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The dynamic response of a railway bridge can be affected by the properties of its foundations, particularly if
founded on soft soils. Thus, this work aims to establish a coupled dynamic model to investigate the vibration of
train-track-bridge systems considering piled foundations embedded in soft soil. Firstly, to construct the simu-
lation framework, the finite element and multi-body methods are used to model the dynamic behavior of a train-
track-bridge interaction (TTBI) system and a pier-cap-pile-soil interaction system. The equilibrium of the two
sub-systems is maintained through the bridge’s bearing force and a multi-time-step integration strategy is
introduced to improve computational efficiency. The proposed model is validated by comparing it to the results
from commercial finite element software ABAQUS. Then results are computed using the proposed model and the
conventional TTBI model without piles. It is concluded that when considering the piled foundations, the low-
frequency vibration of the TTBI system is dominant. Moreover, the vibration energy in the track and bridge
below 7 Hz is larger compared with the conventional TTBI model. The influence of train speed on the vibration
characteristics of the pile and soil is analyzed. It is found that higher train speeds cause increased pile and soil
accelerations at the frequencies associated with the train axle spacing. The novelty of the analysis is providing a
new insight into the coupled vibration properties of TTBI systems considering the participation of piled foun-
dations in soft soil.

1. Introduction

For piled bridge foundations subject to cyclic train loads, the low
stiffness of the surrounding soil causes increased dynamic vibration,
which can affect the dynamic stability of train. Therefore it is necessary
to analyze train-induced vibrations of track-bridge structures and piled
foundations under soft soil conditions.

Train-track-bridge interaction (TTBI) describes the dynamic
behavior of trains passing over bridges [1,2]. It is a challenge to study
the multiple complex interactions between the different parts of the
system. For example, the periodicity of the bridge girders makes the
response of the full TTBI system quite different compared to conven-
tional train-track interaction. In an attempt to numerically model the
problem, Matsuura [3-5] simulated the vehicle as a multi-body with two
suspension systems, and the bridge using classical beam theory. The
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resonance between the vehicle and bridge was studied and prediction
formulae for train resonance speed were proposed. Alternatively,
Tanabe and Yamada [6] established a train-track-bridge coupled model
using the finite element (FE) method, while Li et al. [7] established a
train-track-long-span steel cable-stayed bridge interaction model, in
which the girder disturbance and train riding comfort/safety under
various train speeds were studied. Zeng et al. [8] adopted localized
Lagrange multipliers to establish a dynamic analysis approach for
vehicle-bridge interaction, which enabled the partitioned, non-iterative,
dynamic analysis of the vehicle and the bridge subsystems. Alterna-
tively, Azimi et al. [9] proposed a new formulation to capture bridge and
vehicle response more realistically considering the structural properties
of vehicle-bridge interaction elements. Xin et al. [10] adopted the modal
superposition method and Fourier series expansion to calculate the vi-
bration of the bridge. Then the semi-analytical solution of the bridge
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vibrations under moving train loads was derived. It was then extended to
the dynamic analysis of systems under multi-source excitation, such as
earthquakes and crosswinds [11,12].

At present, a precise model describing wheel-rail contact has been
introduced into the modelling framework of the TTBI. For example, Zhai
and Wang et al. [13,14] established a coupled dynamic model for
studying the dynamic behavior of the TTBI considering the excitation of
track irregularities. In their model, the so-called “trace line method” was
used to depict the normal and tangent contact between wheel and rail,
and the coupled vibration properties of the TTBI were analyzed. Luo
et al. [15] implement track flexibility and advanced coupling relations
into a three-dimensional train-slab track system to perform in-depth
train-track interaction study.

Recently, with advancements in theoretical models and computa-
tional techniques, more complex substructures have been considered in
the simulation of train-induced vibration. For example, Yang et al. [16]
established a train-track-soil dynamic model to investigate building vi-
brations induced by trains and complex numerical models for tunnel-soil
and building interaction. Also, in Refs. [17,18], numerical models of
bridge-tunnel and bridge-subgrade transition zones are established to
study the influence of uneven stiffness on train-induced vibrations.
However, there are limited works on the coupled analysis of
train-track-bridge-pile-soil interaction. Generally, most research has
studied the vibration of piled foundations and wave propagation in the
surrounding soil. For example, Zhang et al. [19] establish a nonlinear
analysis model of pile-soil interaction considering frozen soil effects, to
study pier dynamic response under earthquakes. Further, Chen et al.
[20] proposed a simplified numerical modelling method for
soil-water-structure modelling, to analyze the dynamic response of piles
under near-field and far-field earthquake conditions.

