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ABSTRACT The high-speed railway track-bridge system (HSRTBS) is susceptible to damage under the effects of
earthquakes, thus threatening the safety of running trains. To improve the seismic performance of HSRTBS and reduce
damage to the system, a replaceable X-shaped Energy Dissipating Steel Damper (X-EDSD) is proposed, which contains
the energy-dissipating component (EDC) to dissipate the earthquake energy. Cyclic tests were performed to obtain the
hysteretic performance of the EDC and X-EDSD, and a test-validated numerical model was developed to conduct
parametric analyses. The X-EDSD was simplified as a nonlinear spring element with hysteretic parameters and modeled
into the numerical model of the HSRTBS for seismic dynamic analyses. The peak displacements of girder and rail
decreased by approximately 48.1% and 47.7%, respectively. The peak deflections of the fasteners, cement asphalt mortar
layer and sliding layer were reduced by 70.4%, 70.8%, and 86.1%, respectively. A comprehensive consideration of the
system response control-economic cost ratio coefficient R, is proposed, and the optimal thickness of 14.94 mm is
obtained by applying cubic term coefficient fitting according to 5 groups of steel plate thickness data for the specific case
study in this paper. The method can be used for cost-informed X-EDSD-selection for seismic mitigation of HSRTBS.

KEYWORDS X-shaped energy dissipating steel damper, quasi-static test, high-speed railway track-bridge system, system
response control-economic cost ratio coefficient

1 Introduction In view of the good damping performance of bridge

isolation technology, scholars in various countries have

China has a large proportion of bridges on high-speed
railways because of its vast area and complex terrain [1].
Owing to the more active seismic activity in the West and
the increasing number of high-speed railways heading to
the West, bridges are at greater risk of seismic hazards
[2-5]. Studies have shown that fixed bearing and track
structures are vulnerable to damage [6]. Damage to the
bearings can trigger overturning of the girder, and
damage to the track structure can affect the safety of the
train. Numerous studies have shown that vibration
damping and isolation are the main and more recognized
means of earthquake resistance.
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developed a variety of seismic isolation devices and
conducted theoretical and experimental research on them
[7,8]. Li etal. [7] proposed a curved steel tube damper
which has Dbetter energy dissipation performance
compared to steel tube dampers under the same
conditions. Li etal. [8] proposed a simplified design
method for nonlinear viscous damper parameters, which
provided useful reference for long-span cable-stayed
bridges. Wei et al. [9] utilized the Equal Strength Mild
Steel Tunnel in a large span arch bridge, which can
effectively control the displacement of the bridge.
However, seismic isolation devices can cause large
relative displacements, which threaten the track structure,
rails, and even running trains.
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To balance structural safety and track and rail
deformation, an energy-dissipating damper is a better
idea. More studies on X-shaped dampers have shown
good energy dissipation. Karvanchi and Shekastehband
[10] proposed X-type constraints, which were found to
have very stable hysteretic responses and excellent
energy dissipation. Liu etal. [11] proposed a stacked
reinforced concrete shear wall with X-plate bracing, the
addition of which had little effect on the stiffness
degradation before yielding. Cao etal. [12] proposed a
new type of buckling-restrained steel plate shear wall,
and reported that the X-type restraining device can
effectively inhibit the shear buckling of the infill steel
plate and improve the seismic energy dissipation capacity
of the shear wall. Ding and Zhao [13] proposed a pair of
new X-shaped buckling restraint braces and reported that
the samples were highly ductile and energy dissipative
and eventually failed due to tensile fracture of the plate
support. However, none of the above devices are used in
high-speed railway bridges and are not easy to replace.

To summarize, this paper proposes a replaceable X-
shaped Energy Dissipating Steel Damper (X-EDSD) on
the basis of the replaceable energy dissipating damper
device that has already been studied by the group [14,15].
The X-shaped steel plate has a good energy dissipation
effect and the existing frame of the energy dissipation and
vibration damping device can be quickly replaced
[14,15]. A low cyclic test of the energy-dissipating
component (EDC) in X-EDSD was conducted, and finite
element models of X-EDSD for five different thicknesses
of X-shaped steel plates were developed. The effect of X-
EDSD imported into high-speed railway track-bridge
system (HSRTBS) for controlling the response of the
main components is analyzed. To select the optimal
thickness X-shaped steel plate, a comprehensive
consideration of the system response control-economic
cost ratio (SRC-ECR) coefficient R, is proposed.

2 X-shaped Energy Dissipating Steel
Damper

2.1 Configuration of X-shaped Energy Dissipating Steel
Damper

The structural configuration of X-EDSD is shown in
Fig. 1. The X-EDSD consists of an integral frame and 12
internal EDCs, with 6 EDCs on each side placed in
parallel perpendicular to the inner and lateral steel tubes.
The overall frame consists of an upper plate, a lower
plate, a lateral steel tube and a middle steel tube. Bolts are
used for connecting the EDC to the middle steel tube and
lateral steel tubes of the overall frame. When an
earthquake acts on the X-EDSD, the middle steel tube
and lateral steel tubes undergo displacement
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Fig.1 X-EDSD structure construction diagram.

misalignment, which tends to deform the EDC connected
to it for energy dissipation. Since the upper plate and
lower plate of X-EDSD are connected to the girder and
pier, respectively, through pre-embedded bolt holes, X-
EDSD can be easily replaced after damage, which is
conducive to rapid post-earthquake repair of high-speed
railway bridges.

