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1. Introduction 

 

As indicated by the analysis of the bridge occupation 

ratios of 28 typical railways in current China as shown in 

Fig. 1, the average bridge occupation ratio is as high as 

53%, and the maximum bridge occupation ratio is as high 

as 94.2%. This suggests that high-speed trains, which are 

now used in mass transit operations, cannot avoid high-

density operation on bridges (either temporally or spatially) 

(He et al. 2017, Li et al. 2018, Jiang et al. 2019a). With the 

constant increase of the traffic and mileage of high-speed 

railway systems running through regions with special 

conditions (such as seismically active belts, foundation 

settlement, and extreme climates), bridge structures are 

inevitably subjected to all kinds of deformations like pier 

inclination, girder body fault and girder end rotation, 

bearing deformation, and so forth (Ju 2013, Cheng et al. 

2016, Kang et al. 2017, Kun et al. 2018). Because of the 

deformation compatibility effect of the bridge subgrade 
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ballastless track system, these accumulated residual 

deformations are mostly mapped onto rail surfaces, thus 

increasing the rail additional irregularity. When a train runs 

by at high speed, such the rail additional irregularity 

increases the excitation at the wheel-rail interface, 

intensifies train vibration through wheel-rail dynamic 

interactions, jeopardizes train safety and comfort, and 

ultimately affects its operational safety (Yau 2009, Sun et 

al. 2015, Wang et al. 2015, Arisoy and Erol 2018). 

The rail geometric irregularity of bridges is one of the 

key factors influencing the running safety of high-speed 

trains. Studying the mechanism of interactions among 

different parts of bridge structures and revealing the 

mapping relationship between bridge structure deformation 

and rail deformation are of vital theoretical and practical 

significance for the comprehensive static and dynamic 

management of the operational safety of high-speed railway 
lines (Zhai et al. 2014, Jahangiri and Zakeri 2017). A long-

term observation of pier settlement on a certain high-speed 

railway has been carried out by the Beijing Railway Bureau 

(Shi 2013). Adopting these settlement data (Shi 2013), Chen 

et al. (2015) presented a method to determine the safety 

threshold of bridge pier settlement in high-speed railways. 

An analytical expression of the mapping relationship 

between the pier settlement and rail deformation was 

derived theoretically for the unit slab track system, 

longitudinal connected ballastless track system and double 

block ballastless track-bridge system to determine the safety  
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Abstract.  This paper describes a study of the mapping relationship between the vertical deformation of bridge structures and rail 

deformation of high-speed railway, taking the interlayer interactions of the bridge subgrade CRTS II ballastless slab track system 

(HSRBST) into account. The differential equations and natural boundary conditions of the mapping relationship between the 

vertical deformation of bridge structures and rail deformation were deduced according to the principle of stationary potential energy. 

Then an analytical model for such relationship was proposed. Both the analytical method proposed in this paper and the finite 

element numerical method were used to calculate the rail deformations under three typical deformations of bridge structures and the 

evolution of rail geometry under these circumstances was analyzed. It was shown that numerical and analytical calculation results 

are well agreed with each other, demonstrating the effectiveness of the analytical model proposed in this paper. The mapping 

coefficient between bridge structure deformation and rail deformation showed a nonlinear increase with increasing amplitude of the 

bridge structure deformation. The rail deformation showed an obvious “following feature”; with the increase of bridge span and 

fastener stiffness, the curve of rail deformation became gentler, the track irregularity wavelength became longer, and the 

performance of the rail at following the bridge structure deformation was stronger. 
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Fig. 1 The typical cartogram of the ratio of bridges to 

railway lines 

 

 

threshold of bridge pier settlement in high-speed railway. 

Further, they analyzed the influence of multi-pier settlement 

on the train-track-bridge coupled dynamic system. The 

relationships between the pier settlement and the change 

amounts of vehicle dynamic indices were obtained. Results 

showed that the rail deformation caused by multi-pier 

settlement agrees well with the settlement data (Chen et al. 

2018). The measurement results of track irregularity 

showed that the rail geometry is associated with the bridge 

deformation (Lee et al. 2012). Wei et al. (2011) conducted 

indoor tests and numerical simulation analysis to investigate 

the influence on girder end fasteners of the girder end 

rotation, girder body fault, and other deformations, and 

found the main factors influencing the magnitude of 

deformation and the additional force on fasteners. Cai et al. 

(2014) explored the relationship between the amplitude, 

scope and type of differential ground settlement and the 

regularity of the ballastless track system, based on finite 

element models of the girder-plate-entity spatial coupling of 

unit-plates and double-block ballastless tracks of high-speed 

railway. Gou et al. (2018a) presented an analytical model to 

analyze the mapping relationship between bridge lateral 

deformation and CRTS I track geometry of high-speed 

railway. Based on the rail deformation mechanisms, the 

deformation of track slab and rail at the locations of 

fasteners are analyzed, and the formulae of rail lateral 

deformation were derived and validated against a finite 

element model. Gou et al. (2019) also adopted the indoor 

experimental data of the fasteners force of the girder body 

fault which conducted by Wei et al. (2010) to verify the 

proposed analytical method. He et al. (2018), based on a 

finite element study for the subgrade bridge transition 

segment of CRTS Ⅲ slab track, analyzed the mapping 

relationship between differential settlement and rail 

deformation in the subgrade-bridge transition segments of 

high-speed railway. Furthermore, they developed a 

functional expression for that mapping relationship, using a 

least squares polynomial fit. Clearly, there are currently 

only quantitative studies on such mapping relationship. 

Specially the studies on the mapping relationship between 

the continuous girder bridge vertical deformation and rail 

deformation in HSRBST are rarely reported. 

Thus, establishing the mapping relationship between the 

bridge structure vertical deformation and rail deformations 

of high-speed railway has vital theoretical significance and 

value for engineering applications. In this paper, the 

differential equations and natural boundary conditions of 

the mapping relationship between the vertical deformation 

of bridge structures and rail deformation were deduced 

according to the principle of stationary potential energy. 

Then an analytical model for such relationship was 

proposed. Both the analytical method proposed in this paper 

and the finite element numerical method were used to 

calculate the rail deformations under three typical 

deformations of bridge structures and analyze the evolution 

of rail geometry under these circumstances. The 

conclusions drawn in this paper provides a theoretical basis 

for developing a geometry model for high-speed railway 

lines, and lays a solid theoretical and scientific foundation 

to help guarantee the safe and efficient operation of high-

speed railway. 
 

