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Abstract. To study the rail mapped deformation caused by the pier settlement of simply - supported bridges with China
Railway Track System III (CRTS III) slab ballastless track (SBT) system under the mode of non-longitudinal connection
ballastless track slab, this study derived an analytical solution to the mapped relationships between pier settlement and rail
deformation based on the interlayer interaction mechanism of rail-pier and principle of stationary potential energy. The analytical
calculation results were compared with the numerical results obtained by ANSYS finite element calculation, thus verifying the
accuracy of analytical method. A parameter analysis was conducted on the key factors in rail mapped deformation such as pier
settlement, fastener stiffness, and self-compacting concrete (SCC) stiffness of filling layer. The results indicate that rail
deformation is approximately proportional to pier settlement. The smaller the fastener stiffness, the smoother the rail
deformation curve and the longer the rail deformation area is. With the increase in the stiffness of SCC filling layer, the
maximum positive deformation of rail gradually decreases, and the maximum negative deformation gradually increases. The
deformation of rail caused by the pier settlement of common-span bridge structures will generate low-frequency excitation on

481

high-speed trains.
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1. Introduction

Because of geological conditions, environment and
other factors, “replacing road with bridge” design concept
has been widely applied, therefore, a bridge structure has
become one of the main parts in high-speed railway lines.
CRTS III SBT system has the advantages of CRTS I and
CRTS II SBT system, optimizes and integrates the existing
ballastless track, and has been widely used in high-speed
railway systems at present. However, with the rapid
expansion in the coverage area of high-speed railway
networks, the mileage of high-speed railway in special areas
such as active seismic zones and those with foundation
settlement and extreme climate is becoming increasingly
longer, and the bridge structure will inevitably generate
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uneven settlement. The uneven settlement will sink the
beam, leading to rail deformation through the coupling
interaction between bridge and rail. As a train passes at a
high speed, the deformation will increase the excitation on
wheel-rail interface and then intensify the train’s vibration,
which will affect the running stability and riding comfort of
trains and even might cause derailment in serious cases.
Therefore, study of the mapped relationships between pier
settlement and rail deformation is an important prerequisite
to evaluate the effects of pier settlement on the running
safety and stability of high-speed trains.

Many studies have been reported on the coupling
vibration of vehicles and bridges. In the literature (Al Shaer
et al. 2008, Wang et al. 2015, Zhai et al. 2015), to study the
dynamic response characteristics of high-speed trains to the
ground or track system, field tests and experimental studies
were carried out. A train-track-bridge refined finite element
model has been established (Shan et al. 2013, Wang et al.
2013), and the dynamic interaction between vehicles and
bridges under earthquake has been analyzed. Yang et al.
(2017) conducted a comprehensive study on vehicle-bridge
resonance and bridge-bridge resonance in vehicle-bridge
system using a combination of analytical method and finite
element method, the results show that the bridge resonates
when the train is running at a high speed, and the train
compartment resonates when the train is running at a low
speed. Xia et al. (2006) studied the resonance mechanism
and resonance conditions of train-bridge system by
theoretical  derivation, numerical simulation, and
experimental data analysis, the results show that the
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resonance of train-bridge system is affected by the span,
total length, lateral and vertical stiffness of the bridge,
compositions of trains, axle arrangements and natural
frequencies of wvehicles. Because the response of
superstructure is closely related to the deformation of
substructure, a large number of long-term observations have
been conducted on the settlement of the bridge structural
foundation and pier (Niu et al. 2011, Yang et al. 2014).
Settlement is a long-term accumulation process. Long-term
observation is time-consuming and labor-intensive, and the
data obtained are only for an existing structure. Therefore,
an autoregressive model is proposed to predict the
settlement of high-speed railway piers (Gong and Li. 2016,
Liu et al. 2019). Based on settlement observation, further
studies have been conducted. For example, Paixdo et al.
(2015) studied the effect of uneven settlement on the
dynamic response of train-track system by establishing a
finite element model and using nonlinear dynamic analysis
method. The ANSYS finite element model by the
theoretical analysis of train-track-bridge coupling
interaction and studied the effect of settlement pier on the
running safety of high-speed trains has been established
(Biondi et al. 2005, Lee et al. 2012, Doménech et al. 2014,
Toydemir et al. 2017). It was concluded that speed is the
main factor affecting the safety and stability of high-speed
trains in the case of local land subsidence. Yau (2009)
proposed an incremental iterative method to solve the train
vibration problem of beam structure under support
settlement. Numerical studies show that for the dynamic
interaction of vehicle-bridge system, the effect of land
subsidence on the bridge response is generally small, but it
has a large amplification effect on the vertical response of
moving trains. This conclusion is important for the railway
line crossing the land subsidence area. In the literature
(Xiong et al. 2006, Ahmari et al. 2015), the dynamic
interaction between vehicle and bridge structure was
studied when the supporting structure subsides, which was
consistent with the above research conclusions. Ju (2013)
established a three-dimensional nonlinear finite element
model based on factors such as rail irregularities, track—
bridge interactions and wheel-rail separations. The results
show that the settlement or rotation of foundation will cause
huge displacements between the two simply - supported
girders, resulting in a large train derailment coefficient that
threatens traffic safety. Because of the serious harm of
settlement, some settlement limits have been obtained
through many studies (Chen et al. 2018, Yan et al. 2018). In
recent years, studies on the mechanism of dynamic response
change of vehicle-bridge caused by settlement have become
more and more detailed. For example, the effect of
subgrade settlement on the structural performance of bridge
and culvert panels has been studied in the literature (Rocha
et al. 2015, Guan et al. 2019, Jiang et al. 2019, Jiang et al.
2019). In the literature (Jahangiri and Zakeri 2017, Erol
2018) the effects of vertical deformation of pier on the
deflection of main beam and the effects of lateral
deformation of bridge on the track geometry have been
studied. The parameters affecting the deformation of rail
such as the deformation amplitude, fastener stiffness and
stiffness of structural layer have been obtained. Gou et al.