To study the seismic response analysis of the optimum
thickness damper for HSRTBS under SRC-ECR analysis,
the thickness of the X-shaped steel plate is varied. EDCs
can be in the form of bending or shear energy dissipation
dampers [16—18]. In this work, an X-shaped steel plate is
used as the main component of the EDC, and a specific
sample is shown in Fig. 2. The EDC consists of three X-
shaped steel plates, which are perpendicular and welded
to the two connection plates. The external forces acting
on the EDC cause a displacement difference between the
two plates in the longitudinal direction. The internal X-
shaped steel plate undergoes bending and deformation for
energy dissipation.

X-shaped plate

\ Bolt hole
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Fig. 2 EDC construction diagram.

The X-EDSD is a combination of 12 identical EDCs
and is distributed on both sides of the middle steel tube,
with three placed on each level. The X-EDSD is
constructed of Q345 material and is shaped as a box with
high stiffness, and the stiffness of the X-EDSD is fully
sufficient. In addition, high-strength bolts were used to
connect the X-EDSD to the EDCs, and the difference in
deformation among all the EDCs is not significant and is
considered to be consistent. In summary, the EDC is the
main EDC in X-EDSD, and its hysteresis curve can
reflect the hysteresis curve of X-EDSD.
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2.2 Cyclic tests of energy-dissipating component

A low-cycle reciprocating test was conducted to obtain
the hysteresis curve of the EDC. Figure 3 shows the
dimensions and construction of the test specimen. The
thickness of the X-shaped steel plate, the thickness and
spacing of the connection plate, and the diameter of the
screw connection holes are the most important
parameters. Considering the symmetric arrangement of
loading, the specimen force is more uniform. Therefore,
the EDC is taken to be placed on the left and one on the
right in the experimental setup, as shown in Fig. 3(d). The
X-shaped steel plate is made of Q235 steel, and the rest
are made of Q345 steel. As shown in Fig. 4, material
properties tests were conducted on Q235 and Q345 steels.
M-14 is Q235 steel and M-16 is Q345 steel. The material
performance parameters are shown in Table 1.

The experimental specimens were subjected to a low
cycle test via the MTS322 testing machine of Central
South University. The specimen is placed as shown in
Fig. 5(a). Figure 6 shows the loading method of test. The
loading direction is vertical. Three sets of displacement
amplitudes were classified on the basis of three different
loading rates. The amplitudes were 0.25, 0.5, and 0.75 mm
for a loading rate of 0.025 mm/s in the first stage. The
amplitudes were taken as 2, 4, 6, and 8 mm for a loading
rate of 0.1 mm/s in the second stage. The amplitudes were
taken as 10, 15, 20, 25, and 30 mm for the third stage
loading rate of 0.5 mm/s. Each level of amplitude was
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loaded twice.

The condition of the specimen after loading is shown in
Fig. 5(b). When the loading rate and amplitude increase,
the X-shaped steel plate bends seriously. In the final stage
of loading, the X-shaped steel plate undergoes plastic
deformation. Its damage clearly occurred at the welded
joints, where cracking characterized the damage of the
specimen.

The hysteresis curve can reflect the plastic deformation
capacity of the structure and the energy dissipation
ability. Figure 7(a) shows the hysteresis curve of the
specimen. When the X-shaped steel plate inside the
specimen bends and destructive fracture occurs at the
weld seam, the load-carrying capacity decreases, and the
strength decreases. The hysteresis curve of the surface
specimen is more symmetric, which reflects that the
specimen processing and testing process is more delicate
and that the data are more reliable. The hysteresis curve is
a relatively close image, indicating that the specimen has
a good energy dissipation ability.

The skeleton curve of the test specimen can be obtained
by connecting the peak force-displacement taken at each
cycle, as shown in Fig. 7(b). An analysis of the skeleton
curve, reveals that when the displacement is 1.99 mm, the
specimen yields, and the yield force is 110.48 kN. When
the displacement reaches 29.96 mm, the specimen is
damaged and the ultimate bearing capacity is 275.61 kN.

The cumulative energy dissipated by the specimen
during the test can be obtained by calculating the area
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Fig.3 Constructing style charts (unit: mm): (a) front view; (b) side view; (c) 1-1 cross-section; (d) configuration of specimen.
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Fig. 4 Damage of steel material.

Table 1 Mechanical properties of steel material

Specimen Elastic Yield Ultimate Ultimate
modulus, strength, strength, displacement,
E (GPa) o, (MPa) o, (MPa) D (mm)
M-14-1 191.3 408.6 538.0 30.6
M-14-2 180.6 408.5 539.0 314
M-14-3 185.6 404.4 533.4 29.2
M-16-1 171.0 412.7 578.7 27.1
M-16-2 176.8 402.5 569.3 27.5
M-16-3 180.3 403.5 581.9 27.5

enclosed by the hysteresis curve, as illustrated in Fig.
8(a). Equivalent viscous damping ratios can be used to
assess the effectiveness of the specimen in dissipating
energy. The more effective the energy dissipation, the
larger the corresponding coefficient. J, takes values
ranging from 0 to 1. {, can be calculated via the
following formula (JGJ101-96. 1996):

_ 1 S(CED+CFD)
211 S(OAE+OBE)

L (M

The areas represented by S cgpicrp) and Soag-opr) are
shown in Fig. 9. Scpp.cpp) 18 the area enclosed by the
ellipse region and S zg.opr) 18 the area enclosed by the
triangle region.