 

2. Mapping relationship between bridge structure 
deformation and rail deformation 
 

2.1 Basic assumptions 
 

Taking HSRBST as an example, the girder bodies are 

firmly connected with track slabs and base plate via shear 

slots, shear studs, CA mortar layers, shear rebars and 

fastening-type lateral chock blocks. In the case of vertical 

deformation of the bridge structures in the system, the rail 

would experience following deformation under the tensile 

or compressive force of fasteners. To build a simplified 

model for the mapping relationship between bridge 

structure deformation and rail deformation, the following 

basic assumptions have been made (Biondi et al. 2005, 

Qiao et al. 2018): 
 

(1) Due to the vertical confinement effect of shear 

slots, shear studs, CA mortar layers, shear rebars, 

fastening-type lateral chock blocks (used to limit 

the vertical displacement of base plates and track 

slab), and other interlayer components, it is 

assumed that both track slabs and base plate are 

coordinated with bridge girder body in terms of 

vertical deformation. 

(2) The enough subgrade segment length is adopted to 

eliminate the boundary effect of rail, and the two 

ends of rail are simplified as simply supported 

boundaries in the model for mapping relationship. 

(3) In the stress analysis of various structures, the 

origin of the vertical coordinate axis is set at the 

gravitational equilibrium position of each structure 
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before deformation and the effects of gravity are 

excluded from calculations. 

(4) Given that the vertical bending stiffness of a bridge 

is far greater than the bending stiffness of a rail, the 

influence of rails on bridge structure deformation 

could be ignored. 

(5) Assume that the vertical deformation curve, caused 

by the bearings or piers’ deformation, of the 

continuous girder bridge and the simply supported 

girder bridge are cubic polynomials and linear 

polynomial, respectively. 

(6) The connections between the rail and bridge are 

assumed to be evenly distributed and arranged 

along the center line of the rail according to the 

space between two fasteners. 

 

2.2 Differential equations and boundary conditions 
of the mapping relationship 

 

As shown in Fig. 2, the HSRBST was divided into nine 

parts from left to right. That is, the subgrade’s left segment 

( 𝐼 ), the 𝑖  (𝑖 = 0,1,2, . . . )  span’s left-side non-adjacent 

simply supported girder ( 𝐼𝐼 ), left-side adjacent simply 

supported girder (𝐼𝐼𝐼), the three-span continuous girders 

(𝐼𝑉, 𝑉, 𝑉𝐼), the right-side adjacent simply supported girder 

(𝑉𝐼𝐼 ), the 𝑗(𝑗 = 0,1,2, . . . ) span’s right-side non-adjacent 

simply supported girder (𝑉𝐼𝐼𝐼), and the subgrade’s right 

segment (𝐼𝑋). A local coordinate system at the left end of 

each part is used, and the deformation function of the rail 

was assumed to be 𝑢(𝑥)𝑅𝑚  ( 𝑚 = 𝐼, . . . , 𝐼𝑋 ), the 

deformation functions of left-side and right-side subgrade 

respectively to be 𝑢(𝑥)𝐵𝐼  and 𝑢(𝑥)𝐵𝐼𝑋 , and that of a 

bridge structure to be 𝑢(𝑥)𝐵𝑚 (𝑚 = 𝐼𝐼, . . . , 𝑉𝐼𝐼𝐼). 
The bending strain energy 𝑈𝑚  of the rail can be 

expressed as 
 

𝑈𝑚 =
1

2
∫ 𝐸𝑅𝑚𝐼𝑅𝑚(𝑢

″(𝑥)𝑅𝑚)
𝐿𝑚

2

𝑑𝑥 (1) 

 

The elastic potential energy 𝐾𝑚 of the fasteners can be 

expressed as 
 

𝐾𝑚 =
1

2
∫ 𝑘𝑚(𝑢(𝑥)𝑅𝑚 − 𝑢(𝑥)𝐵𝑚)

2

𝐿𝑚

𝑑𝑥 (2) 

 

Where, 𝐿𝑚  (𝑚 = 𝐼, . . . , 𝐼𝑋) represents the subgrade 

 

 

segment length for simply supported girder span and 

continuous girder span; 𝑘𝑚, 𝐸𝑅𝑚, 𝐼𝑅𝑚  (𝑚 = 𝐼, . . . , 𝐼𝑋 ) 

represent the fastener stiffnesses, Young's modulus, and the 

second moment of inertia for the cross-sections of parts 

𝐼, . . . , 𝐼𝑋, respectively. 

The total potential energy of the HSRBST can be 

expressed as 
 

𝛱 = ∑(𝑈𝑚 + 𝐾𝑚)

𝐼𝑋

𝑚=𝐼

 (3) 

 

According to the principle of stationary potential energy 

𝛿𝛱 = 0 (Podworna 2017, Jiang et al. 2018, 2019b, Feng et 

al. 2019), the differential equation and natural boundary 

conditions of the mapping relationship between the vertical 

deformation of the bridge structures and the rail 

deformation can be expressed as 

 

𝐸𝑅𝑚𝐼𝑅𝑚𝑢(𝑥)𝑅𝑚
𝐼𝑉 + 𝑘𝑚𝑢(𝑥)𝑅𝑚 = 𝑘𝑚𝑢(𝑥)𝐵𝑚 (4) 

 

𝐸𝑅𝑚𝐼𝑅𝑚𝑢
″(𝑥)𝑅𝑚𝛿𝑢

′(𝑥)𝑅𝑚|  = 0𝑥=𝐿𝑚
 (5) 

 

𝐸𝑅𝑚𝐼𝑅𝑚𝑢
‴(𝑥)𝑅𝑚𝛿𝑢(𝑥)𝑅𝑚|  = 0𝑥=𝐿𝑚

 (6) 

 

2.3 Solution of the differential equation for the 
mapping relationship 

 

Let 
 

𝜆𝑚 = √
𝑘𝑚

4𝐸𝑅𝑚𝐼𝑅𝑚

4

 (7) 

 

The homogeneous solution of (4) can be expressed as 
 

𝑢(𝑥)𝑅𝑚
ℎ = 𝐴𝑅𝑚 𝑐ℎ 𝜆𝑚 𝑥 𝑐𝑜𝑠 𝜆𝑚 𝑥 

                   +𝐵𝑅𝑚ch𝜆𝑚𝑥 𝑠𝑖𝑛 𝜆𝑚 𝑥 
                   +𝐶𝑅𝑚sh𝜆𝑚𝑥 𝑐𝑜𝑠 𝜆𝑚 𝑥 
                   +𝐷𝑅𝑚sh𝜆𝑚𝑥 𝑠𝑖𝑛 𝜆𝑚 𝑥 

(8) 

 

Where, 𝐴𝑅𝑚, 𝐵𝑅𝑚, 𝐶𝑅𝑚, 𝐷𝑅𝑚  are all constant 

coefficients. 

