 0.05 m wide
(Fig. 2). Compared to prefabricated concrete slabs,
wide-narrow joints are more prone to be damaged
such as cracking and breakage, leading to an eccentric
pressure state causing up-warp in the track slab (Gao
et al., 2016).

, CNBO rail

’  WJ-8 fastener

Prefabricated slab

Hydraulic material layer

CA mortar

Fig. 1 A cross section of a CRTS II slab track

Wide-narrow joint

Track slab

Fig. 2 A wide-narrow joint in a CRTS II slab track

Track slabs and the hydraulic material layer are
bonded together by the bonding behavior of the CA
mortar. However, the mortar layer has a limited ver-
tical restraint ability on the track slabs. De-bonding of
track slabs and the mortar layer can easily occur be-
cause of extensive construction, changeable founda-
tions, structural deterioration under aging effects, and
other factors (Han et al., 2015). There is a huge tem-
perature force in track slabs, especially in high-
temperature environments. Due to temperature gra-
dients and the periodicity of the track structure, wide-
narrow joints are easily destroyed, breaking the stress
uniformity in track slabs, leading to their de-bonding

(Zhang and Zhao, 2018). In addition, in rainy envi-
ronments, if the track structures lack of maintenance,
water erosion will occur in the mortar layer between
the track slabs and the hydraulic material layer, due to
the effects of long-term vehicle load and environ-
mental factors. In poorly drained routes, large
amounts of water will seep into the mortar layer,
leading to a deterioration in the mechanical properties
of track slabs, which can also cause de-bonding be-
tween the layers (Cao et al., 2016). These factors
could easily lead to initial up-warp deformation of
track slabs. At extremely high temperatures, these
factors would trigger further up-warp displacement,
and increase the risk of systematic instability (Liu et
al., 2015; Liu and Feng, 2016). Through on-site in-
vestigations of CRTS II slab tracks in East China, the
phenomenon of up-warps is known to occur on track
slabs in summer due to the effect of high temperatures
(Fig. 3). In some severely damaged route segments,
the vertical displacement is higher than 10 mm, far
more than the upper limit of 2 mm for track irregu-
larity (Wei, 2014). Therefore, up-warp of track slabs
will affect the safety of vehicle operation. The prob-
lems of CRTS II slab tracks greatly threaten the
quality and safety of high-speed vehicle operation,
and have aroused widespread concern.

Fig. 3 Track slab up-warp on site

The buckling of longitudinal continuous struc-
tures was analyzed initially using the Euler column
model, and the critical load can be found by the bal-
ance method or the defect method (Ziegler, 1977;
Shahba and Rajasekaran, 2012). Zhou and Dai (2015)
studied the stability of a CRTS II track slab on simply
supported girder bridges. They concluded that the
track structure cannot be regarded as an ideal Euler
column model, and the actual nonlinearity between
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layers should be considered. Yang et al. (2015) and
Ren et al. (2017) came up with a calculation formula
for the critical temperature force of track slabs by
energy norm, referring to the model of ‘equivalent
span length’ in continuous welded rail (CWR).
However, differences in span length between the
initial up-warp and further up-warp were ignored.
Also, the effect of the line type of the initial up-warp
on the stability of the track system was not thoroughly
studied. Previous studies on the stability of CWR
have a great reference value for analysis of the sta-
bility of CRTS II slab tracks. Kish et al. (1982) dis-
cussed the lateral, longitudinal, and torsional re-
sistances of CWR in detail and used statistical
methods to evaluate the safety of buckling. Lin et al.
(2003) considered the geometrical nonlinearities of
the rail and the material nonlinearity of ballasts, and
discovered that a 2D rail-sleeper model has a higher
structural stability than a 3D model. Rybkin et al.
(2013) studied the stability of the CWR in small-radius
curves. Zhang and Chen (2007) and Martinez et al.
(2015) applied the balance method of internal and
external moment to derive a formula for calculating
the stability of CWR.

Due to quality restriction in track construction
and structural characteristics, track slabs have dif-
ferent span lengths and up-warp rise displacements,
and line types have not been considered. Therefore, a
more thorough study on the effects of initial up-warp
status on the stability of the track structure is of great
significance to the operation and maintenance of the
track system.