Figure 8(b) shows the variation in ¢, with respect to
the displacement of the specimen. The specimen clearly
that the specimen exhibits elastic properties when the
displacement is small. The displacement is large and the

Load

(a)
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specimen experiences significant plastic deformation and
exhibits nonlinear properties. This indicates an increase in
the energy dissipation ability of the specimen. The data
show that the maximum £, is 0.402. It is slightly larger
than 0.39 which is the viscous damping ratio of the
casting multi-plate damper suggested by Chen et al. [19],
which indicates that the specimen in this paper has a
greater plastic deformation capacity and energy dissipa-
tion performance.

3 Numerical analysis and hysteretic
parameters of X-shaped energy
dissipatingsteel dampers

3.1 Model validation of the energy-dissipating component

As shown in Fig. 10(a), the finite element model of the
EDC in Abaqus is demonstrated along with the loading
boundary conditions and loading method. The middle
plate and outer frame are modeled as elastic-plastic
materials. The modulus of elasticity of the material is 206
GPa and yield at 345 MPa. The middle X-shaped steel
plate was modeled using Chaboche material [20]. The
modulus of elasticity is 206 GPa and the material yields
at 235 MPa. The welded and bolted joints are simulated
by the tie constraint [21]. Therefore, the tie constraint is
used for the constrained simulation of X-shaped steel
plate, middle plate and outer frame.

Figure 10(b) shows the stress distribution of the
specimen, and it shows that the EDC deformation
characteristics are more in line with the test deformation
for the bending X-shaped steel plate. The highest stresses
occur near the outer frame and near the middle plate. The
largest test bend is also here, and the surface finite
element simulation is more consistent with the test.

The important mechanical parameters of the test and
finite element analysis are given in Table 2. The yield
displacement (D,), yield force (F,), initial stiffness (E),
ultimate displacement (D,), ultimate force (F,) and

Failure of welded joints

Bending deformantion

(b)

Fig.5 Comparison before and after loading: (a) test setup; (b) failure pattern.



Liqiang JIANG et al. Dampers for seismic response

Loading rate = 0.025 mnv/s

Lo

Loading rate = 0.1 mnvs

Displacement (mm)
S

Loading rate = 0.5 mnvs

200 300
Time (s)

0 100 400

Fig. 6 Loading scheme.

300

200 |

100 |

(=)
T

Force (kN)

—100

—200

-300

-10 0 10 20 30
Displacement (mm)
(a)
300

200 |

100 |

(=]

Force (kN)

—100 |

—200

-300

=30 20 -10 O 10 20 30
Displacement (mm)

(b)

Fig.7 Test hysteresis and skeleton curves: (a) the hysteresis
curve; (b) the skeleton curve.

equivalent viscous damping ratio ({,) of the test and
finite element model (FEM) are similar. Only the limit
force (F,) deviation is 24.43%. Because the more
conservative processing of the test, welding and other
processes are more delicate. The hysteresis curves of the
final specimen versus the FEA specimens are shown in
Fig. 11. Although the error in the limit force () reaches
24.43%, the equivalent viscous damping ratio (£ eq) differs
by only 2.5% in terms of energy dissipation. Therefore,
the finite element simulation of the EDC specimen is
more reasonable and can be used for energy dissipation
calculations.
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3.2 The finite element model of X-EDSDs

To select the most cost-effective X-EDSD, five X-EDSDs
with different X-shaped steel plate thicknesses were
established in this study. The thicknesses are 10, 12, 14,
16, and 18 mm. Their numbers are X-EDSD-10 (X10), X-
EDSD-12 (X12), X-EDSD-14 (X14), X-EDSD-16 (X16),
and X-EDSD-18 (X18).

All the components of X-EDSD use a 3D-stress 8-node



668

Loatinoins D, = Cyclic loading

Front. Struct. Civ. Eng

D,=D=0
DR,=DR,=DR=0

Load

D,=D,=D=0
DR.=DR,=DR=0

(2)

. 2025, 19(4): 663679

S, Mises

(Mean: 75%)
+4.934e+02
+4.522¢+02

+2.467e+02
+2.056e+02
+1.645¢+02
+1.234e+02
+8.226e+01
+4.115e+01
+3.853e—02

(b)

Fig. 10 EDC finite element model before and after damage: (a) boundary condition of the EDC; (b) stress distribution of the EDC.

Table 2 Comparison of key mechanical parameters

Conditions Dy (mm) F, (kN) E,(kN/mm) D, (mm) F,(kN) 4,

Test
FEA

3.68 192.89 52.42 2996  275.61 0.40
3.55 180.76 50.92 2999  221.03 041
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Fig. 11 Hysteresis curves of specimens with the finite element
numerical model of X-EDSDs and the result.

Load point

D, = Cyclic loading

nonlinear solid element (C3D8R) [15]. In addition,
properties such as isotropy need to be considered.
Therefore, the material model uses the Chaboche model
[20] to simulate the properties of X-shaped steel plates in
the EDC. Materials such as the X-EDSD outer frame and
the connection to the EDC are modeled as ideal elastic-
plastic materials. Its corresponding modulus of elasticity
is 206 GPa, and it yields at 345 MPa. The tie constraint is
adopted because the connection is more reliable and the
actual EDC module is enough to connect to the X-EDSD.
Therefore, tie constraint was used to simulate welded and
bolted connections [21]. The FEM constraints and
loading of X-EDSD are shown in Fig. 12(a). The final
damage form and stress distribution are shown in Fig.
12(b). The damage pattern is similar to that of EDC, with
higher stresses occurring at the edges of the X-shaped
plate near the weld. This shows that X-EDSD has the
same destruction mode as EDC does, validating the
correctness of X-EDSD modeling.