It could be known from the assumption (5) that 𝑢(𝑥)𝐵𝑚 

is a cubic polynomial, and that the particular solution of Eq. 

(4) is 𝑢(𝑥)𝐵𝑚, so the general solution of Eq. (4) becomes 
 

𝑢(𝑥)𝑅𝑚 = 𝑢(𝑥)𝑅𝑚
ℎ + 𝑢(𝑥)𝐵𝑚 (9) 

 

 

LI LIV LVI

Shear slot

Shear rebar

LVIII

Rail

Gider section

1# 2#

3# 4#

5# 6#

i=0,1,... j=0,1,...

I II III IV V VI VII VIII IX

Track slab

Base plate

Fastening

LVLII LIII LIXLVII

Subgrade

 

Fig. 2 The structural map of HSRBST 
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The simply supported boundary conditions of the two 

ends of the rail can be respectively expressed as 

 

𝑢″(𝑥)𝑅𝐼|  = 0𝑥=0  (10) 

 

𝑢(𝑥)𝑅𝐼|  = 0𝑥=0  (11) 

 

𝑢″(𝑥)𝑅𝐼𝑋|  = 0𝑥=𝐿𝐼𝑋
 (12) 

 

𝑢(𝑥)𝑅𝐼𝑋|  = 0𝑥=𝐿𝐼𝑋
 (13) 

 

According to the displacement compatibility of the rail 

 

𝑢(𝑥)𝑅𝐼|  = 𝑥=𝐿𝐼
𝑢(𝑥)𝑅𝐼𝐼|𝑥=0  (14) 

 

𝑢′(𝑥)𝑅𝐼|  = 𝑥=𝐿𝐼
𝑢′(𝑥)𝑅𝐼𝐼|𝑥=0  (15) 

 

𝑢″(𝑥)𝑅𝐼|  − 𝑥=𝐿𝐼
𝑢″(𝑥)𝑅𝐼𝐼|  = 0𝑥=0  (16) 

 

𝑢‴(𝑥)𝑅𝐼|  −𝑥=𝐿𝐼
 𝑢‴(𝑥)𝑅𝐼𝐼|  = 0𝑥=0  (17) 

⁞ 

𝑢(𝑥)𝑅𝑉𝐼𝐼𝐼|  = 𝑥=𝐿𝑉𝐼𝐼𝐼
𝑢(𝑥)𝑅𝐼𝑋|𝑥=0  (18) 

 

𝑢′(𝑥)𝑅𝑉𝐼𝐼𝐼|  = 𝑥=𝐿𝑉𝐼𝐼𝐼
𝑢′(𝑥)𝑅𝐼𝑋|𝑥=0  (19) 

 

𝑢″(𝑥)𝑅𝑉𝐼𝐼𝐼|  − 𝑥=𝐿𝑉𝐼𝐼𝐼
𝑢″(𝑥)𝑅𝐼𝑋|  = 0𝑥=0  (20) 

 

𝑢‴(𝑥)𝑅𝑉𝐼𝐼𝐼|  − 𝑥=𝐿𝑉𝐼𝐼𝐼
𝑢‴(𝑥)𝑅𝐼𝑋|  = 0𝑥=0  (21) 

 

Substituting Eq. (8) into the boundary conditions 

expressed in Eqs. (10)-(21), and let 
 

{

𝑐𝑚 = 𝑐ℎ 𝜆𝑚 𝐿𝑚
𝑞𝑚 = 𝑐𝑜𝑠 𝜆𝑚 𝐿𝑚
𝑠𝑚=sh𝜆𝑚𝐿𝑚

𝑝𝑚 = 𝑠𝑖𝑛 𝜆𝑚 𝐿𝑚

 (22) 

 

It is therefore known that 
 

[
 
 
 
 
 
 
 
 
 
𝑴𝐼 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎
𝑴𝑆𝐼 𝑴𝑇𝐼𝐼 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎
𝟎 𝑴𝑆𝐼𝐼 𝑴𝑇𝐼𝐼𝐼 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎
𝟎 𝟎 𝑴𝑆𝐼𝐼𝐼 𝑴𝑇𝐼𝑉 𝟎 𝟎 𝟎 𝟎 𝟎
𝟎 𝟎 𝟎 𝑴𝑆𝐼𝑉 𝑴𝑇𝑉 𝟎 𝟎 𝟎 𝟎
𝟎 𝟎 𝟎 𝟎 𝑴𝑆𝑉 𝑴𝑇𝑉𝐼 𝟎 𝟎 𝟎
𝟎 𝟎 𝟎 𝟎 𝟎 𝑴𝑆𝑉𝐼 𝑴𝑇𝑉𝐼𝐼 𝟎 𝟎
𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝑴𝑆𝑉𝐼𝐼 𝑴𝑇𝑉𝐼𝐼𝐼 𝟎
𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝑴𝑆𝑉𝐼𝐼𝐼 𝑴𝑇𝐼𝑋

𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝟎 𝑴𝐼𝑋 ]
 
 
 
 
 
 
 
 
 

{
 
 
 
 

 
 
 
 
𝑪1
𝑪2
𝑪3
𝑪4
𝑪5
𝑪6
𝑪7
𝑪8
𝑪9
𝑪10}

 
 
 
 

 
 
 
 

 

=

{
 
 
 
 

 
 
 
 
𝑼1
𝑼2
𝑼3
𝑼4
𝑼5
𝑼6
𝑼7
𝑼8
𝑼9
𝑼10}

 
 
 
 

 
 
 
 

 

(23) 

 

Where 
 

𝑴𝐼 = [
1 0 0 0
0 0 0 1

] (24) 

 

𝑴𝑇𝑚 =

[
 
 
 
−1 0 0 0
0 −𝜆𝑚 −𝜆𝑚 0

0 0 0 −2𝜆𝑚
2

0 −𝜆𝑚
3 𝜆𝑚

3 0 ]
 