2 Analysis theory of CRTS Il slab track
up-warp

According to the structural characteristics of the
CRTS 1I slab track (Liu et al., 2010), the following
assumptions were made:

1. Track slabs are simplified as beam elements,
ignoring the lateral effect of the track structure.

2. The structure is considered only in the elastic
weighted range, and the bonding strength of the
mortar layer on the track slabs is ignored.

3. The constraints of the rail and fastener system
on the stability of the track slab are ignored.

Yang et al. (2015) and Ren et al. (2017) derived a

calculation formula for the critical temperature force
on the basis of the theory of ‘equivalent span length’
in CWR, assuming that the span length of further
up-warp is equal to that of the initial up-warp, which
differs from the actual status on site. Therefore, cases
of different span lengths should be considered. As the
track slab is a longitudinal continuous structure, the
span length will change during the up-warp process.
Therefore, initial and further up-warp curves (yy and
y) are set separately. As shown in Fig. 4, y, and y are
both set without angles at the boundary, that is, as
half-wave quadratic sine curves with a continuous
first derivative.

In Fig. 4, f; and [, are the rise displacement and
span length, respectively, of the initial up-warp, and f
and / are the rise and span length of further up-warp.
The axial deformation A/ (Al=Al1—Aly, where Aly and
Alt represent the differences in arc length before and
after up-warp deformation, respectively) is the
change in the arc length (not the span length) of track
slabs affected by the temperature force P. dsy and dst
are the differentials of arc length before and after
up-warp deformation, respectively. According to
Fig. 5, Al can be expressed as follows:

Al
(1)

[T i o

Al =

y=fsin?[m(2x-N/(21)]
(-l2<x<II2)
Yo=Fosin?[1r(2x=lo)/(2lo)]
(~lo/2<x<lo/2)

—- -

Fig. 4 Assumption of deformed curves

During the up-warp process, the total potential
energy (U) of the track slabs consists of compressive
deformation energy (U;), bending energy (U), and
gravitational potential energy (Us).

In Eq. (2) (see the top of the next page), EI rep-
resents the flexural rigidity of track slabs, M(x) =(EIy")
is the distribution of the bending moment in the track
slabs during the up-warp process, and p, g, and 4 rep-
resent the concrete density, gravity acceleration, and
sectional area of the track slabs, respectively.
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Fig. 5 Differences in the arc length of the track slabs
before and after deformation

Based on the principle of energy norm (Reissner,
1946), take the partial derivative U with respect to f,
that is, 0U/0f=0. Setting k as the ratio of / to [, the
expression of f'is taken as

2km 51n(2kn) FP= pedl®
f=—1=k . (3)
AEIn* — P

According to Eq. (3), if the line type of the initial
up-warp of the track slab is stable, fis affected by fo, /o,
and /. As the denominator approaches 0, f approaches
infinity, and the buckling of the track slab can be
determined. Setting /, as the span length when buck-
ling, the expression of the critical load for buckling
P, can be determined as

4EIr?
R:r = 12 ‘ (4)

Eq. (4) shows that when vertical buckling occurs
in the track slab, the effective length of P is
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equal to 0.5/ in the Euler column model. Although
the location of the boundary point will change during
the up-warp process, the boundary of the up-warp and
extension part is still in a state without rotation.
Therefore, it is the same to the situation with both
ends fixed in the Euler buckling equation, and the
track system can also be determined to be in the
buckling state if /=/.

Taking the partial derivative of / for f will result
in 9f/0l=0. The relationship between / and /, can be
determined from the implicit formula of i(/, ;) ex-
pressed as

nf kP
1-k*

[ - l]; sin(km)+km cos(kn)]

—ZpgAlz}(4EIn2 - PI*) (5)

PP (275 sin(km)

e fOkP—pgAlzjz

3 Calculation model and parameters

On account of the highly nonlinear nature of the
model, analytical methods based on energy norm suit
only idealized buckling analysis, and cannot accu-
rately solve the problems above. Therefore, the finite
element method (FEM) was adopted. A geometry
model for vertical stability was established (Fig. 6),
and the local FEM model is shown in Fig. 7.