The final hysteresis curves and skeleton curves of X-
EDSDs are shown in Fig. 13. All the hysteresis curves are

S, Mises
(Mean: 75%)

D,=D=0

DR,=DR,=DR=0

+4.933e+02
4.

D=D=D,=0

DR,=DR,=DR=0

(2)

(b
Fig. 12 Finite element model of X-EDSD: (a) boundary condition of the X-EDSD; (b) stress distribution of the X-EDSD.
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Fig. 13 Hysteresis and skeleton curves of X-EDSD: (a) X-EDSD-10; (b) X-EDSD-12; (¢) X-EDSD-14; (d) X-EDSD-16; (e) X-EDSD-18.

closed graphs and relatively complete. As the thickness of
the X-shaped plate increases, the corresponding
hysteresis curve becomes fuller. This finding indicates
that the greater the degree of energy dissipation, the
greater the degree of plastic deformation.

The values of important parameters of X-EDSD are
given in Table 3. The values of E, F,, F,, and (.
increase approximately linearly. Because the X-shaped
steel plate is elastic and its thickness changes linearly.
The X-EDSD load -carrying capacity and energy
dissipation capacity increase with increasing X-shaped
steel plate thickness. The viscous damping ratio ¢ o of the
tested specimen in the experiment is close to that of the
X-EDSDs. This shows that X-EDSD composed of EDCs
can fully utilize the energy dissipation ability of EDCs.

4 A high-speed railway track-bridge system
with X-shaped energy dissipating steel
damper

4.1 Numerical model of the high-speed railway track-
bridge system with X-shaped energy dissipating and steel
dampers

The 3D model of a 5-span simply supported girder bridge
containing X-EDSD is shown in Fig. 14. The bridge site
type is Class I and the seismic design intensity is 8
degrees. The girder is a concrete box girder with a length
of 32.5 m per span. The piers are round end shaped solid
piers with a length of 14 m. Information about the
dimensions of the girders and piers is shown in Fig. 15(a).
In addition, there are subgrade sections on both sides,

Table 3 Comparison of key mechanical parameters of X-EDSDs

Specimen D, (mm) £ (kN/mm) F, (kN) F,(kN) D, (mm) {4
X-EDSD-10 6.46 144.02 930.34 1244.78 29.23 035
X-EDSD-12 4.44 275.50 1223.23 1597.55 2991 0.38
X-EDSD-14 3.59 424.32 1559.21 1854.64 2991 0.42
X-EDSD-16 3.48 553.28 1925.42 213433 2993 0.46
X-EDSD-18 3.26 677.31 2208.04 237527 29.83 0.50

which are 140 m long. A 50 m long, 9 m wide, and 0.4 m
thick friction plate was installed between the abutment
and the T-shaped end thorns. The lower portion of the
subgrade over the T-shaped end thorn edge is supported
by a hydraulic bearing layer (HBL). The arrangement of
bearings and X-EDSDs on the top of pier is shown in
Fig. 15(b). The four types of bearings are fixed bearing
(PZ-500-GD), horizontal moveable bearing (PZ-500-
HX), longitudinal moveable bearing (PZ-500-ZX) and
bidirectional moveable bearing (PZ-500-DX). The X-
EDSD is arranged symmetrically with both sides of the
bearing.

The track structure adopts a China Railway Track
Structure II (CRTS-II) ballastless track system, which
contains rails, track plates, base plates, fasteners, a
cement asphalt (CA) mortar layer, a sliding layer, shear
alveolars, and shear rebars. The distance between the base
plate and the centerline of the girder is 2.5 m. Its material
is C30 concrete. The dimensions are 2.95 m in width and
0.19 m in thickness. The width of the track plate is 2.55 m,
the thickness is 0.2 m. Its material is C50 concrete. A CA
mortar layer with a thickness of 0.03 m was installed
between the track plate and the base plate. The rails adopt
CHNG60, and the fasteners adopt WJ-8. The shear alveolar
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Fig. 15 Cross-sectional dimensions of the girder piers and bearing arrangement: (a) sections of the girder and pier; (b) layout of the

bearing system.

is set in the upper part of the fixed bearing of each simply
supported girder span to connect the girder with the base
plate. Shear rebars are set at both ends of the girder joints
on the bridge (including the abutment girder joints), and
the function is to connect the two as a whole. The lateral
blocks can limit the vertical displacement of the base
plate and the track plate. Lateral blocks are arranged at
5.74 m intervals on simply supported girders and at 8 m
intervals on friction plates. The top of the inverted T-
shaped end thorn is cemented to the friction plate, and the
base plate can transfer the longitudinal force of the base
plate to the subgrade.

