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Pier settlement is unavoidable in the construction and operation of high-speed railways. This paper presents a work on the
influence of pier settlement on additional structural stress of longitudinal connected track (LCT). First of all, the generation
mechanism of additional structural stress of LCT caused by pier settlement is described in detail. On this basis, the deformation
of LCT caused by pier settlement is analytically deduced and a dynamic model of high-speed train-LCT-bridge coupled system
considering pier settlement is established based on the train-track-bridge dynamic interaction theory, adopting which the
additional structural stresses of LCT are discussed from static and dynamic perspectives. Results show that pier settlement has
a great influence on the stability of LCT. Additional tensile stresses of LCT appear at settlement pier location and two adjacent
pier locations. Tensile stresses on top surface of slab and on bottom surface of base should be paid attention to. The behaviors of
LCT at adjacent pier locations cannot be ignored in studying the influence of pier settlement on the system. To ensure the
stability of LCT and running performance of train, the control value of pier settlement is suggested to be 10.5mm from the
static and dynamic perspectives in practical engineering.

1. Introduction

Longitudinal connected track (LCT) is a kind of ballastless
track widely adopted in high-speed railways around the
world, such as the CRTS II slab track in China [1] and the
Bogl slab track in Germany [2]. Compared with other kinds
of track structures used in high-speed railways, LCT is a
special one because the slabs are connected in the longi-
tudinal direction. Additional structural stresses are easily
induced in the track structures subject to bridge deforma-
tion, especially pier settlement [3]. These settlement-induced
structural stresses may damage the concrete slab and base
and finally threaten the running safety of high-speed trains.
Hence special attention should be paid to LCT under pier
settlement to ensure the safe and reliable operation of high-
speed railway.

Mechanical behaviors of LCT are hot research topics in
recent years, and many beneficial conclusions have been
reached. For instance, Sun et al. [4] carried out a numerical
analysis of stress and deflection responses of the CRTS II track

system using SAP 2000. Wang et al. [5] established an integral
finite element model of jointless turnout (crossover)-track slab-
bridge-pier taking the LCPBT system on LeiDa Bridge and
researched the proper setting length of the rubplate in this
structure. Tarifa et al. [6] presented a full-scale experimental
work to investigate the development process of crack on
concrete slab, in which the sine load was used. Adopting a
nonlinear constitutive law at the interface, a 3D finite element
model was built by Zhu and Cai to investigate the interface
damage that occurred between the slab and CA mortar layer
under temperature and vehicle loads [7]. Powrie et al. [8]
presented results of finite element analyses carried out to in-
vestigate the stress changes experienced by an element of soil
beneath a ballasted railway track during train passage. In this
work, the effects of element location, the initial in situ stress state
of the soil, and the elastic parameters used to characterize its
behavior were investigated, and the modelling of the stress paths
in a cyclic hollow cylinder apparatus was also discussed. Chen
et al. analyzed track stresses and vehicle dynamic responses in
train-track-bridge system with pier settlement and determined
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the pier settlement safe value for high-speed railways with CRTS
II slab tracks [1, 9, 10]. Except these studies, Brenschede [11],
Esveld [12], and Yen and Lee [13] have also proposed valuable
models and conclusions. However, in these existing studies, the
additional structural stress of LCT caused by pier settlement
attracts few attentions, and the generation mechanism of ad-
ditional structural stress is not well revealed.

Aiming at this issue, this work presents a work on the
influence of pier settlement on structural stress of longitudinal
connected track in high-speed railways. Primarily, the gener-
ation mechanism of additional structural stress of LCT caused
by pier settlement is explained. On this basis, the deformation of
LCT caused by pier settlement is analytically deduced and a
dynamic model of high-speed train-LCT-bridge coupled system
considering pier settlement is established, adopting which the
additional structural stresses of LCT are discussed from static
and dynamic perspective. Finally, some interesting conclusions
are reached in Section 7.

2. Generation Mechanism of Additional
Structural Stress of LCT Caused by
Pier Settlement

LCT consists of several components, as shown in Figure 1. It
should be noted that the concrete base is not fixed with the
bridge. The base and deck can separate from each other
under foundation deformation because of the sliding layer,
whose elasticity is very weak.