Considering the aforementioned literature, pile-soil substructure is
rarely considered in the simulation of the train-induced vibrations.
However, the interaction forces from bridge piers are transmitted into
the piled foundations, and generate feedback to the TTBI system, which
influences the dynamic performance of the train and other components.
Li et al. [21] introduced the effect of pile-soil interaction into the TTBI,
where the FE method was used to simulate pile-soil coupling behavior
assuming a displacement continuity condition. In their work, the influ-
ence of bearing stiffness on ground vibration induced by trains moving
the bridge was studied, while in further research [22], a semi-analytical
approach was explored. Shan et al. [23] simulated the foundation soil as
a spring to simulate the pile-soil interaction in frozen soil areas. Liang
et al. [24] used a modified “P-Y curve method” and “load transfer hy-
perbola method” to study the nonlinear behavior of pile-soil interaction.
Romero et al. [25,26] established a three-dimensional FE model of a
single-span simply supported beam bridge considering the effects of pile
and soil, in which the soil was considered as a half-space. The resonant
characteristics of the bridge under different soil stiffness were investi-
gated. Shamsi M.G et al. [27] establish an advanced three-dimensional
(3D) continuum finite element under a moving train and then analyze
the critical speed for a particular soil-bridge condition.

Considering the state-of-the-art of the TTBI and soil-pile interaction
field, there remain some challenges.

(a) Superstructure model

Bridge

Track slab
Base plate
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(1) Non-coupled dynamic analysis of the system: Conventional
co-simulation approaches based on commercial software are
typically an uncoupled system. The interaction forces of the two
separated dynamic systems are not in equilibrium when using
substructure methods.

More accurate description of the pile-soil interaction: It is
common that the properties of the contact surface of the pile-soil
are simplified using a “common-node” approach. A more accu-
rate model should be established to depict the contact and slip-
page behaviors of the pile-soil contact surface.

(2)

To address these issues, a coupled train-track-bridge-pier-cap-pile-
soil interaction (TTBPCPSI) model is established to investigate the
coupled vibration properties of the TTBI system considering a soft soil
support. The basic dynamic model is established by introducing a fully
3D pile-soil interaction model into the TTBI model. The contact slippage
behaviors of the pile-soil contact surface are simulated using contact
elements. The following parts of the manuscript are organized as: Sec-
tion 2: the model for simulating train-track interaction and detailed
formulations for pile-soil interaction; Section 3: the pile-soil dynamic
model is validated by comparing it to results calculated using com-
mercial FE software; Section 4: two illustrative examples are used to
analyze the vibration behavior of the TTBPCPSI system.

2. Modeling of the TTBPCPSI system

In this section, the train-track-bridge dynamic model and the pile-
soil dynamic model are established using FEM.

2.1. Model configuration

As shown in Fig. 1, the approach consists of two sub-models, namely
the TTBI model (Fig. 1(a)) and the piled foundations model (Fig. 1(b)).
The train-track-bridge dynamic model consists of the high-speed train
model, the ballastless track model including rails, track slab, and base-
plate, and the bridge system. The train is modeled as a multi-rigid body
system, each vehicle is regarded as a multi-rigid-body system with 42
degrees of freedom (DOFs), including the bodies of one car body, two
bogie frames, and four wheelsets. Each rigid body has six degrees of
freedom: vertical-, lateral-, yaw-, pitch- and rolling-motions, as shown in
Fig. 3. In the flexible ballastless track and bridge models, the rail is
simulated using Euler beam elements, while the track slab and baseplate
and the bridge deck are simulated using Mindlin plate elements, as
shown in Fig. 2(a) and 4. The interaction between each component is
simulated using spring-dashpot elements via a multi-scale coupling
technique [28]. The coupling of the train and track is implemented using
a wheel-rail interaction model which accounts for the spatial contact
relationship between wheel and rail [29]. The mechanical parameters of
the train, track, and bridge system are listed in Appendix Tables 1, 2 and
3, respectively. The pile and surrounding soil are modeled using 8-node
solid elements, and their interfaces are modeled using Desai contact
elements [30,31] (Fig. 2(b)). The modeling of the train-track-bridge
model has been elaborated in previous works [32], meaning the
emphasis of this paper is placed on the modeling of pile-soil interaction

(b) Substructure model

Soil layer

Fig. 1. Overview of the TTBPCPSI system (a) superstructure model (b) substructure model.
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(a) Track-bridge model
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(b) Pile-soil model
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Fig. 2. Mathematical model (a) TTBI model (b) pile-soil model.
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Fig. 3. Representation of the vehicle model (a. side view; b. end view; c. top view; d. coordinate system).

model and the solution of the coupled models. Using MATLAB, codes
were developed to establish the model and solve it.

2.2. Coupling of the bridge-bearing system

In contrast to the more common method used in pier-cap surface and
cap-pile surface simulation, the interactions between the track slab-
filling layer, the filling layer-base plate, the base plate-bridge deck and
the bridge-pier are simulated by using springs and dampers, with the
parameters in Appendix Table 4. Taking the interaction between the pier
and bridge, as an example, as shown in Fig. 4. The bearing is simulated
as spring and damping. The location of the bearing is defined according
to the design of 32 m simple-supported beam bridge in China. In addi-
tion, it needs to transform the global coordinates into the local

coordinates of the element and then the coupled stiffness and damping
spring can be established based on the principle of energy variation,
given by:

{ Kbp = kbeaﬁngHberr [Nbp} ! [Nbp] (1)

Cbp = Cbean'ngHbr Wir [N bp] ' [N bp}
with
[Nbp] = [Nb(xvy) - NP(E’y)];
where N, and N, represent the shape function of bridge and pier
respectively; Hy and W, represent the length and width of bearing

respectively; X and y represent the end of the pier in element co-
ordinates; x and y represent the central point of bearing projected

Fig. 4. The schematic of bridge-pier interaction.
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vertically to the corresponding the position of bridge in element coor-
dinate; Kpearing and Cpeqring represent the stiffness and the damping of
bearing, respectively.