The HSRTBS containing the X-EDSD FEM is shown
in Fig. 16. The probability of susceptibility to seismic
lateral action can be reduced by simulating X-EDSD in
parallel with zero-length elements [15] when the FEM is
established via OpenSees. In this work, we consider only

the transverse response reduction effect of X-EDSD on
HSRTBS, since the transverse direction is the direction of
weaker intensity [14]. In addition, the hysteresis curve of
X-EDSD was simulated via the Pinching4 model [22].
Therefore, it is necessary to validate the ontology
obtained from the Pinching4 model with the ontology
obtained in Abaqus. As shown in Fig. 17, the X-EDSD
hysteresis curve simulated by the chosen Pinching4 has
less error than the hysteresis curve obtained in Abaqus.
Thus, it is reasonable to use the Pinching4 model to
simulate X-EDSD in HSRTBS.

Figure 16 illustrates the FEM, which results in less
damage to the girder, friction plate, HBL, rails, track
plate and base plate under seismic action [23]. They are
simulated by elastic beam element, and the element has a
length of 0.65 m [24]. The corresponding material
properties [14] are shown in Table 4. Fixed bearings,
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Fig. 17 Hysteresis curves of X-EDSD in HSRTBS: (a) X-EDSD-10; (b) X-EDSD-12; (¢) X-EDSD-14; (d) X-EDSD-16; (e) X-EDSD-18.
Table 4 Material properties of the elastic beam-column element
Component Material Elastic modulus (MPa) Poisson’s ratio Density (kg/m’)
Girder concrete (C50) 3.45 x 10* 0.2 2500
Friction plate concrete (C50) 3.45x10* 0.2 2500
HBL hydraulic material 1.80 x 10° 02 2500
Rail steel (Q235) 2.06 x 10° 0.3 7250
Track plate concrete (C55) 3.55x 10* 0.2 2500
Base plate concrete (C30) 3.00 x 10* 0.2 2500
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sliding bearings, fasteners, CA mortar layers, sliding
layers, shear alveolars and shear alveolars are simulated
by zero-length spring elements [23]. The spacing of the
zero-length spring elements is 0.65 m and the force-
displacement curves are given in Table 5. The specific
parameter values [25-30] are shown in Table 5. The four
types of bearings are established in the Finite element
model. The mechanical parameters of them are shown in
the Table 5. Through changing the mechanical parameters
of them to control the characteristic of them. In addition,
the dimensional effect of the interlayer connection is
ignored when modeling because the dimensions of the
interlayer connection in the vertical direction are much
smaller than the dimensions of the component
[23,31-33].

Nonlinear beam elements with fiber cross sections can
better model piers [34-36]. The peak strain of the cover
concrete is 0.2% and the ultimate strain is 0.4%. The

Table 5 Properties of the zero-length element
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simulations were performed via the Concrete01 model
[37]. The core concrete is simulated by the Concrete04
model [22], which considers the hoop constraints of the
piers. The longitudinal reinforcement of the pier is
HRB400. It yields at 400 MPa, and the modulus of
elasticity is 206 GPa. The abutments and piers are
connected to the ground with fixed constraints [38].
Considering that the material used was different from the
prototype piers, the hysteresis curves for the piers were
verified. Shao etal. [39] obtained hysteresis curves for
piers via low cyclic tests. The specimen parameters are
listed in Table 6, and the hysteresis curves are compared
in Fig. 18. Considering the error of the material and the
error of measurement, the experimental results and the
FEA results are considered to be similar, and this model
of the pier can be used for the finite element calculation
and analysis of HSRTBS.

Component Horizontal direction Vertical direction
F=D curve D, (mm) Fy (kN) D, (mm) Fy (kN) F-D curve K, (kN/mm)
Fixed bearing 2 1000 2 1000 1.0 x 10*
Moveable bearing h 2 100 2 100 K/ 1.0 x 10*
i

Fastener 5 2 24 2 9 - 24
CA mortar layer 0.5 42 0.5 42 20x%10°
Sliding layer 0.5 14 0.5 14 -
Shear rebar 0.075 23 0.075 23 20x%10°
Shear alveolar 0.12 1465 0.12 1465 2.0x 10°
Lateral block 2 453 0 0 20x%10°

Notes: D, and F, are the deformation and force of the component in the transverse direction, respectively; D, and F| are in the longitudinal direction.

Table 6 Parameters of piers

Number H (m) A=H/T N/ (fAy) (%) ps (%) py (%)
SOL-6 2.0 53 5 0.75 0.15
SOL-9 2.0 5.3 10 0.15 0.30
SOL-11 3.0 8.0 10 0.75 0.45

Notes: H is the height of the pier, T'is the width of the pier, A is the aspect ratio of the pier, N is the axial force , £; is the design value of axial compressive
strength of concrete , 4, is the cross-sectional area of the pier, N/ (f.4,) is the axial load ratio, p is the longitudinal reinforcement ratio, and p, is the

Stirrup ratio.
180 120 - 180 -
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60 0 60
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—60
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Fig. 18 Comparison of pier hysteresis curves: (a) SOL-6; (b) SOL-9; (c) SOL-11.
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4.2  Model verification

Jiang et al. [23] conducted a shaking table test on the
HSRTBS model and validated that the HSRTBS model is
reasonable [31]. The experimental and finite element
results revealed that the difference in peak acceleration at
the top of the pier was 8.3%, the difference in deforma-
tion values of the CA mortar layer was 17%, and for the
fixed bearing it was 11% [23,31]. Considering the errors
in the experiments and deviations in the material
properties, the HSRTBS model is reasonable.