Pier settlement directly causes vertical deformation of
track-bridge system, as seen in Figure 1. When pier set-
tlement occurs, the bridge moves downwards. Further the
track structure bends in vertical direction due to the self-
weight. Because of the longitudinally connected character-
istic of the slab and base, gaps appear between the base and
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the bridge beams, and additional stresses obviously occur in
the concrete structures.

Moreover, settlement appears below the #2 pier in
Figure 1, while the bottoms of the #1 and #3 piers are fixed.
Due to the longitudinal connected characteristic, gaps
mainly appear at the following locations, as well as the
additional structural stresses:

(a) The location above the settlement pier (#2 pier)

(b) The locations above the adjacent piers (#1 and #3
piers)

The bending deformation of LCT results in static ad-
ditional structural stresses. When trains are running
through, the dynamic structural stresses are aroused,
which greatly affect the stability of LCT because concrete
structures cannot withstand larger tensile forces and may
even damage LCT and threaten the running safety of
operating trains.

3. Static Model of LCT-Bridge
System considering Pier Settlement

The influences of pier settlement on LCT are investigated
from static and dynamic perspectives. On this basis, the
static model of the LCT-bridge system considering pier
settlement is established in this section, while the dy-
namic model of the train-LCT-bridge system is described
in the next section.

The rail is considered as free beam, as seen in Figure 2,
where F,; is fastener force and G, is self-weight.

Adopting the method of solving free beam in [10], the
rail deformation z, at fastener location can be given as
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where x,, ;is the coordinate of the jth fastener, M is half the
number of bridges, N is the number of fasteners on one
bridge, k;, is stiffness of fastener, E, is the elasticity modulus
of rail, I, is inertia of the cross section of rail, and I, is the
calculated length of rail.

Furthermore, the abovementioned expression can be
given in the matrix form:

where Z, is matrix of rail deformation at fastener location, F,
is matrix of fastener force, G, is matrix of self-weight effect,
and A and B are relationship matrices.

Similarly, the deformations of slab and base can be
written as
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where z; and z,, are deformations of slab and base at fastener
locations, ki is stiffness of filler layer, and k;, is stiffness of
contact spring between the base and deck.

Hence, the matrices of deformations of slab and base are
given by

Z,=C-(G,+F)-D-F,
{ (4)

Z,=G-(G,+F)-HF,
where C, D, G, and H are relationship matrices.
The Mth bridge deformation subject to pier settlement is
shown in Figure 3, where d is settlement value, x{ is the
coordinate on the beam, [, is the distance between beam-
end and bearing location, and I, is the distance between two

bearings.
The deformation of bridge z;, can be written as

M —_ .
Zb(xﬂ”) _ (s lbibl) d. (5)

Thus, the bridge deformation can also be described in the
following matrix form, where L is the relationship matrix:

Z,=L-d. (6)
Furthermore, the interlayer forces can be given by
F, =k, (Z - Z,),
E =k(Z,-Z,), (7)
E, =K,(Z, - Z,),

where K, is stiffness matrix of contact spring between base
and deck, whose element is ky;, which is expressed as
(seperated section),

0,
ky; = ‘[ (8)

ky, (contacted section).

On this basis, the deformations and interlayer forces of
LCT system can be finally given by
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Adopting (9), the deformations of the rail, the slab, and
the base can be calculated, as well as the fastener forces, the
filler layer forces, and the contact forces.

4. Dynamic Model of High-Speed Train-LCT-
Bridge System considering Pier Settlement

The dynamic model of high-speed train-LCT-bridge system
considering pier settlement is described in this section, as
shown in Figure 4. The train, the track, and the bridge are
regarded as an integrated dynamic system, in which the train
and the track are coupled by the wheel-rail interactive re-
lationship, and the track and the bridge are linked through
the track-bridge interaction.