2.3. The coupling of the train and track system

The coupling of the train and track subsystems is modeled based on
the fundamental theory of vehicle-track coupled dynamics [29]. The
coupled wheel-rail interaction matrix consists of the normal non-linear
Hertzian contact force and the tangent creep force. The profiles of the
wheel and rail are considered, as shown in Fig. 5. More details about the
modeling approach are discussed in Ref. [33].

Based on the above, the train-track interaction model can be
formulated in matrix form:

o)1z 2 e
0 Myr| | Xr Crv Crr| | X7 Krv Krr| | Xr Fr
2)

where M, C and K denote the mass, damping, and stiffness matrices,
respectively; F denotes the loading vector; X, X, and X denote the ac-
celeration, velocity, and displacement vectors, respectively; the sub-
scripts “V” and “T” represent the track and train, respectively.

2.4. Modeling of the pile-soil interaction system

The pile foundation is represented using regular quadrilateral ele-
ments with symmetry nodes, as shown in Fig. 6. Firstly, the position of
the pile corresponding to the element on the X-Y plane is searched, and
then by removing the element stiffness of the soil at the corresponding
position of the pile, the overall stiffness matrix of the soil is formed.

The pile element and the corresponding soil element are connected
through a contact element to realize pile-soil coupling. The soil
boundary is treated using an artificial viscoelastic boundary [34] to
eliminate wave reflection, as shown in (Fig. 6(a)), where the equations
of the viscous damper and linear spring implemented at the boundary
can be written as follows:

G G
Kbt = atﬁvan = anﬁ (3)
Cor = pCs, Con = pcp

where K, and Ky, denote the tangential and normal stiffness of the
spring element respectively; C, and C,, denote the tangential and
damping stiffness of the spring element respectively; C, and C; are the
symbol of the P wave and S wave propagating in the soil respectively; p
is the medium mass. The cross-section of meshing layered soil is shown
in Fig. 7 and the pile-soil parameters are listed in Appendix Tables 5 and
6

Eight-node Desai thin-layer elements are used to simulate the contact
interface of the pile and soil, where the contact surface is divided into
the upper and lower planes along the normal direction (Fig. 6(b)). The

Soil Dynamics and Earthquake Engineering 184 (2024) 108844

thickness of the contact element is between 0.1 and 0.01 of the its
elemental length. The contact surface consists of the soil around the pile
with a small thickness, assuming the strain normal to the contact surface
is uniformly distributed along it. The element strain is expressed by the
relative displacement of the corresponding nodes (e.g., nodes 1 and 5)
on the upper and lower surfaces of the contact surface element. The
relative displacement is:

U
4 14!
ZNi(ui — Uita) wy
f)
Au 4 :
AU= AAv = ZNi(viva) =N " “4)
w i=1
4
V.
ZNi(Wi — Wits) °
f= Ws
with
N O O - N O O -+ —-Ny4 0 0
N=|0 N, O 0O N, O - 0 —N, 0
0O O N - 0 O Ny - 0 0 —N,4

(A +&EA +nm)

N;= 4

,i=1,2,3,4,

where the displacement parameters, u;, v;, and w; represent the
motions along the x-, y-, and z-axes respectively, as shown in Fig. 8. N;
denotes the shape functions with the local coordinate parameters “£”
and “n”.

The strain at any point on the contact surface element can be
expressed as the ratio of the normal and tangential relative displace-
ments to the thickness of the contact surface in the coordinate system.
Taking the contact element in Fig. 6(b) as an example, the corresponding
strain formula is calculated as:

Ty | 1A% 4
e=< g = Av 5 =-N8. 5)
Yys Aw

where the element strain matrix can be written as: B = 1N.
The normal isotropic relationship of the contact element, taken from
the Bandis hyperbolic model, is then given by:

k
kyy =—2°— O
(1+)
. E(l—p) .
with kyo = (1550

where ky,o denotes the initial normal stiffness of the contact surface;
E and u represent elastic modulus and Poisson’s ratio, respectively; v is
the normal relative deformation, and t is the thickness of the contact
surface.

Track irregularity

Fig. 5. Wheel-rail contact model.
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Fig. 7. Cross-section of layered soil.
The hyperbolic model [35] proposed by Clough was used to describe
the contact surface tangential nonlinear stress-strain relationship.