4.3 Selected ground motion records

The bridge used for the model is located on a Class I site
with a seismic intensity of 8 degrees. The corresponding
site design spectra were selected in accordance with the
Code for Seismic Design of Railway Engineering of
China [40]. Forty earthquake records were selected from
the response spectra to the Pacific Earthquake
Engineering Research Center (PEER). Considering that
the transverse direction of the HSRTBS is the weaker
direction [24,41], the selected earthquake records act in
the transverse direction of the HSRTBS and record the
time-history responses of the key components. Twenty-
one records are near-fault non-pulsed records (NNs) and
the remaining 19 are near-fault pulse-like records (NPs).
As shown in Fig. 19, the peak ground acceleration of the
selected earthquake records is between 0.39¢ and 1.03g
and the magnitude is between M,6.90 and M,,7.10.

5 Evaluation of the seismic responses of
high-speed railway track-bridge system with
X-shaped energy dissipating steel dampers
5.1 Effect of X-shaped energy dissipating steel dampers

As shown in Table 7, the mode of HSRTBSs changed

10!
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] ‘
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3 4
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— Mean spectrum
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slightly when install the X-EDSDs. Moreover, when the
thickness of X-EDSD increases to 12, the mode
frequency remains basically unchanged. Therefore, the
thickness of X-EDSD has little effect on the mode.

To better evaluate the specific damage states of the key
components, the indexes for different damage states
quantified by the existing research results are introduced
[42,43]. As shown in Table 8, the piers were determined
via the drift ratio of the pier top, and the remaining
components were determined via the deformation values
in mm. There are 4 levels of damage states. They are
slight damage, moderate damage, severe damage and
complete damage.

Figure 20 shows the displacement values of the girder.
In the figures, BTS means the Bridge-Track system with
no X-EDSDs, and the BTS-X10 means the Bridge-Track
system with the X-EDSD-10. After setting the X-EDSD,
the X-EDSD reduction effects of all five groups are
similar and great. The thicker the corresponding X-
shaped steel plate is, the greater the reduction. X-shaped
steel plates with a thickness of 18 mm reduced the
maximum displacement from 120.8 to 62.7 mm, a
reduction of 48.1%. A similar phenomenon was found
with the fixed bearing, as shown in Fig. 21. All the fixed
bearing deformations were significantly reduced. When
the X-EDSD with 10 mm steel plate thickness, the
damage index of the fixed bearing on the Pier 3 was still
in a severe damage state, and the effect was quite
different from those of the remaining 4 types. X-EDSD
with 16 and 18 mm steel plate thickness reduces all
bearing responses to slight damage with the best results,
effectively reducing the risk of the girder tipping over and
falling onto the girder. However, X-EDSD amplifies the
pier displacement response, as shown in Fig. 22. Because
the presence of X-EDSD increases the stiffness of the
system composed of piers and bearings [14,15], which
causes the piers to be subjected to greater seismic forces.
The five thicknesses of the X-shaped steel plates are close
to each other in terms of increasing the response of the

20 —@
® NP
o NN
15+
E o
= 10 ®
o [
$ s
5 o
-
oL "N
6.0 6.5 7.0 7.5

(b)

Fig. 19 Information on selected ground motion records: (a) selected seismic wave response spectra; (b) distribution of ground motion

records.
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Table 7 The mode of HSRTBSs
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Condition Mode frequency (Hz)
1 2 3 4 5 6 7 8 9 10
HSRTBS 21.13 22.84 25.52 26.36 32.67 35.63 47.70 50.15 59.72 66.24
HSRTBS-X10 24.01 25.52 25.90 29.31 36.70 38.90 47.70 54.64 65.74 66.24
HSRTBS-X12 24.40 25.52 26.32 29.76 37.39 39.57 47.70 55.42 66.24 66.93
HSRTBS-X14 24.40 25.52 26.32 29.76 37.39 39.57 47.70 55.42 66.24 66.93
HSRTBS-X16 24.40 25.52 26.32 29.76 37.39 39.57 47.70 55.42 66.24 66.93
HSRTBS-X18 24.40 25.52 26.32 29.76 37.39 39.57 47.70 55.42 66.24 66.93
Table 8 Damage states of key components (mm) [42,43]
Component Boundary value of damage state (deformation) 0.05 - Moderute damage
Slight Moderate Severe Complete ~ 0.04 -
damage damage damage damage g er3
v 003 Picr/
CA mortar layer 0.5 1 1.5 2 %
- Z 002 Sigdamage
Sliding layer 0.5 1 1.5 2 E— — —
Fixed bearing 2 4 6 8 0.01 - IIHI
Fastener 2 3 4 5 0 . : ‘
= N NG i N b
Pier (driftratioof  0.13%  0.34%  095%  2.05% P ™ S A S
ier to ) S S S S S
pler top Q Q Q &) )
Working conditions
0.14
0.12 Fig. 22 Displacement of the top of the piers.
0.10 can be transferred to piers by installing X-EDSD, and the
E 008l piers are in safe conditions.
E 0.06 Figures 23-26 show the peak response of the compo-
= nents of the track structure. The X-EDSD effectively
0.04 controls the peak response of the track structure. Thicker
0.02 X-plates correspond to a more pronounced decrease in
response. The specimen with the 18 mm X-shaped steel

000E———
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Fig. 20 Girder displacement along the bridge direction.
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Fig. 21 Deformation of fixed bearings.