4.1. Train Model. The train consists of a series of vehicles.
Each vehicle is modelled as a mass-spring-damper system
consisting of a car body, two bogie frames, four wheelsets,
and two-stage suspensions. Each vehicle has 10 DOFs, in-
cluding the vertical and pitch motions of the car body and
two bogie frames, and the vertical motion of each wheelset.
The dynamic equations for all the seven bodies are given as
follows.
Vertical motion of the car body:

Mch + 2Cszzc + ZKSZZC - CszZtl - KszZtl - CszZtZ - KszZtZ = Mcg' (10)
Pitch motion of the car body:
. 5 ) . .
]cﬁc + 2Cszlc/5£ + 2I<szchc + Cszchtl + Kszchtl - CszchtZ - KszchtZ =0. (11)
Vertical motion of the front frame:
Mtztl +(2sz + Csz)Ztl +(2sz + Ksz)Ztl - CSZZC - Kszzc - szZwl - szzwz - szzwl - szZwZ + Cszchc + Kszlcﬁc = Mtg

(12)
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FIGURE 3: Bridge deformation.
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FIGURE 4: Dynamic model of the high-speed train-LCT-bridge system.

Pitch motion of the front frame:

]tBtl + chzlfﬁtl + 2szlt2ﬁt1 + szltZwl + szltzwl - szltZwZ - szltZwZ =0.

Vertical motion of the rear frame: Pitch motion of the rear frame:
M, Zy, +(2C,, + Cy,)Zy +(2K,, + K, ) Z1, = Ci. Z

szc

~KyZ.~CpZyy = CpoZyy K, Zyyy — K, . Z

pz- w4 pz-w3 pz- w4

+ Cszlc[gc + Kszlcﬂc = Mtg'
(14)

.. . ) . .
]tﬁtZ + Zcpzltﬁﬂ + 2szltﬁt2 + szltZwS + szltZwS - szltZw4 - szltZw4 =0.
Vertical motion of 1st wheelset:

M,Z, + szZwl + K2y — szZtl —Kp.Zyy + CpliPy + Kyl Py + 2 (8) = Mg = Foy (0).
Vertical motion of 2nd wheelset:

MyZ, + szsz +Kp.Zy, - szZtl —Kp.Zy = Cplify = Kyl + 29, (8) = Mg = Fp ().

(13)

(15)

(16)

(17)



Vertical motion of 3rd wheelset:

M, 7

ww3

+ szZw3 + sz

Vertical motion of 4th wheelset:

M,z

w- w4

where Z and f3 are the vertical displacement and pitch angle; M,
C, and K represent mass, damping, and stiffness of each body,
respectively; ] is the moment of inertia; subscripts “c,” “¢,” and
“w” denote car body, frame, and wheelset, respectively; C,,, and
Cs. are the damping of the primary suspension and the sec-
ondary suspension; K, and K are the stiffness of the primary
suspension and the secondary suspension. I, is the wheelbase,
and /. is the length between bogie centers.

4.2. LCT Model. LCT consists of several parts, namely, rail,
fastener, slab, CA mortar, base, and sliding layer, as seen in
Figure 1. It should be noted that, as a plane model, the left
and right rails are combined into one beam, and the applied
wheel-rail forces are the superposition of the left wheel-rail
force and the right wheel-rail force.

The vibration equation of rail is written as

Z, (x,t) PZ(xt) U
ErIr ox? T o = _;Ffi(t)a(x_xi)
4
+ 2 p8(x = %)
=1
(20)
in which
Fy; (1) = kf [Zr (xi> t) - Zs (xi> t)] + ¢ [Zr (xi’ t) - Zs (xi’ t)]’
(21)

where E,I, is the stiffness of the rail; Z, (x, f) is the dynamic
rail displacement; Z (x, t) is the slab displacement; Fy; is the
ith fastener force; Ny is the number of fasteners; p; is the jth
wheel-rail force; x; is the location of the ith fastener; x,,; is the
location of the jth wheelset; k¢ and ¢f are the stiffness and
damping of each group of fasteners.
The vibration mode function of simply supported beam
is given as
2 . knx
sin ——,

m.l )

T

Z(x) = (22)

where m, is the mass of rail per unit length and [ is the
calculated length of rail.
Thus, the solution for (20) is

Zw3 - szth - szth

+ szZw4 + szZw4 - szZtZ - szZtZ
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+ szlt/:;tZ + szltﬁtZ +2p5(t) = Mg = Fo3 (£). (18)
- szltﬁtz - szltﬁtz +2p, (t) = Mg = Fo, (0), (19)
NM
Zowh = Y Z(0q (1) (23)

k=1

where g (t) is the generalized coordinate and NM is the
number of mode shapes.
Hence, (20) can be finally written as