Assuming the terms in the contact surface are homogeneous, it can be
formed as:

_ 1 T — Ty
kxykxy()(l cosa(c—foyy)>

- 1 r— Ty
ks =kyao (1 ~cosa (c —fayy)>

with

)

®

Eu

Koo =heo =51 = 20)

where k0 and ko are the initial tangential stiffness; c is the cohe-
sion coefficient; f is the friction coefficient; @ represents the frictional
shear slip angle; r is the failure ratio. The asymptotic value of the hy-
perbola can be calculated by (c — fay,) /r, while the constitutive relation
of the three-dimensional Desai thin layer element can be expressed in
incremental form, given by:

ke 0 0 deyy,
do=Dde=| 0 k, O dey, 9
0 0 ky dey,

According to the principle of virtual work, the element stiffness
matrix can be obtained:

1 1
KezaT/ /BTDB\J\dxdy (10)

-1 -1

As discussed in Ref. [36], the application of the Desai thin layer
element and its solution in the FE model is summarized as.

(1) The force F is divided into n parts (nAF) and then applied step by
step;

(2) The stiffness matrices of the Desai elements are updated in the
global stiffness matrix;

(3) The displacement increment and stress increment in the current
step are calculated;

(4) According to Egs. 6-8, the tangent stiffness of each direction of
the pile-soil interface is obtained. Then the stiffness matrices of
the Desai elements can be updated in the current incremental
step;
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(5) The next load increment AF is applied and step (1) ~ (4) are
repeated until F is completely applied.

2.5. Solution of the TTBPCPSI model
The coupling of the TTBI system and the PCPSI system is imple-

mented considering equilibrium of bearing forces. The dynamic equa-
tions of motion of the TTBPCPSI system can be written as:

My O O 0 0 Xy
0 M O O O Xp
0 0 Mg O O Xy o+
0 0 0 Mp O Xp
0 0 0 0 Mgs]|X

Cw G O 0 0 Xy

Cv Crr G O 0 X7 (€8]
0O GCpr GCag Cp O Xp p + o
0 0 Cw G GCos||X
0 0 0 GCp Cs]lXs

Kw Kok O 0 07(Xy Fy
Krv Krr K O 0 X Fr
0 Kgr Kezg Kgp O Xg p=4¢ 0
0 0 Kp Kpp Kps Xp 0
0 0 0 Ko Ks]|Xs 0

where the subscripts “B”, “P”, and “S” denote the bridge, pier-cap-
pile, and soil, respectively.

The high DOF system is classified into two sub-systems: the train-
track-bridge subsystem and the pier-cap-pile-soil subsystem. The dy-
namic equation of motion of the TTBPCPSI system can then be rewritten

as:
Moo O Xo Coo O Xo
. . +
0 My Xy 0 Cuw] Xy
Koo O Xo| |Fo 12)
0 Kwl|Xv) |Fe
Fo _ KouXo CouXo
Fy KyoXuy CuoXy

where F denotes the force vector; X, X and X denote the acceleration,
velocity, and displacement vectors, respectively; the subscripts “O” and
“U” represent the superstructure and substructure respectively.

The multi-time-step method is then used to improve the solution
efficiency. The multi-time-step size is nAt, and the solution of super-
structure and substructure can be written as:

%% Xo Xo)=1(F, My Chy Koo Q5% Q%) (9

Qy=I(F;"™ My, Cy Ky Q™ Q™) For y=0;
. t-y+n t—y
Q=Q" +y=r——— Fory #0;
(14)
with

: tht)

Fgm A (Ki;mxi;m _ CBXU
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Fig. 8. Schematic of the Desai element.

F%—Ar _FtAr (Kg—mxto—m o CE)XZM)'

where Q} and Q}, represent the solution of the superstructure and
substructure at a given timestep respectively, while At denotes the time-
step size. I is the symbol of implicit integration and y represents the
interpolation multiple for the non-integration time points. More detailed
information about the multi-time-step method can be found in Refs. [37,
38].

3. Model validation

The TTBI model has been validated in previous work [39], meaning
the emphasis of this section is put on the validation of the piled foun-
dations model. As shown in Fig. 9, to validate the practicality and
effectiveness of the present piled foundations model, an equivalent FE
model is constructed using the commercial software, ABAQUS. A har-
monic load in the vertical direction with an amplitude of 10 kN and a
frequency of 20 Hz is applied to pile #5. Fig. 10 displays a comparison of
the responses calculated by the proposed model and the ABAQUS model,
where the displacements are recorded at pile #5, and the observation
position of ground is at the center of piles #4 and #5. It can be seen that
the responses calculated by the proposed model agree well with that of
the ABAQUS model, reflecting the effectiveness of the proposed
approach. Due to the coulomb friction contact model applied in ABA-
QUS, there is a significant difference in the extreme values of the
displacement curves for the pile and ground. The limitation of the fric-
tion contact model is that the influence of constitutive changes of two
objects on contact behavior is not considered. Thus the Desai contact
element is applied because it is closer to the physical situation. It can be
seen that a transient vibration exists in the time domain and under the
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soft soil condition, the special frequency of the transient vibration is
close to 1.2 Hz. This shows that the dynamic response of the pile-soil
interaction will be excited by low-frequency excitation, and its main
influence on the TTBI system will be in the low-frequency range.