pier, which gradually tends to stabilize. Considering that
the side piers are only slight damaged, the middle pier top
displacement ratio of 0.392% is just above the limit for
moderate damage (0.34%) and far from the limit for
severe damage (0.95%). Therefore, the superstructure risk

plate that exbibits the best performance. The following
analysis takes it as an example. As shown in Fig. 23, the
maximum displacement of the rail was reduced from
120.8 to 63.2 mm, a reduction of 47.7%. The fasteners
and CA mortar layers were slightly damaged. Fig. 24
shows that the maximum deformation of the fastener
decreased from 0.71 to 0.21 mm, a decrease of 70.4%.
Figure 25 shows that the maximum deformation of the
CA mortar layer was reduced from 0.48 to 0.14 mm, a
reduction of 70.8%. As shown in Fig. 26, the damage
index of sliding layer was reduced most significantly. The
maximum deformation of the sliding layer was reduced
by 86.1%, which decreases from the 7.64 mm complete
damage state to the 1.06 mm moderate damage state.

5.2 Optimal selection of X-shaped energy dissipating steel
damper for the high-speed railway track-bridge system

Since the effect of X-EDSD on the component of the
HSRTBS are different, the evaluation of the degree of
damage to the HSRTBS should favor the reduction effect
of the whole system. When analyzing a single
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Fig. 25 Deformation of the CA mortar layer along the bridge.

component, the average reduction of all the same
components should also be considered. Therefore, this
study considers the average reduction of a component
which is not just the peak response effect. The thicker the
X-shaped steel plate is, the greater the response reduction.
However, the thicker the X-shaped steel plate is, the
greater the cost. Therefore, a response economic
coefficient R, is proposed. The R, synthesizes the effect
of X-EDSD on the system response control with the cost
of X-EDSD:

R,. =R,C, 2)

Dampers for seismic response
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Fig. 26 Sliding layer deformation along the bridge.

where R is the system response control ratio, and C is the
cost ratio of X-EDSD.

R, is the control value of X-EDSD for the integrated
response of important HSRTBS components, which is
considered to evaluate the response control effect of X-
EDSD for the whole system. It is calculated in the
following way:

7
R,= Y IFR,, 3
i=1
1 <& Dy
Rsi = - -, 4
n ; Dy; “)

where i is the number of component types considered, IF;
is the importance factor of the component, and R, is the
response reduction ratio of the specific component in the
HSRTBS [14]. n is the total number of the corresponding
quantities in HSRTBS for each specific component, j is
the jth component in the same type of the specific
component, Dy is the response value of the component
after the addition of X-EDSD, and Dy is the response
value of the component without the X-EDSD set.

The importance coefficient /F; is taken with reference
to the existing research [44], and finally the weighted
index percentage is used to derive the importance
coefficient /F; of the corresponding component [45]. The
importance factor is 9 because the deformation of the
bearing is directly related to whether the girder falls.
Greater deformation of fasteners leads to greater rail
displacement, thus affecting the running speed and safety,
so the importance factor is 5. Previous studies [46] have
shown that both the sliding layer and CA mortar layer
have less of an impact on the HSRTBS. The importance
factor for the track plate and base plate takes a value of 1
[44], so the importance factor for the sliding layer and the
CA mortar layer also takes a value of 1. The final values
of the importance factor and IF; for the considered
components are shown in Table 9.

In view of the impact of various currencies and price
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Table9 The importance factor and /F; of each component

Component Attribute evaluation /F; Importance factor ~Source
Rail extremely important 0.243 9 [44]
Bearing extremely important 0.243 9 This paper
Girder very important  0.190 7 [44]
Fastener important 0.135 5 This paper
Pier important 0.135 5 [44]
Sliding layer less important ~ 0.027 1 This paper
CA mortar layer less important ~ 0.027 1 This paper

differences between regions, the X-EDSD price ratios
consisting of different X-shaped steel plate thicknesses
are proposed as the cost factor. The previous analytical
results indicate that the difference in response control is
greater for the 10 mm thick X-shaped steel plate than for
the 18 mm thick X-shaped steel plate. Therefore, it can be
assumed that the optimum thickness of the X-shaped steel
plate is greater than 10 mm. In the existing 5 groups of
conditions, the price of 10 mm thick X-shaped steel plate
is selected as the benchmark, and the price of the
remaining X-shaped steel plate and its ratio are the
corresponding cost ratios, which are calculated via the
following formula:

Cost—t

= 5
Cost—10 )

where Cost—t is the total cost of X-EDSD with thickness .

At the time of test preparation, the total cost of X-
EDSD fabrication consisted of material costs as well as
processing costs. The material cost is the price of the steel
required for the X-EDSD, which can be obtained by
multiplying the steel price by the quality of the
corresponding X-EDSD. The price of steel can be
obtained through the steel market, where the average
price of steel in China over the past few years has been
4500 RMB/t. Before the test, we need to cut the X-shaped
steel plate and other processing processes, and the price

X-EDSD-10
0.9593

0.9416
X-EDSD-12

0.9294
X-EDSD-14
0.9211

X-EDSD-16 _ 09178

X-EDSD-18 |

System response ratio, R,
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Thickness of X-shaped plate (mm)
(a)
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of such processes is not related to the thickness of the
steel plate; rather, it is a fixed value. The cost required for
test preparation and processing, is approximately
$1568.69. The final detailed cost of X-EDSDs is obtained
as shown in Table 10.