CA mortar
P

// v
Extension part

T Gz, // e ///// 77
Extension part Initial up-warp part

Fig. 6 Diagram of the geometry model
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Plane elements

................

Nonlinear elastic constraints

Fig. 7 Diagram of the local model for the finite element
method (FEM)

As Fig. 6 shows, the model is made up mainly of
track slabs and the CA mortar. As the effects of the
hydraulic material layer, rail, and the fastener system
on the stability of the track system are quite minor,
they have been ignored in the FEM model. As Fig. 7
shows, first, track slabs are established as plane ele-
ments in the FEM model to describe the shape of
pre-cracking joints. The units are established as rec-
tangular elements with a size of 0.1 m with a high
accuracy. Track slabs contain the initial up-warp part
and the extension part. Because the boundary between
the initial up-warp part and the extension part is in the
intermediate state between hinged and fixed states
during the up-warp process, and the location of the
boundary point will change simultaneously, longitu-
dinal extension parts of 100 m in length are estab-
lished at both ends of the initial up-warp part to
eliminate the boundary effect. Then due to the limited
tensile strength of the mortar layer, the adhesion of
the mortar layer is neglected. Therefore, to simulate
the stiffness of the CA mortar, constraints between
the track slabs and the hydraulic material layer are
simplified to nonlinear constraints with a unidirec-
tional compression function in the FEM model. The
F-6 curve is obtained by equivalent conversion of the
elastic modulus of CA mortar (Liu et al., 2010; Zhou
and Dai, 2015), as shown in Fig. 8 (¥ is positive when
the spring is subjected to drag force, and vice versa).
Finally, a load of temperature rise AT is applied to
simulate the warming effect of the track slab in a
high-temperature environment. P is imposed at both
ends to make the track slabs reach the balance of
temperature force. If the up-warp process is in the
stage of elastic deformation, it can be approximated
as P=EaAAT, where E and o are the elastic modulus
and the thermal expansion coefficient of the track
slabs, respectively.

The main parameters of the model are shown in
Table 1.

The arc-length method (Crisfield, 1982; Mal-
lardo and Alessandri, 2004) is used to calculate the

equilibrium path of AT and f, and the regulation for
AT and fis shown roughly in Fig. 9 (Esveld, 2001).
When AT reaches T max, f bounces to point C if AT
continues to increase. It can be determined that point
B is a snapping point. Therefore, the track system is in
an unstable state when AT reaches T max. Thus, T max
is a critical temperature rise AT,. The practice shows
that AT in track slabs will not exceed 60 °C even

100
-100
Z -200
=3
w -300
-400
-500
—_ 00 1 1 1 1 I 1 1 1 1 1
-1.0-08-06-04-02 0 02 04 06 08 1.0
6 (m)
Fig. 8 F-o0 curve of the mortar layer
Table 1 Main parameters of the model
Component Parameter Value
Elastic modulus (MPa) 3.55x10*
Density (kg/m’) 2400
Track slab Poisson’s ratio . ' 0.20 y
Thermal expansion coefficient 1.0x10
cch
Widthxthickness (mxm) 2.55%0.2
Elastic modulus (MPa) 7.0x10°
CA mortar Thl.clfness. (m) . 0.03 .
Unidirectional compression 5.83%10
stiffness (N/m)
AT
TB,max
(ATCT)
7-B,min

Fig. 9 AT-f curve of the track slabs
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when exposed to extremely high temperatures. Typi-
cal situations for the initial span length equal to one
slab and two slabs, that is, /;=6.5 m and /=13 m are
adopted. If the track slabs are not damaged, the values
of AT, are as shown in Table 2. According to the
results described in Section 5, when AT reaches 60 °C,
the concrete of the track slabs will be destroyed.
Therefore, AT will not reach AT, unless the track
slabs are destroyed.