(2019) deduced an analytical solution of mapped
relationships between the deformation of high-speed
railway overpass and track geometry and used the analytical
solution to quantitatively analyze the influencing
parameters. The study shows that rail deflection increases
with the magnitude of bridge pier settlement and vertical
girder fault. Increasing the stiffness of fasteners or mortar
layer tends to cause a steep rail deformation curve,
undesired for the running safety and riding comfort of high-
speed railway. Indraratna et al. (2014) studied the mapped
relationships between geometric deformation and additional
stress of ballastless track structure caused by subgrade
differential settlement under self-weight loads in high-speed
railway. The conclusions are consistent with Gou’s
conclusions.

To sum up, pier settlement is one of the key factors
affecting the running stability and safety of high-speed
railway trains. Study of interlayer interaction mechanism of
bridge-track system and rail mapped deformation caused by
pier settlement has great theoretical and practical
significance in the integrated management of static and
dynamic performance of rail line operation safety. At
present, the mapped relationships between pier settlement
and rail deformation for CRTS III SBT -bridge system have
been rarely studied. This study considered multispan simply
- supported bridge with CRTS III SBT system as the
research object, an analytical solution to the mapped
relationships between pier settlement and rail deformation
was derived based on the principle of stationary potential
energy, and ANSY'S finite element model was established to
verify the accuracy of analytical solution. Finally, for the
track surface under pier settlement, a parametric analysis
was conducted on the influencing factors for the variation
of geometrical morphology.

2. Mapped relationships between linear change in
beam and rail deformation

2.1 Mechanism analysis on rail deformation caused
by pier settlement

The main components of CRTS III SBT structure
include ordinary 60 track, WJ-8C fastener system,
bidirectional prestressed reinforced concrete prefabricated
track slab, SCC filling layer, and reinforced concrete base
slab (the subgrade section is hydraulic bearing layer) (Cai et
al. 2005). The connection between track slab and SCC
filling layer is strengthened by setting U-shaped connecting
rebar. Two downward convex platforms are set at the ends
of SCC filling layer, and two upward grooves are set at the
ends of reinforced concrete base slab to connect to the SCC
filling layer. On the inner side of groove, a 10-mm-thick
rubber backing plate is closely clung, at the bottom, a 20-
mm-thick foam board is laid. A geotextile of 4 mm
thickness is laid between the base slab and SCC filling
layer. Fig. 1 shows a schematic diagram of the structure of
CRTS III SBT.