4. Numerical studies

In this section, to demonstrate the coupled vibration properties of the
TTBI and the piled foundations in soft soil, two illustrative examples are
implemented. The first example compares the response of the TTBPCPSI
system and the TTBI system. The second example investigates the dy-
namic behavior of pile-soil interaction subject to different train speeds.
The soil-pile interaction system is located at piers #7 and #8.

4.1. Example 1: the comparison of the responses of TTBPCPSI and TTBI

In this subsection, the responses of the TTBPCPSI and TTBI models
are compared. They are solved using the Newmark-$ integral method
with a time step size At of 0.0001 s, while the multi-time step size nAt for
solving the PCPSI system is 0.0003 s. The excitation of the dynamic
system, i.e., the track irregularity, is converted using the Fourier trans-
form method applied to the Chinese HSR spectrum [40] (1-50 m
wavelength) and the Sato spectrum [41] (0.05-1 m wavelength). The
time history of the track irregularity is displayed in Fig. 11. The train
speed is 300 km per hour.

4.1.1. Response of the train system

Fig. 12 compares the vertical accelerations of the motor car body
calculated using both models. The discrepancy between accelerations is
amplified when the train passes over the girders due to the influence of
piled foundations. This difference can be observed in the time domain
due to the large displacement of the pile buried in the soft soil, shown by
the pile displacements in Fig. 13. The power spectrum density (PSD) can
give a better view of the influence of the pile-soil system, as shown in
Fig. 12(b). The PSDs are estimated using the Pwelch method with a
window 20 m in length. The natural frequencies of the car body vertical
motion and bogie vertical motion are 0.84 and 0.98 Hz, respectively. It
can be seen from the PSD curve that the car body vertical vibration in the
frequency band below 7 Hz is excited. On one hand, this frequency band
includes the two natural frequencies of the vehicle and the long wave-
length components of the track irregularity, while on the other hand, the
displacement of the pile provides additional low-frequency excitation
for the TTBI system (Fig. 13). The enlarged frequency band can be seen
in the PSD curve. The short-wavelength irregularity has a small effect on
the car body vibrations because the rigid vehicle is a low-frequency
system while the highest excited frequency is near 40 Hz. This specific

Fig. 9. Pile-soil interaction model established in ABAQUS.
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frequency is caused by the nonlinear Hertz contact spring [42].

The vertical wheel-rail force calculated by the two models is shown
in Fig. 14. It can be observed that the specific frequency of Hertz contact
stiffness is near 37 Hz. The track irregularities generated by the China’s
HSR spectrum and the Sato spectrum are discontinuous at 83.3Hz.
Therefore, an abrupt change of wheel-rail forces is observed at this
frequency. This special frequency can be calculated by

Q=V,/2 (15)

where V, = 300 km/h denotes the train speed, A = 1 m denotes the
boundary wavelength of the track irregularities generated by two types
of spectrums. It can be seen that the piled embedded in soft soil does not
affect the wheel-rail forces strongly. It is track irregularities that affects
the dynamic behavior of the wheel-rail interaction system rather than
the mechanics properties of the substructure. The similar conclusion can
be found in our previous works [43-45].

4.1.2. Response of the track-bridge system

The response of two observation points located in the mid-span of the
7th girder (above the pile-soil system in the TTBPCPSI model, denoted as
##1) and the mid-span of the 5th girder (denoted as ##2), are
compared. Fig. 15 shows the rail displacements recorded at the two
observation points. It can be seen that when the train passes through
##1, the large displacement of the pile is transferred to the rail, and the
rail displacements sharply increase. In contrast, the responses observed
at point ##2 have a reduced difference between each other, indicating
the piled foundations have limited influence on the other span. This can
be also seen in Fig. 15(b) because when the train is far away from point
##2, the displacement calculated by the TTBPCPSI model only shows a
minimal increase compared to that of the TTBI model.

As shown in Fig. 15(a), there are two points of particular interest: A1
and A2. A1 is the 1st wheelset of the vehicle passing onto the 7th girder
and A2 is the 4th wheelset of the last trailer passing over the 7th girder.
It can be seen that when the train leaves the 7th span, the rail
displacement does not immediately decrease, but instead slowly de-
creases and a small upward arch appears. This response is similar to the
displacement of the track-simply-supported beam bridge system, as
shown in Fig. 15(b) (120-250 m).

A simplified method to evaluate the effect of pile displacement on
mid-span displacement is the rigid displacement method, as shown in
Fig. 16. Assuming the girder is a rigid body, the mid-span displacement
can be approximated by:

. 22 Upi(t)

Uy (t) =~ % 16)
where ﬁg denotes the rigid displacement of the mid-span under the

pile displacement; N is the number of piles, and Up;(t) is the time history

of the i-th pile.