Table 2 AT, values under different magnitudes of /, and

Jo

lo(m) e (O
f=l0mm  fe=15mm ;=20 mm
6.5 95.2 80.7 71.9
13.0 108.1 88.7 74.5

4 Model verification

The reasonableness and usability of the model
were verified by the analytical method described in
Section 2 and a scale model test on site. A continuous
track slab model with a size of 2200 mm>120 mmx
10 mm was established with a scale ratio of 1:20
(Fig. 10). The test slab was made of aluminum with
the parameters shown in Table 3. To simulate f;, a
plate with a thickness of 1.5 mm was inserted into the
bottom of the test slab.

Displacement sensor
Test slab
Plate

Fig. 10 Diagram of experimental tools

Table 3 Material parameters of aluminum board

Parameter Value
Elastic modulus (MPa) 7.2x10*
Density (kg/m®) 2700
Poisson’s ratio 0.33
Thermal expansion coefficient (°C") 2.3x107°

The load of AT was simulated by imposing an
end force P, loaded from 0 kN to the buckling state,

and the force magnitude was monitored by a pressure
sensor. Seven displacement sensors were arranged on
the surface of the test slab to measure the vertical
displacement. The measuring points were spaced at
an interval of 0.275 m.

The results of vertical displacement distribution
of the test slab obtained from the FEM, analytical
method, and on-site test when the end force was
loaded to 8 kN, are shown in Fig. 11.

0.24 1 FEM
I — = Analytical method
0.20 - -4 - On-site test
0.16
€
E 0121
>
0.08
0.04 .
r ‘A.
o L&l o
-1.2 -0.8 -0.4 0 0.4 0.8 1.2

x (m)

Fig. 11 Vertical displacement distribution of the test slab

According to Fig. 11, the maximum vertical
displacement was in the middle of the slab, which can
be certified as f. Under the action of P, the line type
obtained by the FEM fits well with the half-wave
quadratic sine curve assumed by the analytical
method, and closely coincides with the result from the
on-site test. Parameters and boundary conditions of
the test on site were substituted into Egs. (3)—(5) and
the FEM model. Values of f'with different magnitudes
of P using the three methods are shown in Fig. 12.

Results show that the trends in f are almost the
same for the three methods, but there is a better
agreement between the results from the FEM and the
analytical method. Values of P, for FEM (the equiv-
alent force generated by AT in Fig. 9), analytical
method (Egs. (3)—(5)), and test result (the buckling
state) are 8.36 kN, 9.07 kN, and 9.45 kN (Fig. 12),
respectively, under the condition of f=1.5 mm. The
variation in fin the test result is a little larger when
P<7.8 kN. However, the ferror was maintained within
the range of 0.1 mm in the stage of elastic
deformation, and the P, error was almost within the
range of 10%.
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Therefore, it was verified that the FEM above
can be used for further analysis of the stability of track
slabs.

~ 6 4' - = = Analytical method
\E/ i —-&-- On-site test
a |

4

2

1 1 1 |

0 1 1 " 1 n 1 L
0 02 04 06 08 10 12 14 16

f(mm)

Fig. 12 Contrast of f under different magnitudes of P

5 Effects of initial up-warp of track slabs
5.1 Effects of f; on the stability of track slabs

Because of the effects of the construction envi-
ronment of CRTS II slab tracks, f; will have different
values on site. Affected by the length of prefabricated
slabs, /y is usually the same to the length of a slab, and
assumed to be 6.5 m. The practice shows that the £
values on site are larger than 10 mm in a severely
damaged route; therefore, fj is taken as 1, 3, 5, 7.5, 10,
15, or 20 mm assuming that the line type of the initial
up-warp is a half-wave quadratic sine curve. Static
state responses of track slabs under the condition of
AT from 0 °C to 60 °C were analyzed. The variation
in f, the change in /, and M(x) under the condition of
AT=60 °C are shown in Figs. 13—15, respectively. The
moment is assumed to be positive when the bottom
slab is under drag force.