According to the structure of CRTS III SBT and its laying
mode of non-longitudinal connection ballastless track slab,
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Fig. 1 Schematic diagram of the structure of CRTS III SBT.
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Fig. 2 The mapped deformation of rail with pier settlement in CRTS III SBT- simply - supported bridge system.

when the pier of simply - supported bridge suffers from
settlement, the two-span beam adjacent to the settlement
pier will suffer vertical deformation due to the action of
gravity. The base slab laid on the girder will suffer
collaborative deformation with the girder under the action
of gravity and tension of embedded rebars. Rail and unit
track slab suffer subsequent vertical deformation under the
action of gravity and interlayer components. Fig. 2 shows
the mapped deformation of rail with pier settlement in
CRTS I SBT - simply - supported bridge system.

2.2 Basic hypothesis

To establish a simplified calculation model for the
mapped relationships between pier settlement and rail
deformation of CRTS III SBT - bridge system, the
following basic hypotheses are made:

(1) When a force analysis is conducted on the system,
the gravity balance state of system is taken as the initial
state, and gravity is neglected in the calculation process.

(2) The connection between base slab and girder by
embedded rebars has a stronger interlayer constraint effect;
therefore, it is hypothesized that the base slab and girder
deform coordinately.

(3) The vertical flexural stiffness of a bridge is much
greater than that of a track system, and the effect of rail on
the deformation of bridge structure is neglected.

(4) The rail in subgrade section can be simplified as the
simply supported boundary, and the boundary effect of rail
within the subgrade section can be eliminated using enough
calculation length of subgrade section.

(5) The fasteners are considered as linear discrete
springs along the centerline of rail, and the SCC filling
layer are considered as Winker linear springs along the
centerline of rail.

2.3 Basic equations of mapped relationships

It is hypothesized that the number of track slabs in the
entire bridge-track system is M . Six track slabs are laid
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out on the standard simply - supported of each span and the
subgrades at both ends, and there are N fasteners on each
track slab. Thus, there are MN fasteners and M /6—2
span simply - supported in total.

2.3.1 Rail displacement

As a pier suffers from settlement, the vertical
deformation of rail with pier settlement is denoted as @, .

Then, the simply supported boundary condition of rail can
be expressed as

Dyx-0y = 0, Dyxa,) = 0

(1)

" "
Dy (x=0) = 0, o (x=ly) = 0

Where |g is the total length of rail.

Taking sine function as the primary function, the
deformation curve of rail with pier settlement can be
approximately expressed as

& (X) = ZAnsm(m”X) @

Where An(m =1...

The total potential energy of rail under the fastener force
can be expressed as

N) denotes arbitrary constants.

J'wa“@ 'Z;E@m) 3)

i=1

Where F(i=12,...... ,MN) s the fastener force;

Eg is the elastic modulus of rail; |g

section moment of inertia of rail.

is the equivalent

, R oIl
According to Rayleigh-Ritz method, —— =0
oA,
E,l,7
— 5 m'A - ZFsm % _o (4)
2| |
Thus
20w o M7
M= ZF
gl ‘m* g 5)
(m=12,...... ,n)

Substituting Eq. (5) into Eq. (2)

n 2|3 X
a)l(X) Z Z .nm X;

= E|7Z'm l,

(6)

sin(Xy (=12, ..., MN)

g
Eq. (6) can be expressed in matrix form

Q =AF (7)
a, al,MN
A= - : (8)
Aung T aMN,MN
n 213 _mzx . MxX;
Z sin ——sin( ) )
I o *m? |g |g

Where F

rail displacement array in all fastener positions; A is the
influencing coefficient matrix of fastener force on rail
displacement.

is the array of fastener force; €2, is the

2.3.2 Beam displacement

Supposing that k" pier suffers settlement, the

displacement function @, of k™ span beam (the left
span of settlement pier) can be expressed as
x—k(l,+5) 4

@y (X) = |

(10)

And the displacement function @, ., of (k+/ )™ span
beam (the right span of settlement pier) can be expressed as
(k+2 I, +(k+1)s,—x

l,

d

a)z,k,k+1(x) =

According to Egs. (10) and (11), the displacement array
of girder at the corresponding fastener position can be
expressed as

Q,=H-d (12)

Where |I

pier settlement;

is the length of a single-span beam; d is the

H is the influencing coefficient array of
settlement on bridge displacement; S, is the beam

spacing.