 
 
, 𝑚 = 𝐼𝐼, . . . , 𝐼𝑋 (25) 

 
𝑴𝑆𝑚

=

[
 
 
 
 
 

𝑐𝑚𝑞𝑚 𝑐𝑚𝑝𝑚 𝑠𝑚𝑞𝑚 𝑠𝑚𝑝𝑚

𝜆𝑚 (
𝑠𝑚𝑞𝑚
−𝑐𝑚𝑝𝑚

) 𝜆𝑚 (
𝑐𝑚𝑞𝑚
+𝑠𝑚𝑝𝑚

) −𝜆𝑚 (
𝑐𝑚𝑞𝑚
−𝑠𝑚𝑝𝑚

) 𝜆𝑚 (
𝑠𝑚𝑞𝑚
+𝑐𝑚𝑝𝑚

)

−2𝜆𝑚
2 𝑠𝑚𝑝𝑚 2𝜆𝑚

2 𝑠𝑚𝑞𝑚 −2𝜆𝑚
2 𝑐𝑚𝑝𝑚 2𝜆𝑚

2 𝑐𝑚𝑞𝑚

−2𝜆𝑚
3 (

𝑠𝑚𝑞𝑚
+𝑐𝑚𝑝𝑚

) 2𝜆𝑚
3 (

𝑐𝑚𝑞𝑚
−𝑠𝑚𝑝𝑚

) −2𝜆𝑚
3 (

𝑠𝑚𝑝𝑚
+𝑐𝑚𝑞𝑚

) 2𝜆𝑚
3 (

𝑠𝑚𝑞𝑚
−𝑐𝑚𝑝𝑚

)]
 
 
 
 
 

, 

𝑚 = 𝐼, . . . , 𝑉𝐼𝐼𝐼 

(26) 

 

𝑴𝐼𝑋 = [
𝑐𝐼𝑋𝑞𝐼𝑋 𝑐𝐼𝑋𝑝𝐼𝑋 𝑠𝐼𝑋𝑞𝐼𝑋 𝑠𝐼𝑋𝑝𝐼𝑋

−2𝜆𝐼𝑋
2 𝑠𝐼𝑋𝑝𝐼𝑋 2𝜆𝐼𝑋

2 𝑠𝐼𝑋𝑞𝐼𝑋 −2𝜆𝐼𝑋
2 𝑐𝐼𝑋𝑝𝐼𝑋 2𝜆𝐼𝑋

2 𝑐𝐼𝑋𝑞𝐼𝑋
] (27) 

 

𝑪𝐼 = {
𝐴𝐼
𝐵𝐼
},                𝑪𝑚+1 = {

𝐶𝑚
𝐷𝑚
𝐴𝑚+1
𝐵𝑚+1

} , 

𝑚 = 𝐼, . . . , 𝑉𝐼𝐼𝐼,       𝑪𝐼𝑋+1 = {
𝐶𝐼𝑋
𝐶𝐼𝑋
} 

(28) 

 

𝑼𝐼 = {
−𝑢(0)𝑅𝐼
−𝑢″(0)𝑅𝐼

} , 

𝑼𝑚 =

{
 
 

 
 
𝑢(0)𝑅𝑚 − 𝑢(𝐿𝑚−1)𝑅(𝑚−1)

𝑢′(0)𝑅𝑚 − 𝑢
′(𝐿𝑚−1)𝑅(𝑚−1)

𝑢″(0)𝑅𝑚 − 𝑢
″(𝐿𝑚−1)𝑅(𝑚−1)

𝑢‴(0)𝑅𝑚 − 𝑢
‴(𝐿𝑚−1)𝑅(𝑚−1)}

 
 

 
 

, 

𝑚 = 𝐼𝐼, … , 𝐼𝑋, 

𝑼𝐼𝑋+1 = {
−𝑢(𝐿𝐼𝑋)𝑅𝐼𝑋
−𝑢″(𝐿𝐼𝑋)𝑅𝐼𝑋

} 

(29) 

 

Solving the algebraic equation set (23) leads to a 

coefficient matrix{𝑪}, which can be substituted into (9) to 

obtain an analytical expression for the mapping relationship 

between the vertical deformation of the bridge structures 

and the rail geometric deformation. 

 

 

3. Analysis of examples 
 

To verify the correctness and practicality of the 

analytical method proposed in this paper, three typical 

vertical deformations were introduced in this paper as 

shown in Fig. 3 as examples (Gou et al. 2018b). These are 

the continuous girder piers’ differential settlement, girder 

end rotation and simply supported girder body fault. The 

proposed analytical method (MA Model) and the ANSYS 

finite element numerical method (FE Model) were used to 

calculate and compare the mapping deformation of rail in 

HSRBST under three typical vertical deformations. In FE 

Model, the BEAM188 element in ANSYS was used to 

simulate the continuous girder bridge, simply supported 

girder bridge and each layer of track structure, respectively; 

the COMBIN14 spring element were used to simulate the 

subgrade, the fasteners and other interlayer connections 

between the track structure and the bridge and between the 

track structure and the subgrade; the MPC184 element was 

used to simulate the rigid constraint between the master and 

slave nodes; and the bearings or piers’ deformation were 
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simulated by the corresponding displacement constraints. 

For the numerical scheme, firstly, apply the 

corresponding forced displacement to the bridge structure 

(pier settlement, girder body fault or girder end rotation, 

etc); then, define the displacement convergence criteria as 

0.05 and the substeps as automatic time step; finally, the 

Modal analysis was adopted first followed by the Static 

analysis (Zhou et al. 2013, 2017). The flowchart of solving 

the proposed analytical method is shown in Fig. 4. The 

main parameters of the calculation model are as follows: the 

simply supported girder span: 32 m; the spans of three-span 

continuous girders: 48 m + 80 m + 48 m; the subgrade 

segment lengths at the both ends: 200 m (Toyooka et al. 

2005); the rail parameters: actual section parameters of 

seamless rail (60 kg/m); fastener stiffness: 6e7 N/m; 

concrete strength grade of track slab: C55; concrete strength 

grade of base plate: C40; concrete strength grade of girder 

body: C50; concrete strength grade of pier: C30. Fig. 5 

shows the schematic diagram of FE model for the HSRBST 

(Lai et al. 2018).  