Fig. 13 shows that the up-warp feature of the
track slabs is closely related to fy. By increasing AT,
the effect of f; on the stability of the track slabs be-
comes larger. When A7=60 °C, the values of fare 2.1,
4.2, and 6.7 mm, under the condition that f; equals 10,
15, and 20 mm, respectively. However, there is almost
no up-warp of the track slabs when f;=1 mm. Ac-
cording to the manufacturing technology of track
slabs in China (Zhao, 2010), the initial flatness is
+0.3 mm, which is less than 1 mm. Therefore, early
processes of construction and operation will not in-
duce instability in the track system.

7 -
—&— fo=1 mm —& - =10 mm ’
6 _—o- fh=3 mm --¢-- /=15 mm ’
5L - & f=5mm b £,=20 mm
—v= p=7.5mm »
€ 4f S
3 BN S
=3 > <
» R
2+ ’ g - R “,.‘0
1 el PR I il
T a-A

AT (°C)

Fig. 13 Variation in f'under different values of f;

Fig. 14 shows that when AT reaches a certain
value, / starts growing, due to the constraint of the
gravitational field. There is a positive correlation
between fy and /. When AT=60 °C, the values of / are
6.4, 7.7, and 9.1 m, and the ratios (f//) are 0.32, 0.54,
and 0.74 mm/m when the values of f; are 10, 15, and
20 mm, respectively. Therefore, when f; is larger, it is
more adverse to traffic safety.

12
—8— fp=1 mm —&-£{=10 mm
10 —& fp=3mm --¢--{=15 mm
. e .f0=5 mm =P f0=20 mm " >
8 —v— f=7.5mm - .«
i Q"‘-
c R P
= 6r _)"",:"‘ ‘1_‘..»-_*_,,-
» e 4.»",.1“' a-A
4k ‘:.,.(, ',’ - e A
| S 4 : A
e . ,/ A id
2r ..': J ./ / e »
:'_: ", ’ X. _A' ‘/
0 S . - . 7
0 10 20 30 40 50 60
AT (°C)

Fig. 14 Variation in / under different values of f;

In addition, if the line type of the initial up-warp
is a half-wave quadratic sine curve, when the track
slabs begin to up-warp, / begins to bounce because of
the temperature load. As the value of / approaches /,
the growth rate of / slows down. After / exceeds [y, the
growth rate increases. Therefore, in the process of
construction and operation of a CRTS II slab track, /
should be kept within the length of /; to avoid a
greater extent of de-bonding affecting the safety of
high-speed vehicle operation.

Fig. 15 shows that under different values of f,
M(x) changes obviously. With a minor value of £ (no
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more than 3 mm), the apex of the span is restrained by
the gravitational field, f1is very small, and the bending
moment of the initial span section is inconspicuous.
When fy exceeds 3 mm, the bottom slab at the
boundary of the span endures tension and the value
tends to increase rapidly. The bending moment is set
as M, at the apex and M,, at the boundaries. With the
appearance of up-warp, M, becomes more obvious.
Because the maximum bending moment occurs at the
apex, with the up-warp of the track slabs, concrete
stress at the apex is the most unfavorable. Through
calculation, when AT is within 60 °C, under the
combined action of temperature and pressure, the
cross section of the track slabs is under compression.
The compressive stress at the bottom slab of the apex
is the largest. Therefore, a limit value of f can be
proposed based on the compressive stress at the bot-
tom slab of the apex. The design value for concrete
compressive strength of the C55 type concrete used
for CRTS 1I slab tracks is 25.3 MPa in China.
According to the calculation, when M, exceeds
98.6 kN'm (i.e., when f; exceeds 15 mm), the concrete
at the bottom slab of the apex is prone to compressive
failure.

=200 —fo=1 mm----f,=10 mm
Ma - - £,=3 mm-----f,=15 mm
U Y 5] - - =5 mm =20 mm
AR —-~ =75 mm
= -100
ZE Compressive strength
< -50r
s 0 2 S o
50} SN ne
100 1 1 1 L L n L I
-20 -15 .10 -5 0 5 10 15 20

X (m)
Fig. 15 Distribution of M(x) under different values of f,
(AT=60 °C)

5.2 Effects of /) on the stability of track slabs

The value of [, varies on account of the com-
plicated procedure of longitudinal construction and
changeable foundations of CRTS II slab tracks. Ac-
cording to Fig. 15, the compressive stress at the bot-
tom slab of the apex is closest to the design value of
the compressive strength when fo=15 mm. Therefore,
fo=15 mm is assumed in the following analysis.
On-site studies have shown that /y falls mainly in the

range of 3—7 m. To further study the influence of /, on
the stability of track slabs, the up-warp regulation was
analyzed under the condition that [y equals 3, 5, 6.5, 8,
10, or 13 m. The results for fare presented in Fig. 16,
and those for / in Fig. 17. Results for M(x) under the
condition of AT=60 °C are shown in Fig. 18.