2.3.3 Track slab displacement
Considering the single track slab as a free beam
structure and taking trigonometric function as the primary

function, the function of track slab displacement @, (X)

can be approximately expressed as

Zmﬂx
wy(X) = ZB sin( )
(13)
+>°C, cos( m”x)+D+w2(x)
m=1 b
Where B (m=1..,n), C (m=1...,n)and D
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are arbitrary constants.
Taking the settlement of first pier as an example, then

@, 7, the displacement function of first track slab on the

left of first-span beam (it is the 7™ track slab in the whole)
can be expressed as

: 2m;z(x—6|b’)
a)37(x):ZBm7sin -
' m=1 Y Ib
(14)
n 2m;r(x—6lb')
+» C,;C0s I +D+wo,,,
m=1 b

Where I," =1, +s,; |, is the length of a single track
slab; X is the local coordinates with the left end of a track
slab as the coordinate origin; s, is the slab spacing.

In the bridge section, the track slab is under the
combined action of fastener force and spring force in the
SCC filling layer, and the total potential energy of track
slab can be expressed as

d? 21
J- ( s (X) - z __Fia)3(xi)
iZons 2
_J‘O'“Ea%(x)Qz(x)dx
4 g
- 4E: Isbﬁ Z}m“ (B;,7 +C;’7)
b m=
1 7N 1 7N
+2 > F [x-( +s)]+= >, FD
i=6N+1 2i:6N+1
: omz(x—6l') |
ZBmsing
+_ Z F m=1 b (15)
20w |, 2mz(x-sl, |
+Y.C,,cos———~
L m=l ' Ib J
I Zmn(x 6l ) |

Zn: B, sin
IO

n
+>.C, cos
m=1

1 ;J 1,
_EL Qz(x)r[x—(ll +s,)]dx—5j0 Q,(x)Ddx

b dx

Where E, is the elastic modulus of track slab; |, is
the equivalent section moment of inertia of track slab;
Q,(X) is the Winker spring distribution force within the

filling layer of bridge section; A is the stiffness of Winker

spring within the filling layer.
According to the moment balance of track slab

7N

[ QE[x—(, +s)kx= >

i=6N+1

Fx=(+s)] a6

According to the vertical force balance of track slab
7N

F
I Q, (X)dx = Z FoDo—ioa (17
i=6N+1 Al

Substituting Eqgs. (16) and (17) into Eq. (15)
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Similarly, for p™ track slab
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N Zmﬂ(x— plb')
Fsin———~
i=pN-N+1 Ib
B,,=— 21
P 8E,l,7z'm* 1 @D
b
(m=12,...... ,n)
N Zmﬂ(x— plb')
Z Fcos———~
i=pN-N+1 b
C. =- 22
e 8E,l,z'm* 1 @
b
(m=12,...... ,n)

Substituting Egs. (17), (21) and (22) into Eq. (13)

pN

2 F

a)s.p(xj) = + @, (X)
b
2mz (X, - pl,’ 2mz (X, - pl,
sin ( d )sin ( : : )
i Fi |b Ib
S 'm:1 M+lllb (23)
, 2
2mz | x, - pl, 2mz(x, - pl,
cos ( g )cos ( —— )
pZN: an: I, l,
i=pN-N+1 i m=1 M + lﬂl
N 2 "

b
Eq. (23) can be expressed in the matrix form

E
Qslp:Bp-Fp+Cp-Fp—/1—- p+921p (24)

l,

Where
pr—N+1,pN—N+l pr—N+1,pN
B, = : . : (25)
pr,prNJrl pr,pN
_ 2m7r(xi—plb') _ Zmﬁ(xj—plb')
. Sin | -SIn |
b =) — b b (26)
! ; 8Eblb7r4m4 +1/1|
3 b
1, 2

C C

pN—N+1, pN—N+1 pN—N+1, pN
C,= : : (27)
CpN,pN—N+1 CpN,pN
2m7z(xi - pl, ) 2m;z(xj - pl, )
cos | - COS I
C. =) - L b (28)
’ 21 8E,l,7'm* 1
TR

b
The relationships matrix B, C for the effect of fastener
force on track slab can be expressed as

B, 0 -~ - 0
0o . 0 :
B=| : B, : (29)
0 ' 0
| 0 0 By |
c, 0 0 |
0o . 0 :
C=| : C, : (30)
: 0 .0
0 - - 0 Cy]

The displacement matrix for track slab in all fastener
positions can be expressed as

QSZB-F+C-F—§-F+Q2 (31)

b

For the subgrade section, the foundation deformation of
subgrade section can be simulated by the stiffness of
equivalent Winker spring, and then the distributed force of

equivalent Winker spring Q,(X) can be expressed as

Q. (X) = k@, (x) (32)

Where K, is the stiffness of equivalent Winker spring

for the foundation deformation of subgrade section.