 

3.1 Study on the mapping relationship for pier 
settlement-rail deformations 

 

As shown in Fig. 3(a), taking the settlement deformation 

of 2# pier as an example, the settlement of 2# pier is 

assumed as𝛥. According to assumption (5), the vertical 

deformation of the simply supported girder body connected 

with the 2# pier, as a result of 2# pier settlement, can be 

expressed as 

 

 
Start

Importing the parameters of structure and material 

Determining the whole rectangular coordinate system 
and local rectangular coordinate system of the bridge 

girder body, track structure and subgrade 

Defining the bridge structural deformation types (pier 
settlement, girder body fault, girder end rotation, etc.)

Generating the functions of bridge structural deformation 

Setting up boundary conditions

Building coefficient matrix

Solving the rail deformation and fastener 
force at the fastener position

Establishing the segment function of rail deformation

Extracting the data of fastener force and structural 
deformation, drawing rail deformation diagram

End  

Fig. 4 The flowchart of solving the proposed analytical 

method 
 
 

𝑢(𝑥)𝐵𝐼𝐼𝐼 =
𝛥

𝐿𝐼𝐼
𝑥 (30) 

 

According to assumption (5), the simply supported 

girder bodies and subgrade not connect with 2# pier can be 

1#
2#

3# 4#

5# 6#
┐

 

(a) Piers’ differential settlement 
 

┍

3# 4#

5# 6#2#1#

 

(b) Girder end vertical rotation 
 

1# 2#

3# 4#

5# 6#

┐

 

(c) Girder vertical body fault 

Fig. 3 Three typical vertical deformations of bridge structure 
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Fig. 5 Schematic diagram of FE model of HSRBST 

 

 

expressed as 

 

𝑢(𝑥)𝐵𝐼 = 0,     𝑢(𝑥)𝐵𝐼𝑋 = 0 (31) 

 

𝑢(𝑥)𝐵𝐼𝐼 = 0,     𝑢(𝑥)𝐵𝑉𝐼𝐼 = 0,     𝑢(𝑥)𝐵𝑉𝐼𝐼𝐼 = 0 (32) 

 

The function of the continuous girder bridge 

deformation induced by the pier’s settlement is a cubic 

polynomial of 𝑥, the deformation functions of three-span 

continuous girders can be given as 

 

𝑢(𝑥)𝐵𝐼𝑉 =
1

𝐸𝐼𝑉𝐼𝐼𝑉
(
−
𝐹1
6
𝑥3

+𝐴1𝑥 + 𝐵1

) ,     𝑥 ∈ [0, 𝐿𝐼𝑉] (33) 

 

𝑢(𝑥)𝐵𝑉 =
1

𝐸𝑉𝐼𝑉

(

 
 
−
(𝐹1 + 𝐹2)

6
𝑥3

−
𝐹1𝐿𝐼𝑉
2

𝑥2

+𝐴2𝑥 + 𝐵2 )

 
 
,     𝑥 ∈ [0, 𝐿𝑉] (34) 

 

 

 

𝑢(𝑥)𝐵𝑉𝐼 =
1

𝐸𝑉𝐼𝐼𝑉𝐼

(

 
 

𝐹4
6
𝑥3

−
𝐹4𝐿𝐼𝑉
2

𝑥2

+𝐴3𝑥 + 𝐵3)

 
 
,     𝑥 ∈ [0, 𝐿𝑉𝐼] (35) 

 

Where, 𝐴1, 𝐵1, 𝐶1, 𝐷1, 𝐹1, 𝐹2, 𝐹3, 𝐹4  are the coefficients 

of the function for continuous girder deformation. 

In case of settlement of the other piers, the analysis 

process is the same as that of 2# pier. 

According to the prescribed limit of the bridge structure 

deformation for high-speed railways, the limit of the 

adjacent pier settlement difference of a ballastless track 

bridge under constant loads is 5 mm (Ministry of Railways 

2014). The FE Model and MA Model are used to calculate 

the rail deformations caused by the settlement of 5 mm of 

the 2# pier and the 3# pier; the calculations’ results are 

shown in Fig. 6. To discuss the deformation scope and 

deformation degree of the rail for the case of the pier’s 

settlement, the region where the rail deformation exceeded 

0.01 mm is defined as the mapping region for rail 
deformation (Gou et al. 2018a). The mapping regions of the 

rail deformation caused by a settlement of 5 mm of the 2# 

pier and the 3# pier were calculated. Those calculation 

results are shown in Table 1, where 𝑀𝑑+  and 𝑀𝑑− 

respectively represent the maximum upward and downward 

deformations of the rails, 𝑃𝑠 and 𝑃𝑒 respectively represent 

the starting and endpoint positions of the mapping 

deformations, and 𝐿𝑟 represents the mapping region of the 

rails’ deformation. 

According to Fig. 6 and Table 1, the results for the curve 

and mapping region of the rail’s deformation were 

calculated using FE Model and MA Model. These results 

agreed well, which verified the correctness of the MA 

Model. The results indicated that either of these methods 

can be used to solve the mapping relationship between the 
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(a) 2#pier settlement 
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(b) 3# pier settlement 

Fig. 6 Rail deformation diagram for the pier settlement of 5 mm 
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piers’ settlement and the rails’ deformation in HSRBST. 

Also, relative to the FE Model, MA Model could more 

clearly express the relationships between various 

parameters’ influence on rail deformation and could 

significantly shorten the required calculation time. In the 

adjacent region of pier settlement, rail deformation presents 

a trend of local upward first, and soon sinks. Such the local 

upward region is bound to increase the wheel-rail force 

when the train runs into the settlement region, so close 

attention should be paid to this aspect during design for 

operational safety. For the case of the 2# pier settlement, the 

maximum upward deformation of the rail occurred on the 

3# pier, while the maximum downward deformation 

occurred on the 2# pier; in the case of the 3# pier 

settlement, the maximum upward deformation of the rail 

occurred in the middle of the 4# pier and the 5# pier, while 

the maximum downward deformation occurred on the 3# 

pier. According to the assumption (5), the simply supported 

girder deformation could be seen as rigid body deformation. 

Because of the high compressive stiffness of fasteners and 

linear rigid body deformation of the simply supported 

girder, the rail deformation caused by the downward 

traction of fasteners would have several “break angle” at the 

points of pier settlement, as shown in Fig. 6(a). The rail 

deformation curves actually varied smoothly and 

continuously when going in and out of the “break angle” 

region,which looks as a little sharp because of the drawing 
 

 

 

 

 

 

proportion. 