Fig. 16 shows that for different values of A7,
different values of f correspond to different values of
lo. When AT is small, track slabs with a shorter /, are
more prone to up-warp displacement. When AT is
large, track slabs with a longer [, have a greater
up-warp displacement. For AT ranges in 0-17, 17-30,
or 30-60 °C, the /, value corresponding to the max-
imum value of f'is about 3, 5, or 6.5 m, respectively.
Therefore, during the process of construction and
maintenance, the value of /; should be strictly con-
trolled to be less than 6.5 m.

5 —
—& [=3m —v— [=8m
4 —® =5m -—®-[=10m A
- A - [=6.5m-4- [,=13m .,7
7
3t s

0 10 20 30 40 50 60
AT (°C)
Fig. 16 Variation in funder different values of /,

Fig. 17 shows that the variation law between the
maximum value of / and /, is similar to that of the case
of the maximum value of f. For AT ranges in 0-10,
10-17, 17-30, 30-45, or 45-60 °C, the [, value cor-
responding to the maximum value of / is about 3, 5,
6.5, 8, or 13 m, respectively. The ratios (f//) of track
slabs under different values of /, with the condition of
AT ranging in 0-60 °C are shown in Table 4.

According to Table 4, if AT is in the range of
40-60 °C, the ratio (f/I) reaches a maximum on track
slabs with /;=6.5 m.

Fig. 18 shows that when /, reaches 6.5 m, M, is
the largest. If /y exceeds 6.5 m, constrained by gravi-
tational field, / does not reach the value of [y, fo begins
to decrease, and M, decreases accordingly. When /) is
about 6.5 m, the concrete pressure at the apex is the
most unfavorable. In addition, when /; is less than
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6.5m, M, is also close to the critical value of
98.6 kN-m. Therefore, an extra attention should be
paid to /, with a span length of less than one slab.
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Fig. 17 Variation in / under different values of /,

Table 4 Ratios (f//) under different values of /,

AT S (mm/m)
°C) I7=3m Il=5m [,=6.5m [,=8 m l,=10m [,=13 m
10 003 001 0.0l 0 0 0
20 007 006 003 0.01 0 0
30 012 014 012 0.05 001 0
40 019 020 023 0.14 0.06 0.01
50 025 031 035 028 0.16 0.02
60 031 044 054 045 033 0.09
-200 —b=3m —-—--[=8m
—————————————————— “--h¥5m -- [=10m

150, ., 0 | [;=6.5 m === /=13 m
~ =100
€
Z
< -50r
=
= 9

501

100

-20

Fig. 18 Distribution of M(x) under different values of /y
(AT=60 °C)

5.3 Effects of line types of initial up-warp on the
stability of track slabs

The practice has shown that factors affecting
wide-narrow joints after pouring construction lead to
different line types of initial up-warp. To study the

deformation regulation of up-warp with different line
types, five typical primary initial up-warp lines of
track slabs were assumed: primary sine curve, quad-
ratic sine curve, cubic sine curve, circular curve, and
angular curve (Fig. 19). Among them, both the first
and second derivatives of the quadratic and cubic sine
curves are continuous at the boundary. According to
Fig. 19, the primary sine curve and circular curve are
smooth at the apex, but there are angles at the
boundaries, and the angle at the boundary is larger for
a circular curve. According to the calculation above,
assuming that f5=15 mm and /;=6.5 m, the results for f
are as shown in Fig. 20, those for up-warp regulation
of [ are shown in Fig. 21, and those for M(x) under the
condition of AT=60 °C are shown in Fig. 22.