Fig. 17 displays the mid-span displacement of the two observation
points. It can be seen that the overall trend of the mid-span displacement
curve estimated by the rigid displacement method is close to that pre-
dicted by the TTBPCPSI model, and the difference between the two
curves reflects the influence of the train load. Fig. 17(a) shows the
displacement difference between the TTBPCPSI model and the rigid
model, and the results calculated using the TTBI model. It can be seen
that using the rigid displacement method to predict the mid-span
displacement gives a larger result than using the flexible model, which
also shows the importance of considering piled foundations in the TTBI
system. Fig. 17(b) shows the mid-span displacement has similar
behavior to the rail displacement.

4.1.3. Vibration transmission characteristics

To estimate the vibration transmission of the dynamic interaction
system, the power flow method is used. Power flow reflects the energy
transmission through the interaction of two structures, and is calculated
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as [46]:
T
p:% /O F(o)U(e)dt an

where P is the mean power in one period T; F and U represent the
interaction force and the velocity of the structure.

Using the Fourier transform, the power flow in the frequency domain
is estimated by:

LRe[FQU (@)

PO) =

(18)

where the superscript “*” is the conjugation operator.

Figs. 18 and 19 display the results of the power flow of the TTBPCPSI
and the TTBI systems for the track slab, base plate, and bridge. It can be
seen from the results that the energy transmitted to the structure in-
creases significantly at low-frequencies due to the influence of the pile-
soil substructure. Power flow can reach 1e6 J/s in the frequency band
0-1 Hz, while for the other 3 cases, the power flow is in the range
le3~1e4 J/s. It can also be seen from Figs. 13, 15, and 17 that the
dominant frequency of the pile vertical motion is close to 1.2 Hz, which

——TTBPCPSI model
——TTBI model

Car body acceleration (g)

100 150 200
Running mileage (m)

@

demonstrates that the energy at this frequency will increase.

4.2. Example 2: dynamic behavior of the pile-soil interaction system

In this subsection, three train speeds: 300, 350 km/h and 400 km/h,

are selected to study the influence of train speed on the dynamic
behavior of the pile-soil interaction system. The track irregularity
excitation is the same as in Example 1.

4.2.1. With respect to pile vibration
Figs. 20 and 21 display the vertical accelerations of piles #5 and

o
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Fig. 13. Vertical displacement of piles #5 and #14.
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Fig. 12. Comparison of car body vertical acceleration (a. time history; b. PSD curve).
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#14. It can be observed from the results that four special frequencies are
excited. The first frequency, Q,, is excited by the train axle loads. The
frequency range of Q, can be estimated by Ref. [47]:

e )

where Vi denotes the train speed; L, denotes the half-distance be-
tween the front and rear bogies; L, denotes the half-distance between
the front and rear wheelsets.

VT VT

7 1
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Fig. 17. Comparison of mid-span vertical displacement (a.

(b)

It can be seen from the results that the pile vibration induced by the
train load increases when the speed reaches 400 km/h, indicating the
effect of train speed on the HSR bridge should be considered during
design. The second frequency of interest is close to the specific frequency
induced by the Hertz contact stiffness, demonstrating the vibrations
produced by the wheel-rail impact can transfer to the pile. Therefore the
excitation of the wheel-rail interaction system from track irregularities is
a factor that should be considered when analyzing the vibration of pile-
soil interaction. The last two frequencies of interest, Q; and Q,, are close
to the first and second natural frequencies of the pile vertical vibration:
84.3 and 173.2 Hz. It can be seen that the vibration amplitudes at these
latter three frequencies are not at their maximum for the 400 km/h case.

The complex TTBPCPSI system shows uncertainty regarding corre-
lation with train speed, which can be found in the rail displacements
under the 1st wheelset of the locomotive and the 4th wheelset of the 2nd
trailer, as shown in Fig. 22. The rail displacements under the 1st
wheelset of the driving car are largest when the train speed is 250 km/h,
while the displacements under the 4th wheelset of the 2nd trailer are
largest when the train speed is 400 km/h. This demonstrates that the
under-rail structures are sensitive to the train speed, especially for the
pile displacement response, which has a time delay as shown in Fig. 23.
The time delay of the substructure displacement changes the contact
behavior of wheel-rail interaction, meaning different exciting wheel-rail
behavior influences the vibration characteristics of the substructure. The
analogous uncertainty of responses can also be found in the rotation
behavior of the side pile.

Moreover, the rotation of the piles is also an important index for
investigating their dynamic behavior. It reflects their lateral vibration

##2
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Fig. 18. Comparison of frequency-domain power flow at observation point ##1 (a. TTBPCPSI model; b. TTBI model).
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Fig. 19. Comparison of power flow at observation point ##2 (a. TTBPCPSI model; b. TTBI model).

subject to train excitation. In Fig. 24, the maximum rotations of the side
piles are displayed. The higher train speed does not produce greater pile
rotation, as shown for piles #2, 3, 8, and 9, at train speed 250-350 km/
h. This shows the relationship between the lateral vibration caused by
the train and the train speed is not linear. When the train speed reaches
400 km/h, pile rotation is at a maximum. The maximum rotation is
2.408 rad for pile #8 when the train speed is 400 km/h. Pile #2 and 8
have greater rotation values than the other piles, which indicates that
the lateral vibrations of the pile in the middle have a higher vibration
level.