L N B (kn)*
G () + ) e Zi () h; Zy (x:)d (£) + " <Tﬂ> i (1)

i=1

N NM N .
+ z keZy (x;) hzl Zy (x;)qn (1) = ;szk (x:)Z, (x;t)

i=1

N 4
=Y ki Zy (%) Z, (xpt) = Y p;(DZ(x,;), k=1~NM.
i=1 j=1
(24)

Employing the modelling method of rail from static and
dynamic perspectives, the mechanical equations of concrete
slab and base can also be deduced, which are not described
repeatedly in this present work.

Moreover, the interaction forces between different layers
are expressed by

Fgi = ke[ Z, (x;) = Z, ()],
Fsi = ks[[zs (xi) - Zp (xi)]’
Fpi = kp [Zp (xi) - Zb (xi)]’

where F;, F, and F,, are fastener force, force of CA mortar
spring, and contact force between the track and bridge,
respectively; k¢, kg, and k, are the stiffness of fastener, the
stiffness of mortar spring, and the stiffness of contact force
between track and bridge, respectively. Z,, Z, Z,,, and Zy, are
displacements of rail, slab, base, and bridge, respectively.

Furthermore, the dynamic moments of slab and base can
be expressed by [14]

(25)

MBI *Z (x,t)
s T HsTs Ox2 >
(26)
*Z, (x,t)
_ p
M, = Byl,— 2,

where M, and M,, are dynamic moments of slab and base.
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Hence, the dynamic stresses of slab and base are cal-
culated by

Ms

O'S = W’
(27)

M

(g :_P.

p Wp

4.3. Bridge Model. Bridge is modelled by the finite element
method in this work [15, 16], the dynamic equation of which
can be integrated as

Mbjéb + Cbxb + Kbxb = Fb’ (28)

where M,/Cp/K;, are mass/damping/stiffness matrices of
bridge and F, is the load vector acting on bridge.

4.4. Wheel-Rail Interaction. The wheel-rail interface con-
nects the vehicle and track subsystems as described by the
Hertz nonlinear elastic theory. Therefore, the wheel-rail
force is determined by [17-19]

p(t) = [é SZ(t)]m, (29)

where G is the contact constant of wheel and rail and 6Z (1) is
the elastic compression deformation, which is written as

SZ(t) = Z,, (t) — Z,(t) — Z, (1), (30)

where Z,, (t), Z. (t), and Z, (t) represent the wheel dis-
placement, the rail displacement, and the rail random ir-
regularity at the same position, respectively.

4.5. Rail Random Irregularity. In order to calculate the
dynamic responses of train running on China’s high-speed
railways more accurately, the average spectrum of China’s
high-speed railway ballastless track irregularity is adopted as
the rail random irregularity, which is expressed as

A
S =—,
(=5

where the unit of S (f) is mm*/(1/m); fis spatial frequency (1/
m); and A and #» are fitting coefficients.

(31)

5. Investigation of Additional Structural
Stress of LCT from Static Perspective

According to the mechanics of materials, the maximum
structural stresses of slab and base appear on the top surfaces
and bottom surfaces because the cross sections of track
components are rectangular. Hence, in the following cal-
culations, the additional structural stresses of slab and base
on top/bottom surfaces are emphasized. The parameters of
LCT are given in Table 1.

The influence of pier settlement on the additional
structural stress of LCT from static perspective is described
in this section. Figure 5 displays the stresses on the top and

7
TaBLE 1: Parameters of LCT.
Item Value Unit
Fastener spacing 0.65 m
Stiffness of the fastener (static/dynamic) 30/60 MN/m
Damping of the fastener 30 kN-s/m

Cross section of the slab 2.55%0.2 m
Elasticity modulus of the slab 3.6x 10 MPa
Cross section of the CA mortar 2.55x0.03 m
Elasticity modulus of the CA mortar 7500 MPa
Cross section of the base 2.95%0.19 m

Elasticity modulus of the base 3.3x10* MPa

bottom surfaces of slab and base subject to the pier settle-
ment of 3 mm.