In the subgrade section, track slab is under the
combined action of fastener force and spring force on
subgrade, and the solving process for the deformation of
track slab in subgrade section is similar to that in bridge
section.

2.3.4 Analytical expression for mapped relationships
Let k;be the equivalent stiffness of fastener, i fastener
force can be expressed as

F =k, [e,()—a(x)] (33)
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The fastener force can be expressed in array form as
F=, (Q,-Q,) (34)

Combining Egs. (7), (31) and (34), the fastener force
array can be expressed as a single-value function of
settlement

-1
F:£A+E—B—C+£j H-d (35)
k, l,

Where E is the unit matrix with the same order as
A, B and C.

Substituting Eg. (35) into Eq. (7), the mapped
deformation of rail with pier settlement can be obtained

3. Comparisons between the analytical solution to
mapped relationships and the numerical solution
given by finite element model

Using ANSYS finite element software, a finite element
model of six-span railway simply - supported bridge with
CRTS III SBT system was established, where the rail, track
slab, beam, and pier were simulated using BEAM 3
element, and the fastener, SCC filling layer, and support
were simulated using COMBINE 14 spring element, and
the pier settlement was simulated by applying vertical
displacement to the node at the bottom of pier. An actual
section parameter of 60 kg/m rail was taken. The equivalent
spring stiffness of the fastener was 35 kN/mm. The
equivalent spring stiffness of SCC filling layer was 1800
kN/mm. The concrete strength grade of track slab was C60.
The concrete strength grade of base slab was C40. The
concrete strength grade of girder was C50. The concrete
strength grade of pier was C30. The beam spacing was 20
mm, and the spacing between track slab was 70 mm. The
material and geometric parameters of different components
of the system are summarized in Table 1.

The calculation flowchart of the proposed analytical
method is shown in Fig. 3. The main parameters of the
analytical model are as follows: the span of simply -
supported is 32 m, the number of spans is 6, and the SBT
spacing is 70 mm, as shown in Table 1 for detailed
parameters.

Using the finite element model and analytical expression
for rail deformation with pier settlement, the deformation
curves for rail with pier settlement under various working
cases were calculated. As shown in Fig. 4, in case 1, the
middle pier, i.e., the 3rd pier, suffers a settlement of 5 mm.
In case 2, the 2nd pier suffers a settlement of 5 mm, and the
3rd pier suffers a settlement of 3 mm.

Using analytical model and ANSYS finite element
model, calculations were conducted on the deformation
curve of rail with pier settlement in cases 1 and 2, and the
calculation results are shown in Fig. 5. In the case of single-
pier settlement and multipier settlement, the peak value on
analytical model, with the difference between the two peaks
less than 1%.. The slight difference indicates that the
calculation curves for the finite element model and the

Stard
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Determine global and local coordinate systems

)

Input bridge deformation functions

Form the matrixs [A],[B],[C]

Get the matrix of rail deformations at all
fastener locations and the fasteners force
v
Extract rail deformation datas
and draw the diagram

v
End

Fig. 3 The calculation flowchart of the analytical
calculation model

analytical model are consistent, verifying the accuracy of
analytical method and indicating that both the models can
be used to calculate the mapped deformation of rail with
pier settlement. Because of pier settlement, the rail suffers
significant deformation. Within the settlement area, the rail
suffers subsequent deformation with pier settlement. In the
area far from settlement area, the rail deformation shows the
decaying trend of small fluctuation. When entering and
leaving the settlement area, the rail suffers a slight up-warp.
At the position of settlement piers, the mapped deformation
of rail shows a gentle and continuous transition curve. The
peak values of rail deformation curves provided by ANSYS
model and analytical model are both slightly smaller than
the pier settlement, further verifying the applicability of
analytical model in calculating the mapped relationships
between pier settlement and rail deformation. Compared
with finite element model, the analytical expression can
more intuitively describe the influencing factors of rail
deformation and the relationships between various factors
and rail deformation as well as save time for ANSYS
modeling and calculation.