4.2.2. With respect to the soil vibration

The observation line (as shown in Fig. 6) between the first and sec-
ond rows of piles is used to record the vibration time history of the soil.
The accelerations recorded from the observation line are shown in
Fig. 25. There are three stages that can be found in the acceleration

——250 km/h —300 km/h —350 km/h —— 400 km/h

Pile acceleration (m/sz)

Running mileage (m)

(a) (b)

contour: positive values (when the train enters the pile-soil area),
negative values (when the train runs in the pile-soil area), and positive
values (when the train completely runs off the pile-soil area). The
maximum amplitude of the acceleration along the observation line
shows a correlation with the train speed. For example, when the train
speed is 250 km/h, it can be seen that the acceleration is in the range of
0.08-0.08 m/s%, while it increases to —0.2~0.2 m/s? once the train
speed reaches 400 km/h.

Vibration acceleration level (VAL) is now used to study the ground
vibration (international Standard ISO2631) at three soil observation
points. The first and second points are 1 m away from piles #5 and #14,
and the third point is located in the center between the first and second
points. The VALs of the three observation points are displayed in Fig. 26.
It can be seen that there are two dominant frequency ranges: 4-10 Hz
and 25-40 Hz. The first frequency range is close to the special frequency
Q, induced by the train axle spacing, while the second dominant
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t Q

N V>\ Hertz stiffness 1
VAR

v

Frequency (Hz)

Fig. 20. Comparison of pile acceleration at observation point #5 (a. time history; b. PSD curve).
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Fig. 21. Comparison of pile acceleration at observation point #14 (a. time history; b. PSD curve).
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Fig. 23. Pile displacements subjected to the different train speeds (a. #5 pile; b. #14 pile).

frequency is close to the frequency of the Hertz contact stiffness, which is
amplified by the excitation due to track irregularities. The train speed is
also an important factor that influences the amplitude of VALs. When
the train speed reaches 400 km/h, the overall level of VALs is greater
than the other speed cases. Compared with the dominant frequency of
the Hertz contact stiffness, the short-wavelength track irregularity has
no obvious effect on the high-frequency vibration of the ground. The
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Fig. 24. Maximum pile rotation subjected to different train speeds.
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simulation results demonstrate that train speed and the wheel-rail
interaction are the most important factors that dominate vibration
generation.

5. Concluding remarks

In this study, a numerical model is developed to investigate the dy-
namic performance of TTBI considering piled foundations in soft soil. It
is formed from two sub-models: a TTBI sub-model and a PCPSI sub-
model. The two sub-models are coupled and solved through the equi-
librium of bearing forces. Track irregularities are considered as the
system excitation and Desai elements are used to simulate pile-soil
contact behavior. The pile-soil model is validated, and conclusions are
drawn from the numerical analysis.
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Fig. 25. Soil accelerations recorded from the observation line (a. 250 km/h; b. 300 km/h; c. 350 km/h; d. 400 km/h).
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Fig. 26. Comparison of VALs calculated at different locations (a. first point; b. second point; c. third point).

(1) The transient vibration of pile-soil interaction can be observed
under harmonic loads, in which the dominant frequency of the
pile-soil system is close to 1.2 Hz, affecting the low frequency
vibration of the TTBI system. Comparing the power flow of the
TTBPCPSI and the TTBI systems at low frequencies, the maximum
value of the power flow increases from 1e4 J/s to 1e6 J/s, and an
increase in the low-frequency vibration of the train, track and
bridge is also observed.

(2) Regarding wheel-rail forces, foundation type has no obvious ef-
fect on the simulation results. This shows that wheel-rail inter-
action is dominated by track irregularities rather than the
response of the piles embedded in soft soil. Thus, when studying
only the dynamic behavior of wheel-rail interaction, the sub-
structure can be simplified.

(3) The displacements of two adjacent piled foundations are time-
delayed due to the moving train, which makes it challenging to
study the influence of train speed on the dynamic system. How-
ever, for the system studied, the following was found: The rail
displacements observed at the point under the first driving car
wheelset decreased with increasing train speed. In contrast, it
grew with increasing train speed considering the fourth wheelset
of the trailer. For the pile and soil, higher train speeds resulted in
increased accelerations.