As seen from Figure 5, the slab and base obviously
deform in vertical direction subject to pier settlement. The
additional structural stress on the top surface of slab is the
largest, which is about 600 kPa, while the stress on the top
surface of base is the smallest, which is about 200 kPa. As for
concrete slab, the additional stress on top surface is larger
than that on bottom surface, while on the contrary, the
additional stress on top surface is smaller than that on
bottom surface for the concrete base.

Moreover, the results clearly present three peaks in each
figure, that is, the settlement pier location and the adjacent pier
locations. Though the deformation of LCT at the settlement pier
location is much larger than the upward movement at the
adjacent pier locations, the structural stresses at these locations
are almost the same. As for the stress on the bottom surface of
base, the additional stresses at adjacent pier locations are even
larger than those at settlement pier location.

On the top surfaces of slab and base, tensile stresses
appear at the adjacent pier locations and compressive
stresses appear at settlement pier location. On the contrary,
tensile stresses appear at the settlement pier location and
compressive stresses appear at the adjacent pier locations.
Because concrete structures cannot withstand larger tensile
forces, the following analyses mainly focus on the additional
tensile stresses of LCT.

Further, the spatial distribution of additional stress on
the top surface of slab is illustrated in Figure 6. As seen from
the result, structural stresses on the top surface of slab appear
at three pier locations, including the settlement pier location
and the adjacent pier locations. Another interesting phe-
nomenon is that the additional stress changes slightly along
the lateral direction, as well as the stresses on the bottom
surface of slab and on the top/bottom surfaces of base.

Subject to different pier settlement values, the addi-
tional tensile stresses at different locations are displayed in
Figure 7. As seen from the results, additional tensile stresses
at different locations increase with the increment of pier
settlement value. The stress on top surface of slab is the
largest. With the settlement changes from 1 mm to 5mm,
the tensile stress on the top surface of slab changes from
318.1kPa to 854.4kPa, the growth rate of which reaches
169%, while the growth rate of tensile stress on the bottom
surface of base even reaches 288%. This indicates that the
pier settlement indeed greatly affects the stability of LCT.
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FIGURE 6: Spatial distribution of static additional stress on the top surface of slab.

According to “Code for Design of Concrete Structures
(GB50010-2010),” the tensile strengths of concrete slab and base
are 1.96 MPa and 1.71 MPa, respectively. The calculated tensile
stresses of slab and base with settlement of 5 mm are 0.85 MPa
and 0.57 MPa, respectively, indicating that the safe margins of
concrete slab and base are enough subject to pier settlement.

However, according to the tested data on Beijing-Tianjin
high-speed railway, the uneven pier settlement difference
between adjacent two piers reaches 20 mm [14], which has
exceeded the limit value in relevant codes. To determine the
stability of LCT with larger settlement values, a further
evaluation is performed.

Fitting expressions of maximum tensile stresses of slab
and base are calculated according to Figure 6, as written by

{ Ogap = 134.13d +202.79, R? =0.9933,

(32)
Opae = 90.013d +16.907, R? = 0.9928,

where 0,p, and oy, are tensile stresses on the top surface of slab
and on the bottom surface of base (unit: kPa); d is the settlement

value. As seen from the expressions, the fitting coefficients are
both larger than 0.99, indicating that the tensile stress and the
pier settlement have a good linear relationship.

With the increase of pier settlement, the tensile stresses
of base and slab also increase. When the stresses exceed the
tensile strengths of concrete slab and base (1.96 MPa and
1.71 MPa), the critical pier settlement values are calculated to
be 13.1 mm and 18.8 mm employing equation (18). Hence,
the pier settlement should be less than 13.1 mm to ensure the
stability of LCT from the static perspective.