Figure 27(a) shows the control value R, for different
thicknesses of X-EDSD for the overall response of the
HSRTBS component. As the thickness of the X-shaped
steel plate increases, the value of R, decreases. The
thicker X-shaped steel plate is more effective in
controlling the overall response of the HSRTBS
components. However, the optimal solution of X-EDSD
cannot be selected by using the HSRTBS component
response control effect alone. The effect of its cost also
needs to be considered.

Figure 27(b) shows the wvalues of the SRC-ECR
coefficients R, for different thicknesses of X-EDSDs.
Among the five X-EDSDs, the 16 mm X-shaped plate
thickness yields the best results, followed by 14 mm.
They can be considered to have the same SRC-ECR
control effect. To obtain the optimal thickness, a third-
degree polynomial was fitted for the five data sets and the
resulting curve equations are shown in Fig. 27(b). The
calculations yielded an optimal thickness is 14.94 mm,
corresponding to an R, value of 0.9455. Therefore, in the
HSRTBS model used in this study, the SRC-ECR control
is considered to be best when the X-EDSD thickness is
14.94 mm. Considering the actual machining progress, it

Table 10 The cost coefficients of X-EDSDs

Cost content DX-10 DX-12 DX-14 DX-16 DX-18
Volume (cm3) 37006.1 37726.1 38446.1 39166.1 39886.1
Quality (t) 290.4979 296.1499 301.8019 307.4539 313.1059
Material cost 1307.24  1332.67 1358.11 1383.54 1408.98
Processing cost 1568.69  1568.69 1568.69 1568.69 1568.69
Total cost 287593 290136 2926.80 295223  2977.67
Cost coefficient 1.000 1.009 1.018 1.027 1.035
0.98 ! ;
N * Orign value
= Fitted curve
§ 097 —o—Minimum value| ]
g X-EDSD-10
pal 0.9592
g 096 1
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S 095024 £58D- 14 xEDSD- 164
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Fig. 27 Comprehensive evaluation of response control on the basis of cost ratio: (a) system response ratio; (b) performance-economy

factor.
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is difficult to achieve such high values. A value of 15 mm
is recommended.

6 Conclusions and discussion

This paper presents an easily replaceable X-EDSD device
for controlling the response of HRSTBS components
under earthquake. To obtain the hysteresis curve of X-
EDSD as well as the damage form, a low cycle test was
carried out on a specimen consisting of EDC, which is the
main EDC. Considering the large influence of different
thicknesses of X-shaped steel plates on the effect of X-
EDSD, five finite element models of X-EDSD with
different thicknesses of X-shaped steel plates were
established. A nonlinear time-course analysis was
performed after introducing it into HSRTBS. To derive
the X-EDSD for the optimal X-shaped steel plate
thickness, the SRC-ECR evaluation method is proposed,
and the conclusions are drawn as follows.

1) The hysteresis curves from the EDC tests of the
EDCs in X-EDSD are more complete closed graphs with
larger equivalent viscous damping rates. The specimen
can be considered to have a great capacity to dissipate
seismic energy. A finite element simulation of the EDC
was carried out via the Chaboche material model. It
shows that the hysteresis curves of the finite element
model were basically in good agreement with the skeleton
curves and those obtained from the EDC tests. Therefore,
this finite element simulation is valid.

2) The results of the finite element hysteresis curves
established for five different thicknesses of X-EDSD
show that the thicker the X-shaped steel plate is, the
greater the load carrying capacity and initial stiffness
corresponding to X-EDSD. The viscous damping ratio
changes more stably with increasing X-shaped steel plate
thickness, and the energy consumption performance
steadily improves. X-EDSD can effectively utilize the
energy consumption performance of the EDC.

3) HSRTBS response control works best for the X-
EDSD with an 18 mm thickness X-shaped steel plate. The
peak displacements of the girder and rail were reduced by
48.1% and 47.7%, respectively. The peak deformation
was reduced by 70.4%, 70.8%, and 86.1% for the
fasteners, CA mortar layer and sliding layer, respectively.
All of the fixed bearing were reduced to below slight
damage, but the pier damage was amplified. The side
piers are slightly damaged, and the drift ratio of pier top
for the middle pier is 0.395%, which is just above the
moderate damage limit (0.34%) and far from the severe
damage limit (0.95%). Therefore, the damage to the piers
is not significant, and only a small amount of repair is
needed. X-EDSD can effectively enhance the seismic
performance of the overall structure of the HSRTBS.

4) This study proposed a comprehensive consideration
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of the SRC-ECR coefficient (Rpe) for evaluating the effect
of X-EDSD on the seismic performance of HSRTBS. The
greater the thickness of the X-shaped steel plate is, the R
value decreases and then increases. It indicates that a
minimum value of Rpe exists in the middle, which
corresponds to the optimal thickness of the X-shaped
steel plate. On the basis of the third-degree polynomial
fitted to the curve equation, the final optimum thickness
is 1494 mm, and the Proposed engineering value is
15 mm.

X-EDSD can effectively control the response of
HSRTBSs and achieve assembly and quick replacement
after earthquakes. However, X-EDSD will amplify
damage to piers and the arrangement is limited. Our next
step is to study planar energy dissipation devices, reduce
the stiffness of energy dissipation components, and
balance the response of piers with other components. In
addition, planar energy dissipation devices can be
arranged more flexibly. Moreover, we will do the study
for the modes that are perturbed and interacted in
different ways by X-EDSD. Because the X-EDSD may
cause some notable cross-mode behaviors.
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