 

3.2 Study on the mapping relationship for girder 
end rotation-rail deformations 

 

As shown in Fig. 3(b), according to the prescribed limit 

of girder end vertical rotation for high-speed railway 

bridges, the magnitude of the girder end vertical rotation 

was set as 1‰ rad, (Sun et al. 2016); The rest of girder 

body of bridge span did not have vertical rotation 

deformation. The FE Model and MA Model were used to 

calculate the rail deformation for a girder end rotation of 

1‰rad; see calculation results in Fig. 7 and the data on the 

mapping region for rail deformation shown in Table 2. As 

can be seen from Fig. 7 and Table 2, in the case of girder 

end vertical rotation deformation, the results for the rail 

deformation curve and rail deformation region calculated by 

FE Model and MA Model agreed well. In the rotation 

deformation region, the rail followed the girder body’s 

deformation; the rail deformation decreased rapidly with 

increase of distance from the deformation area. The left-

side rail geometry in the deformation region presented a 

change trend of uplifting first and sagging afterwards; the 

right-side rail geometry in the deformation region showed a 

trend towards sagging first and uplifting afterwards, 

followed by a gentle downward transition. In the rotation 

deformation region, rail deformation followed approximately 
 

 

Table 1 Rail deformation region data for the pier settlement of 5 mm 

Pier settlement Calculation method 𝑃𝑠 (m) 𝐿𝑟 (m) 𝑃𝑒 (m) 𝑀𝑑+ (mm) 𝑀𝑑− (mm) 

2#pier 

FE Model 229.000 211.000 440.000 0.809 -4.947 

MA Model 229.000 211.000 440.000 0.808 -4.931 

Relative deviation 0.000% 0.000% 0.000% 0.096% 0.300% 

3#pier 

FE Model 261.000 181.000 442.000 0.438 -5.077 

MA Model 261.000 181.000 442.000 0.439 -5.078 

Relative deviation 0.000% 0.000% 0.000% 0.160% 0.001% 
 

Table 2 Rail deformation region data for the girder end rotation of 1‰ rad 

Calculation method 𝑃𝑠 (m) 𝐿𝑟 (m) 𝑃𝑒 (m) 𝑀𝑑+ (mm) 𝑀𝑑− (mm) 

FE Model 261.000 178.500 439.500 4.312 -8.407 

MA Model 261.000 178.500 439.500 4.330 -8.417 

Relative deviation 0.000% 0.000% 0.000% -0.430% 0.110% 
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Fig. 7 Rail deformation diagram for the girder end rotation of 1‰ rad 
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a cosine wave shape, with a maximum deformation at the 

wave trough of 8.4 mm and a maximum deformation at the 

wave crest of 4.3 mm. The maximum deformation exceeded 

the prescribed limit (5 mm) of bridge structure deformations 

for high-speed railway, suggesting that girder end rotation 

exerts a significant influence on rail deformation and that 

close attention should be paid to this aspect of deformation 

by engineering designers. 

 

3.3 Study on the mapping relationship for girder 
body fault-rail deformations 

 

As shown in Fig. 3(c), according to the prescribed limit 

for girder body fault of high-speed railway bridges, the fault 

magnitude was set to 3 mm; the rest of the girder body of 
 

 

 

 

 

 

bridge span does not have vertical fault deformation. The 

FE Model and MA Model were used to calculate the rail 

deformation upon a girder body vertical fault of 3mm; see 

calculation results in Fig. 8 and Table 3. 

As can be seen from Fig. 8 and Table 3, in the case of 

girder body vertical fault, the results for the curve and 

mapping region of the rails’ deformation calculated by the 

FE Model and MA Model agreed well, and the overall 

deformation of rail in the deformation region had bilateral 

symmetry which further demonstrated the effectiveness of 

the MA Model. In the region of girder body vertical fault, 

the rails’ deformation increased rapidly, and the maximum 

deformation of rail was approximately equal to that of 

girder body. With increase of distance from the fault region, 

the rails’ deformation quickly dropped to zero, and between 
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Fig. 8 Rail deformation diagram for the girder vertical body fault of 3 mm 

Table 3 Rail deformation region data for the girder vertical body fault of 3 mm 

Calculation method 𝑃𝑠 (m) 𝐿𝑟 (m) 𝑃𝑒 (m) 𝑀𝑑+ (mm) 𝑀𝑑− (mm) 

FE Model 228.000 40.125 268.125 0.101 -3.101 

MA Model 228.000 40.125 268.125 0.097 -3.097 

Relative deviation 0.000% 0.000% 0.000% 3.120% 0.090% 
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(a) 2#pier settlement 
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(b) 3# pier settlement 

Fig. 9 Rail deformation diagram under different amplitudes of pier settlement 
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the maximum and minimum rail deformations there was 

only a tiny local uplift transition to approximately a half-

sine wave whose wave crest value did not exceed 0.2 mm. 

As a result, upon entry into and exit from the fault region, 

the curve of the rails’ deformation experienced abrupt 

oscillations which would be detrimental to the running 

safety and ride comfort of high-speed trains. 

 

 

4. Study on the evolution law of bridge structure 
deformations to rail deformations 
 
4.1 Influence of the amplitude of pier settlement on 

rail deformation 
 

By changing the amplitudes of the 2# pier and 3# pier 

settlements and respectively setting them as 2 mm, 5 mm, 8 

mm, 12 mm, 16 mm and 20 mm, the rail deformation 

curves under different amplitudes of pier settlement were 

calculated, and the influence of the amplitude of pier 

settlement on rail deformation was analyzed. Figs. 9-10 

show the calculated results for rail deformation and 

fasteners’ internal force distribution under different 

amplitudes of pier settlement. 

As can be seen from Figs. 9-10, for the case of pier 

settlement, the rail and girder body deformations 

maintained the following features: the state of deformation 

of the rails was closely related to the state of stress of the 

fasteners, and both rail deformations and fastener internal 

forces increased significantly with increased amplitude of 

the piers’ settlement: the fastener internal forces induced by 

the piers’ settlement was concentrated on both sides of the 

centerline of the girder crevices. For the case of the 2# pier 

settlement, the fastener internal forces in the vicinity of the 

girder crevices on the 2# pier and the 1# pier all showed 

relatively significant fluctuations, and peak internal forces 
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(b) 3#pier 

Fig. 11 Relationship between amplitudes of pier settlement 

and mapping coefficient 
 

 

were as high as 6 kN. In the case of 3# pier, the fastener 

internal forces around the girder crevices on the 3# pier also 

showed relatively significant fluctuations, and peak internal 

forces were as high as 3.5 kN; the fastener internal forces 
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(a) 2#pier settlement 
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(b) 3# pier settlement 

Fig. 10 Fasteners internal force distribution under different amplitudes of pier settlement 
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around the girder crevices on the 5# pier fluctuated slightly, 

and peak internal forces were below 1 kN. 