4. Analysis on influencing factors of rail surface
deformation

According to the analytical expression of the mapped
relationships between pier settlement and rail deformation,
the key factors affecting the bridge-rail mapped
relationships can be summarized as the settlement
amplitude of pier, settlement type, interlayer stiffness, etc.
Based on the verified bridge-track deformation mapped
model, studies were conducted on the influencing factors of
key parameters such as the settlement amplitude of pier,
fastener stiffness, and filling-layer stiffness on the mapped
deformation of rail.
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Table 1 The material and geometric parameters of different components of the bridge - track system

. . Elastic modulus . s . Moment of inertia ~ Vertical spring
Components Materials Height (mm) (GPa) Poisson’s ratio (mm®) stiffness (N/m)
Rail U71Mn(K) 176 206 0.3 3.217x107 —
Fastener WJ-8C 38 — — — 3.5x107
Track slab ~ C60 concrete 200 36 0.2 1.65x10° —
Filling layer C40 SCC 90 32.5 0.2 — 1.8x10°
Base slab C40 concrete 200 32.5 0.2 1.93x10° —
Girder C50 concrete 3050 34.5 0.2 2.31x1083 —

].Ong 32.62m | 32.62m } 32.62m ", 32.62m | 32.62m | 32.62m %LO

(a) The settlement of single-pier
1 2 3 4 5 6
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(b) The settlement of two adjacent piers

Fig. 4 Deformation of six-span simply supported bridge during pier settlement
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Fig. 5 The mapped deformation diagram of rail with pier settlement
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4.1 Effects of settlement amplitude of pier on mapped
deformation of rail surface

To study the variation rules of rail deformation curves of
CRTS I SBT - simply - supported bridge with the mode of
“longitudinal connection of subgrade, elements on bridge”
under different settlement amplitudes of piers, the model of
six-span simply - supported bridge with the span of 32.6 m
was still taken as an example. Under the conditions of not
changing the structure and parameters of bridge, subgrade,
and CRTS III SBT, the analytical model was used to
calculate the deformation curves of rail with pier settlement
when the middle pier suffers five different settlements of 3
mm, 5 mm, 10 mm, 15 mm and 20 mm. The calculation
results are shown in Figs. 6 and 7.

When the pier suffers settlement with different
amplitudes, the shapes of deformation curves of rail with
pier settlement are similar. The larger the pier settlement,
the larger the amplitude of rail mapped deformation in the
settlement area, the more obvious the up-warp degree of
mapped deformation of rail entering and leaving the
settlement area, and the greater the formed “angle.” The
downward and upward mapped deformation amplitudes of
rail linearly increase with the increase in pier settlement
amplitudes.

The area where the rail deformation exceeds 0.001 mm
is defined as the mapped deformation area of rail, and the
calculated lengths of these areas corresponding to different
settlements are shown in Table 2. The length of rail’s
mapped deformation area increases with the increase in the
amplitude of pier settlement, and it is always slightly longer
than the length of two-span beam, because a transition
curve will form when the rail enters and leaves the
settlement area. According to the relationships among the
travelling speed of trains, excitation length of routes, and
excitation frequency, the excitation frequency can be
expressed as

f=V
I

(36)

Where f is the excitation frequency; V is the

travelling speed of trains; | is the excitation length of
routes.

When the train passes the rail’s mapped deformation
area of 24 and 32 m-span bridges at a speed of 200-350
km/h, within the pier settlement range of 3-20 mm, the
rail’s mapped deformation will cause excitation frequency
ranges of 0.99-1.79 Hz for 24 m-span bridge and 0.78-1.39
Hz for 32 m-span bridge, respectively. The excitation
frequency caused by rail’s mapped deformation at different
speeds can be seen in Table 2. These low-frequency
excitations are close to the vertical natural vibration
frequency (Around 0.8 Hz) of train body (Liu et al. 2020),
so it can have a greater influence on the vibration response
of train body.
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Table 2 Excitation frequency caused by deformation region at different speeds (Unit: Hz)

Settlement deformation area Excitation frequency
(mm) span () (m) 200(km/h) 250(km/h) 300(km/h) 350(km/h)
24 54.34 1.022 1278 1.533 1789
3 3 70.16 0.792 0.990 1.188 1386
24 54.52 1.019 1274 1.528 1783
5 32 70.47 0.788 0.985 1.183 1380
24 55.60 0.999 1.249 1.499 1.749
10 32 70.94 0.783 0.979 1.175 1370
24 55.83 0.995 1.244 1.493 1.741
15 32 71.10 0.781 0.977 1.172 1367
24 56.02 0.992 1.240 1.488 1.735
20 3 71.26 0.780 0.975 1.169 1364