(4) In the presence of soft soils, vibrations at the piles’ dominant
frequencies were not transmitted into the surrounding soil - VALs
showed that the vibration at these frequencies was not excited.
Therefore, although soft soil has a vibration isolation effect on the

Appendix

Table 1
Vehicle parameters

high-frequency vibrations transmitted from the piles, its low
stiffness characteristics cause larger displacement and other
adverse effects.
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Parameters (Unit) Value
Car body mass (kg) 48000
Bogie mass (kg) 3200
Wheelset mass (kg) 2400
Mass moment of inertia of car body about X-axis (kg-m?) 115000
Mass moment of inertia of car body about Y-axis (kg-m?) 2300000
Mass moment of inertia of car body about Z-axis (kg-m?) 2300000
Mass moment of inertia of bogie about X-axis (kg-m?) 3200
Mass moment of inertia of bogie about Y-axis (kg-m?) 7200
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Table 1 (continued)
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Parameters (Unit)

Mass moment of inertia of bogie about Z-axis (kg-m?%)

Mass moment of inertia of wheelset about X-axis (kg‘mz)

Mass moment of inertia of wheelset about Y-axis (kg-mz)

Mass moment of inertia of wheelset about Z-axis (kg-mz)

Stiffness coefficient of primary suspension along X-axis (MN/m)
Stiffness coefficient of primary suspension along Y-axis (MN/m)
Stiffness coefficient of primary suspension along Z-axis (MN/m)
Stiffness coefficient of secondary suspension along X-axis (MN/m)
Stiffness coefficient of secondary suspension along Y-axis (MN/m)
Stiffness coefficient of secondary suspension along Z-axis (MN/m)
Damping coefficient of primary suspension along Z-axis (kN-s/m)
Damping coefficient of secondary suspension along Y-axis (kN-s/m)
Damping coefficient of secondary suspension along Z-axis (kN-s/m)
Semi-longitudinal distance between bogies (m)

Semi-longitudinal distance between wheelsets in bogie (m)

Wheel radius (m)

Table 2
Tack parameters

Parameters (Unit)

Elastic modulus of the rail (N/m?)

Torsional inertia of the rail (m4)

Rail second moment of area about the Y-axis (m4)
Rail second moment of area about the Z-axis (m*)
Rail torsional stiffness coefficient (N-m/rad)

Rail mass per unit length (kg/m)

Fastener spacing (m)

Track slab size (m-m-m)

Concrete grade for track slab

Longitudinal characteristics for slab

Filling layer thickness (m)

Elasticity modulus of filling layer (MPa)

Base plate size (m-m)

Concrete grade for track base plate

Table 3
Main parameters of the bridge

Parameters (Unit)

Elastic modulus (pa)

Poisson’s ratio

Density (kg /m®)

Area of mid-span (m?)

Area of beam-end (m?)

Inertia moment of the mid-span cross section about X axis (m*)
Inertia moment of the mid-span cross section about Y axis (m*
Inertia moment of the mid-span cross section about Z axis (m*)
Inertia moment of the beam-end cross section about X axis (m*)
Inertia moment of the beam-end cross section about Y axis (m*)
Inertia moment of the beam-end cross section about Z axis (m*)

Value
6800
1200
200
1200
9
3
1.04
0.24
0.24
0.4
45
3
98
7.85
1.25
0.46
Value
2.059 x 10!
3.741 x 107°
3.217 x 107°
5.24x 1076
1.958 x 10°
60.64
0.63
5.6 x 2.5x 0.21
C60
Unit
0.09
3.25 x 10*
31x03
C40
Value
3.55 x 10%°
0.2
2500
47.8128
69.2528
22.984
13.088
86.951
35.435
18.791
105.667

Table 4
Spring and damping parameters

Parameters (Unit) Value

Lateral stiffness of discrete spring reflecting property of fastener (N /m) 3.0 x 107
Vertical stiffness of discrete spring reflecting property of fastener (N /m) 5.0 x 107
Lateral damping coefficient of discrete damper reflecting property of fastener (N -s/m) 3.0 x 10*
Vertical damping coefficient of discrete damper reflecting property of fastener (N -s/m) 3.6 x 10*
Lateral stiffness of continuous spring reflecting property of CAM per unit length (N/m?) 1.5 x 10°
Vertical stiffness of continuous spring reflecting property of CAM per unit length (N/m?) 1.5 x 10°
Lateral damping coefficient of continuous damper reflecting property of CAM per unit length (N -s/m?) 8.3 x 10*
Vertical damping coefficient of continuous damper reflecting property of CAM per unit length (N -s/m?) 8.3 x 10*

(continued on next page)
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Table 4 (continued)
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Parameters (Unit) Value
Lateral spring stiffness reflecting property of foundation of pier (N /m) 6.0 x 108
Vertical spring stiffness reflecting property of foundation of pier (N /m) 6.0 x 10°
Lateral damping coefficient reflecting property of foundation of pier (N /m) 0
Lateral damping coefficient reflecting property of foundation of pier (N /m) 0
Table 5
Main parameters of the pile-soil interaction model
Item Surface soil Middle soil Subsoil pile
Elastic modulus (MPa) 4 x 10° 5 x 10° 6 x 10° 1 x 101
Gravity (kN/m?) 18 19 15 25
Poisson’s ratio 0.35 0.25 0.25 0.2
Friction angle 5 30 30 /
Cohesion (kPa) 20 15 10 /
Thickness (m) 2 4 16 12
Table 6

The size of the substructure

Item

Value

Radius of pier (m)
Cap size (m-m-m)
Pile size (m-m-m)

33~4
9x15x 2.5
5x 3x 12
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