To quantitatively describe the degree of mapping from 

bridge structure deformation to rail deformation, a mapping 

coefficient 𝛿 was introduced. This mapping coefficient is 

the ratio of the length of rail deformation region 𝐿𝑟 to the 

length of girder body deformation region 𝐿𝑏 

 

𝛿 =
𝐿𝑟
𝐿𝑏

 (36) 

 

Fig. 11 shows the changes of the mapping coefficient 

under different amplitudes of the 2# pier and 3# piers’ 

settlement. Clearly, with the increased amplitude of the 

piers’ settlement, the mapping coefficient first increased and 

then tended to stabilize, which indicates that the amplitude 

of the rails’ settlement presents a nonlinear trend of 

gradually slowing growth with the increased amplitude of 

the piers’ settlement. When the amplitude of the 2# pier’s 

settlement was less than 7 mm and that of the 3# pier 

settlement was less than 5 mm, the mapping coefficient was 

less than 1. These results suggest that, because of both the 

deformation coordination effects of the track system’s 

interlayer fasteners and the vertical bending stiffness of the 

rail itself, the mapping region length of the rails’ 

deformation was less than the corresponding length of the 

deformation of the girder bodies. With the increased 

amplitude of the piers’ settlement, the mapping coefficient 

gradually exceeded 1. This suggests that the local 

unwarping of the rail at the edge of region of settlement 

resulted in the diffusion to some extent of the rails’ 

deformation relative to the bridge, and that the amplitude of 

such local unwarping also gradually increased with the 

increasing of pier settlement. 
 

 

 

 

 

4.2 Influence of the amplitude of the girder end 
rotation on rail deformation 

 

To study the influence of the amplitude of the girder end 

vertical rotation on rail deformations, the rail deformation 

was calculated after setting the amplitude of the vertical 

rotation of girder end of the continuous girder as 0.2‰ rad, 

0.4‰ rad, 0.6‰ rad, 0.8‰ rad, 1.0‰ rad and 1.2‰ rad. 

This is shown in the calculated results for the mapping 

relationship between fastener internal forces and rail 

deformations in Figs. 12-14. Clearly, under different 

amplitudes for girder end vertical rotation, the rail geometry 

was always consistent with the morphology of girder body 

deformations; the extremely non-uniform fastener internal 

forces distribution, as induced by girder end vertical 

rotation, was mainly concentrated in the vicinity of the 2# 

pier. With increased amplitude of the girder end rotation, 

both rail deformation and fastener internal forces increased 

significantly. For the girder body under investigation in the 

deformation region, the mapping coefficient of the rail 

deformation increased with increasing girder end vertical 

rotation and was always greater than 1; this suggests that 

the length of the rail deformation region induced by the 

girder end vertical rotation was relatively large. 

 

4.3 Influence of the amplitude of the girder body 
fault on rail deformation 

 

To study the influence of the amplitude of the girder 

body vertical fault on the rail deformation, the rail 

deformation was calculated after setting the amplitude of 

girder body vertical fault as 0.5 mm, 1.0 mm, 2.0 mm, 3.0 

mm, 4.0 mm and 5.0 mm; see the calculation results for the 

mapping relationship between the fastener internal forces 

distribution and the rail deformation in Figs. 15-17. Under 
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Fig. 12 Rail deformation diagram under different amplitudes of girder end vertical rotation 
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Fig. 13 Fastener internal force distribution under different amplitudes of girder end vertical rotation 
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Fig. 14 Relationship between girder end vertical rotation 

and mapping coefficient 
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Fig. 15 Relationship between girder body vertical fault 

and mapping coefficient 

 

 

 

 

 

 

different amplitudes of vertical fault, rail geometry always 

maintained a clear consistency with the morphology of 

girder body deformation in the faults’ deformation region. 

With the increase of the amplitude of vertical fault, both 

rails’ deformation and fastener internal forces gradually 

increased. When the amplitude of girder body fault 

exceeded 1mm, the fastener internal forces on the two ends 

of the girder bodies reached 26.0 kN and 26.0 kN, which 

exceeded the rated fastening toe load (15 kN) of the WJ-8 

fasteners commonly used in China. Within the selected 

amplitude for vertical fault, the mapping coefficient of the 

rails’ deformation was uniformly greater than 1, suggesting 

that the length of rails’ region of deformation was uniformly 

greater than that of the girder body deformation. Thus, the 

rail deformation induced by girder body fault cannot be 

ignored. 

 

4.4 Influence of fasteners’ stiffness on rail 
deformation 

 

As key components of the interlayer connection of the 

track system, fasteners exert a significant influence on rails’ 

deformation. To explore the influence of fastener stiffness 

on rail deformation, the rails’ deformations that were 

induced by pier settlement, girder body fault, and girder end 

rotation were calculated after setting fastener stiffness as 25 

kN/mm, 45 kN/mm, 60 kN/mm, 75 kN/mm and 90 kN/mm; 

see calculation results in Tables 4-5 and Figs. 18-21. 