4.2 Effects of fastener stiffness on mapped
deformation of rail surface

As an important interlayer component connecting rail
and track slab, the fasteners will drive the rail to suffer the
corresponding deformation when track slabs suffer
deformation, thus leading to rail surface irregularity and
then affecting the traffic safety of high-speed railway. Based
on the verified analytical expression for mapped
relationships between pier settlement and rail deformation,
fastener stiffness is an important factor affecting the
mapped deformation of rail. To quantitatively study the
influencing rules of fastener stiffness on the mapped
deformation of rail, the model of six-span simply -
supported bridge with the span of 32.6 m was still taken as
an example under the condition of not changing the
structure and parameters of bridge, subgrade, and CRTS III
SBT. The analytical model was used to study the rules of
rail mapped deformation when the middle pier suffers a
settlement of 5 mm for the bridge-track system under five
different fastener stiffnesses (10kN/mm, 25 kN/mm, 35
kN/mm, 45 kN/mm, and 55 kN/mm). Fig. 8 shows the
mapped deformation curves of rail under five vertical
fastener stiffnesses. When the pier suffers a settlement of 5
mm, with the increase in fastener stiffness, the shapes of rail
deformation curves are generally identical. At the critical
point of rail entering or leaving the settlement area, with the
increase in fastener stiffness, the amplitude of positive
deformation gradually decreases. At the position where pier
settlement occurs, with the increase in fastener stiffness, the
amplitude of negative deformation gradually increases.
With the increase in fastener stiffness, the length of rail
mapped deformation area gradually decreases.

4.3 Effects of SCC filling layer stiffness on mapped
deformation of rail surface

To study the effect of SCC filling layer on the mapped
relationships between pier settlement and rail deformation,
a six-span simply - supported bridge with the span of 32.6
m was still taken as an example. Under the invariable

values of other parameters, when the middle pier suffers a
settlement of 5 mm, the analytical model was used to
investigate the rules of rail mapped deformation in the
system under six different vertical stiffnesses of SCC filling
layer (1 N/mm?, 10 N/mm?, 50 N/mm?, 100 N/mm?, 500
N/mm?, and 1000 N/mm?).
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Fig. 8 The mapped deformation diagram of rail under
different fastener stiffnesses
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Fig. 9 The mapped deformation diagram of rail under
different stiffnesses of SCC filling layer

Under the six different vertical stiffnesses of SCC filling
layer, the calculated mapped deformation curves of rail with
pier settlement are shown in Fig. 9. At the settlement of 5
mm, the shapes of rail mapped deformation curves are
basically identical under six different vertical stiffnesses of
SCC filling layer. With the increase in vertical stiffness of
SCC filling layer, the positive deformation amplitude of rail
gradually decreases and becomes stable at the rail’s
boundary points where the rail enters and leaves the
settlement area. The negative deformation amplitude of rail
at the position of pier settlement gradually increases and
becomes stable; meanwhile, the length of mapped
deformation area of rail gradually decreases and becomes
stable.

5. Conclusions

In this paper, an analytical solution was derived for the
mapped relationships between pier settlement and rail
deformation in CRTS III SBT-multispan simply - supported
bridge system under the mode of non-longitudinal
connection ballastless track slab. An ANSYS finite element
model was established, and quantitative studies were
conducted on the influencing factors and influencing

mechanisms of key parameters on the mapped deformation
of rail, such as the deformation amplitude of pier
settlement, fastener stiffness, and stiffness of SCC filling
layer. The following conclusions are drawn:

. The rail’s

settlement calculated from the analytical solution is
basically the same as the numerical solution provided by the
finite element model, which verifies the accuracy of
analytical method developed in this study. Compared with
the finite element model, the analytical model can better
describe the relationships between various parameters and
rail deformation and save time for ANSYS modeling and
calculation.

mapped deformation with pier

. The smaller the fastener stiffness, the smoother

the mapped deformation curve of rail is, the greater the
length of rail’s mapped deformation area is, and the less
obvious the track irregularity is.

. The mapped deformation of rail caused by the

pier settlement of common-span bridge structures will
generate low-frequency excitation on high-speed trains. The
frequency of low-frequency excitation is close to that of
vertical natural vibration of train body, which will
significantly affect the vibration of train body.

. With the increase in vertical stiffness of SCC

filling layer, the amplitude of rail’s positive deformation
gradually decreases and becomes stable at the boundary
points of rail entering and leaving the settlement area.
Meanwhile, the length of the mapped deformation area of
rail gradually decreases and becomes stable.
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