6. Investigation of Additional Structural
Stress of LCT from Dynamic Perspective

The dynamic additional tensile stress of LCT subject to pier
settlement and running train is investigated in this part. In
the calculations, the parameters of train can be found in
Table 2, and the running speeds are set to 250 km/h, 300 km/
h, and 350 km/h.
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Ficure 7: Additional static tensile stress at different locations subject to pier settlement: (a) slab and (b) base.
TaBLE 2: Parameters of the train.
Item Value Unit
Distance between bogie centers 17.5 m
Bogie wheelbase 2.5 m
Wheel rolling circle diameter 0.86 m
Car body mass 33.766 t
Bogie frame mass 2400 kg
Wheelset mass 1850 kg
Inertia moment of car body 1654.5 t-m?
Inertia moment of bogie frame 1314 kg-m®
Inertia moment of wheelset 123 kg-m?
Primary suspension stiffness 1.176 MN/m
Secondary suspension stiffness 0.26 MN/m

Figure 8 illustrates the spatial distribution of additional
structural stress along the lateral direction subject to the
combined effect of pier settlement and running train. The
figure is divided into three areas according to the distance
from center line of track: (a) Area I covers the range from
center line of track to rail; (b) Area II covers the range from
rail to the slab-edge; and (c) Area III covers the range from
slab-edge to base-edge. For structural stresses on surfaces of
slab, the longer the distance from center line of track is, the
larger the stresses in Area I are, and the smaller the stresses
in Area II are. The maximum stress appears at the rail lo-
cation where the train load is applied. As for the additional
stress of base, the stresses increase slightly with the incre-
ment of distance from track center line in Area I and AreaII.
Meanwhile, in Area III, the stress on the top surface of base
decreases and that on the bottom surface increases due to the
friction effect between base and deck.

Figure 9 shows the dynamic additional tensile stresses at
different locations when train is running through. As seen
from the figure, the tensile stress on the top surface of slab is
the largest, while the growth rate of stress on the top surface
of base is the largest, which reaches 286.4%. Compared to the

structural stresses induced by pier settlement, the tensile
stresses caused by running train are nonnegligible. When the
train is running through the adjacent pier, the tensile stresses
of slab and base are larger than those when the train is
running through the settlement pier. This also indicates that
the slightly upward movement of LCT at adjacent pier lo-
cation has a great influence on the stability of LCT subject to
the combined effects of pier settlement and running train.

Furthermore, the dynamic tensile stresses caused by
running train at different speeds are displayed in Figure 10,
where the fitting expressions of tensile stresses on top surface
of slab and on bottom surface of base are given. As clearly
seen from the results, the tensile stresses of LCT increase
approximately linearly with the increment of pier settlement
value. The calculated tensile stresses of slab and base with
settlement of 5 mm are 1.23 MPa and 0.83 MPa, respectively.
Compared to the tensile strengths of slab and base, the safe
margins of concrete slab and base are enough subject to
running train and pier settlement.

Also, the evaluation of stability of LCT with larger pier
settlement is performed, as seen in Figure 10. The larger the
settlement value is, the larger the stresses are. Meanwhile,
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with the increase of running speed, the stresses increase
slightly. Based on the fitting expressions in Figure 10, the
critical pier settlement is determined to be 10.5mm from
dynamic perspective. Hence, to ensure the stability of LCT
and running performance of train, the pier settlement is
suggested to be less than 10.5mm from the static and dy-
namic perspectives in practical engineering.

7. Conclusions

This work has investigated the influence of pier settlement
on additional structural stress of longitudinal connected
track. First, the generation mechanism of additional
structural stress of LCT caused by pier settlement has been
described in detail. On this basis, the deformation of LCT
caused by pier settlement is analytically deduced and a
dynamic model of high-speed train-LCT-bridge coupled
system considering pier settlement has been established
based on the train-track-bridge dynamic interaction theory,
adopting which the additional structural stresses of LCT
have been discussed from static and dynamic perspective.
Some important conclusions are reached as follows:

(1) Pier settlement has a great influence on the stability
of longitudinal connected track.

(2) Additional tensile stresses appear at three locations,
that is, settlement pier location and two adjacent pier
locations. Tensile stresses on top surface of slab and
on bottom surface of base should be paid attention
to.

(3) The downward deformation of LCT at the settlement
pier location is much larger than the upward
movement at the adjacent pier locations; however,
the structural stresses at these locations are almost
the same. This indicates that the behaviors of track

structures at adjacent pier locations cannot be ig-
nored in studying the influence of pier settlement on
the system.

(4) To ensure the stability of LCT and running perfor-
mance of train, the pier settlement is suggested to be
less than 10.5mm from the static and dynamic
perspectives in practical engineering.
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