As can be seen in Table 4 and Figs.18-19, when fastener 

stiffness was less than 45 kN/mm, with the increase of the 

vertical stiffness of the fasteners, the mapping region length 

and the mapping coefficient of the rails’ deformation as 
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Fig. 16 Rail deformation diagram under different amplitudes of girder body vertical fault 
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Fig. 17 Fastener internal force distribution under different amplitudes of girder body vertical fault 
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Table 4 Rail deformation region data for pier settlement under different fasteners stiffness 

Rail 

deformation 

Fasteners’ stiffness (kN/mm) 

2# pier settlement of 5mm 3# pier settlement of 5mm 

25 45 60 75 90 25 45 60 75 90 

𝐿𝑟 (m) 208.38 206.75 206.75 206.75 206.63 176.25 176.00 176.00 175.88 175.88 

𝛿 1.002 0.994 0.994 0.994 0.993 1.001 1.000 1.000 0.999 0.999 

𝑀𝑑− (mm) -4.919 -4.931 -4.936 -4.940 -4.943 -5.077 -5.077 -5.077 -5.077 -5.077 

𝑀𝑑+ (mm) 0.809 0.809 0.809 0.809 0.809 0.439 0.439 0.439 0.439 0.439 
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(a) The place of # 1 pier (b) The place of # 5 pier 

Fig. 18 Effect of fastener stiffness on rail deformation for 2#pier settlement of 5 mm 
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(a) The place of # 2 pier (b) The place of # 5 pier 

Fig. 19 Effect of fastener stiffness on rail deformation for 3#pier settlement of 5 mm 
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(a) The place of # 1 pier (b) The place of # 2 pier 

Fig. 20 Effect of fastener stiffness on rail deformation for girder body vertical fault of 3 mm 
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induced by the piers’ settlement gradually decreased. When 

fastener stiffness exceeded 45 kN/mm, the mapping region 

length and the mapping coefficient of the rails’ deformation 

tended to be stable. While the amplitude of the upward 

deformation of the rails induced by the piers’ settlement 

was not influenced in any significant manner by the 

fasteners’ stiffness, the amplitude of the downward 

deformation of the rails induced by the piers’ settlement 

increased with the increase of the fasteners’ stiffness. 

As can be seen in Table 5 and Figs. 20-21, under girder 

body vertical fault and girder end vertical rotation, with the 

increase of the vertical stiffness of fasteners, the mapping 

region length and mapping coefficient of the rails’ 

deformation that was induced by girder body vertical fault 

 

 

 

 

 

 

gradually decreased, while the amplitude of the rails’ 

deformation that was induced by girder body vertical fault 

was not influenced in any significant manner by fastener 

stiffness. 

 

4.5 Influence of bridge span on rail deformations 
 

To study the influence of bridges’ span on rail 

deformations, the rail deformations of the HSRBST with 

different spans under three typical deformations of bridge 

structures were calculated; see calculation results in Tables 

6-7. As can be seen in Tables 6-7, under the settlement of 

the 2# pier and girder end vertical fault, with the increase of 

simply supported girder span, the mapping region length of 
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(a) The place of # 2 pier (b) The place of # 2 pier 

Fig. 21 Effect of fastener stiffness on rail deformation for girder end vertical rotation of 1‰ rad 

Table 5 Rail deformation region data for girder body fault and end rotation under different fasteners stiffness 

Rail 

deformation 

Fasteners’ stiffness (kN/mm) 

Girder body fault of 3 mm Girder end rotation of 1‰ rad 

25 45 60 75 90 25 45 60 75 90 

𝐿𝑟 (m) 42.13 40.75 40.13 39.63 39.38 179.88 179.13 178.88 178.75 178.38 

𝛿 1.316 1.273 1.254 1.238 1.230 1.022 1.018 1.016 1.016 1.013 

𝑀𝑑− (mm) -3.101 -3.101 -3.100 -3.101 -3.101 -4.921 -4.908 -4.921 -4.908 -4.921 

𝑀𝑑+ (mm) 0.101 0.101 0.101 0.101 0.101 0.702 0.702 0.702 0.702 0.702 
 

Table 6 Computed results of rail deformation under different pier settlements 

Continuous girder 

bridge span(m) 

Rail 

deformation 

Simplified girder bridge span(m) 

2#pier settlement of 5 mm 3#pier settlement of 5 mm 

24 32 24 32 

32+48+32 

𝐿𝑟 (m) 136.625 143.250 113.75 113.75 

𝛿 1.005 0.995 1.016 1.016 

𝑀𝑑− (mm) -4.908 -4.921 -5.033 -5.033 

𝑀𝑑+ (mm) 0.703 0.702 0.492 0.492 

48+80+48 

𝐿𝑟 (m) 200.125 206.75 176.000 176.000 

𝛿 1.001 0.994 1.000 1.000 

𝑀𝑑− (mm) -4.928 -4.936 -5.077 -5.077 

𝑀𝑑+ (mm) 0.809 0.808 0.439 0.439 
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the rails’ deformation increased, while the mapping 

coefficient decreased; under the settlement of the 2# pier, 

with the increase of simply supported girder span, the 

amplitude of the upward deformation of the rails decreased, 

while that of downward deformation increased; under girder 

end vertical fault, no obvious change was observed in either 

the amplitude of the upward deformation or that of the 

downward deformation. Under the 3# pier settlement and 

girder end rotation, with the increase of the continuous 

girder span, the mapping region length of the rail’s 

deformation increased while the mapping coefficient 

decreased; under the settlement of the 3# pier, with the 

increase of the simply supported girder span, the amplitude 

of the upward deformation of the rails increased, while that 

of the downward deformation decreased. Under the girder 

end rotation, the amplitudes of the downward and upward 

deformation of the rails both increased. These results 

suggest that, with the increase of the bridges’ span, the 

deformation curves became gentler, and the additional 

wavelength of the tracks’ irregularity became longer. 

 

 

5. Conclusions 
 

Taking the interlayer interactions of HSRBST into 

account, the analytical method for calculating the mapping 

relationship between the vertical deformation of bridge 

structures and rail deformation was proposed. Then the 

analytical method and the finite element numerical method 

were used to calculate the rails’ deformations under three 

typical deformations of bridge structures. Finally, the 

parametric analysis was carried out to analyze the factors 

influencing the rail deformation, and the following 

conclusions were drawn: 
 

● The calculation results by the analytical method and 

the finite element numerical method were well 

agreed with each other under three typical 

deformations of bridge structures, which 

demonstrates the effectiveness of the analytical 

method proposed in this paper. 

● Under three typical bridge structure deformations, 

the rail deformation first shows a trend of local 

 

 

upward and soon sinks when going in and out of the 

settlement region, which would increase the wheel-

rail force when a train runs into the settlement 

region. 

● The mapping coefficient between bridge structure 

deformation and rail deformation shows a nonlinear 

increase with increasing amplitude of bridge 

structure deformation, and a linear relationship was 

observed between the extreme values of the rail 

deformation and the amplitude of the bridge 

structures deformation. 

● With increasing fastener stiffness, the mapping 

region length and mapping coefficient of rail 

deformation gradually decrease. With increasing 

bridge span, the deformation curve become gentler, 

and the wavelength of the additional track 

irregularity becomes longer. 
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