— — Primary sine curve
——= Quadratic sine curve
— — Cubic sine curve
——— Circular curve
Angular curve

X

Extension part Initial up-warp part Extension part

Fig. 19 Diagram of line types of initial up-warp (Refer-
ences to color refer to the online version of this figure)

Fig. 20 shows that when AT=60 °C, the values of
f for primary sine, quadratic sine, cubic sine, circular,
and angular curves are 4.4, 4.2, 3.9, 4.6, and 3.6 mm,
respectively. An angular curve line type can restrict
track slab up-warp to a certain extent because the
angle at the apex bears two sides of temperature loads.
Therefore, the track system is slightly more stable.
With angles at boundaries becoming larger, the value
of f'is larger for primary sine and circular curves. In
addition, with a larger index of the sine curve,
boundaries become smoother, and constraints at the
end become stronger; therefore, the track system
becomes more stable.

Fig. 21 shows that the values of / are closely re-
lated to the line types of the initial up-warp. For the
initial line types with an angle at the apex, a small
temperature rise can cause local de-bonding at the
bottom of the track slab. However, / increases slightly
with the increase of AT before [ reaches /. From the
cases of the circular curve and primary sine curve,
with the angle at the boundary becoming larger, the
degree of AT that causes the local de-bonding at the
bottom of track slab becomes lower. For line types
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without angles at the apex, like quadratic and cubic
sine curves, with the increase of AT, if the boundary is
smoother, / is shorter. When AT=60 °C, the values of /
for the quadratic sine, cubic sine, and angular curve
cases are smaller compared to those for circular and
primary sine curves, which are 7.74, 7.41, and 7.62 m,
respectively. Therefore, track slabs with an angle at
the apex or smooth boundaries of initial up-warp
more easily maintain their original form.

5 -

—=&— Primary sine curve

— @ Quadratic sine curve /e
4 - & - Cubic sine curve 7/ A

—v— Circular curve X »
3 - & - Angular curve %

0 10 20 30 40 50 60
AT (°C)

Fig. 20 Variation in f under different line types of initial
up-warp
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;'. — & - Angular curve
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AT (°C)

Fig. 21 Variation in / under different line types of initial
up-warp

Fig. 22 shows that for line types of initial
up-warp with an angle at the apex, or smooth bound-
aries, M, is smaller. In addition, if line types have a
smoother boundary, / is shorter and M, is more con-
centrated. Among the line types, for quadratic and
cubic sine curves, M, exceeds the critical value of
98.6 kKN-m. Therefore, pressure failure is more prone
to occur on the bottom slab of an apex with a
smoother initial up-warp.

=200 N —— Primary sine curve
A RN — — Quadratic sine curve
TN - - Cubic sine curve
-1501 AN M, —-— Circular curve
100 I /\ = f~--AnguIar curve
E L Compressive strength
=z
< 501 ¢ "
= 3 4
= 0 3
4
I Y 7
50 N 7
L My Ve
100 1 1 1 1 1 1 ]
-20 -15 =10 -5 0 5 10 15 20
x (m)

Fig. 22 Distribution of M(x) under different line types of
initial up-warp (A7=60 °C)

6 Conclusions

1. The trend in f was almost the same when es-
timated by FEM, analytical method, or on-site testing,
but there was a better agreement between the FEM
and the analytical method. The error of f from the test
result was maintained within the range of 0.1 mm in
the stage of elastic deformation, and the error of P,
was almost within the range of 10%.

2. Early processes of construction and operation
would not induce instability in the track system. If /;
remained unchanged, the ratio (f//) would become
larger with a greater value of f;.

3. If track slabs remained with /;=6.5 m, when f;
exceeds 15 mm, concrete at the bottom of the apex
was most susceptible to compressional destruction. In
high-temperature environments, the ratio (f//) was at
its maximum when /, =6.5 m.

4. Slabs which have line types of initial up-warp
that have angles at the apex or have smooth bounda-
ries more easily maintained their original form under
high temperatures. However, concrete at the bottom
of the apex was more prone to pressure failure if track
slabs have smooth boundaries.
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