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Abstract: A viaduct is an important structural form in intercity railway networks, and the curved
bridge is inevitable in railway line network planning. When the vehicles cross through the curved
bridge, the transverse load experienced by the bridge is much larger than that of the straight bridge
due to the centrifugal forces. Therefore, in the bridge resonance analysis, in addition to the vertical
moving vehicle load, it is also imperative to consider the radial vehicle load. In order to system-
atically analyze the dynamic impact factor (or dynamic load allowance) and resonance conditions
of the curved intercity railway viaduct, a numerical model is developed. The reliability of the pro-
posed model is assessed by comparing it with the existing literature. Taking the curved viaduct of
Zhengzhou-Xuchang railway as a case study, the theoretical resonance velocity, dynamic impact
factor, and dynamic time-history response under resonance velocity are calculated. The parameters
of different spans, curve radius, and speeds are analyzed, and the reasonable ranges of bridge natural
vibration frequency are determined.

Keywords: railway viaduct; curved bridge; resonance; dynamic impact factor

1. Introduction

With rapid urbanization, economic growth, and construction, the metropolitan area
model has become a trend in various countries. Transportation networks play an essential
role in connecting various sub-cities. Rail transit has the advantages of large passenger
capacity and high speed. Currently, it has become a vital infrastructure element in intercity
transportation. In rail transit lines, the viaduct is useful in several ways. It offers good
settlement resistance, good smoothness, a small floor area, low cost, and little impact on
the existing and future traffic lines [1,2]. Therefore, viaducts are mainly used in the suburbs
of intercity rail lines.

Several research findings have been published focusing on the calculation and analysis
of vehicle safety performance and dynamic bridge response on railway viaducts. For
example, Liu et al. [3,4] established a vehicle track bridge system (VITBS) model consider-
ing randomness and analyzed the dynamic response of the system by a random analysis
method. Lai et al. [3] calculated the vehicle operational performance passing through the
bridge with residual deformation and calculated the corresponding bridge deformation
threshold based on the running safety and comfort. Wu and Yang [5,6] established the
VTBS and analyzed the running comfort of the vehicle crossing the bridge. Zhu et al. [7]
analyzed the dynamic response of a bridge under an earthquake considering heavy-haul
train. Dinh et al. [8] analyzed the VTBS using a novel wheel-rail contact model. Li et al. [9]
developed the moving load amplitude spectrum, which could quickly and effectively
estimate the free vibration response of the bridge under the moving vehicle excitation.
Xu et al. [10-14] has conducted much research on the vehicle-track and the vehicle-track—
bridge system, such as on the numerical solution for the vehicle-track dynamic, the fatigue

Appl. Sci. 2022, 12, 2978. https:/ /doi.org/10.3390 /app12062978

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12062978
https://doi.org/10.3390/app12062978
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3154-3329
https://orcid.org/0000-0002-7916-7684
https://doi.org/10.3390/app12062978
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12062978?type=check_update&version=1

Appl. Sci. 2022,12,2978

20f15

damage evolution of the track, and damage to the concrete. In the work of Yazdani and
Azimi [15], two kinds of concrete arch bridge models were proposed by using finite element
(FE) analysis. In order to evaluate the model’s reliability, the camber displacement of the
two arch bridges under different working conditions—comprising static load and loco-
motive movement—and the first three modes of the bridge were chosen as the numerical
results and compared with the experimental results. Montenegro et al. [16] summarized
the existing research findings on the running safety performance of vehicles on bridges.
Zakeri et al. [17] analyzed the sensitivity of the VIBS to different parameters. Jahangiri
and Zakeri [18] calculated the dynamic response of vehicles passing through bridges under
the single and double line conditions.

When the vehicles pass through the simply supported bridge at a constant speed,
the axle load of the vehicle and external support from rail irregularity impact the bridge,
and its load is similar to the moving load with fixed spacing. Therefore, the effect of a
vehicle crossing the bridge is similar to the excitation source of a particular frequency.
When the vehicle speed and wheelset distribution change, the excitation frequency changes
correspondingly [19]. Suppose the incentive frequency draws near to the natural frequency
of the bridge vibration. It will cause bridge resonance, which will seriously impact the ser-
viceability and integrity of the bridge and the stability and safety of the vehicle operations.
In the design of railway bridges, the natural vibration frequency of the bridges should be
adequately considered, which economizes the project cost and improves the service life of
the structure.

In bridge analysis and design, the dynamic impact factor is usually used to measure the
deformation resistance of the bridge. At present, there are many studies on the conditions of
resonance of railway bridges. For example, Zeng et al. [20] analyzed the radial and vertical
resonance scenarios of high-speed railway curved bridges. In addition, Zeng et al. [21]
also studied the system dynamic response of trains passing through curved bridges during
frequent earthquakes. Yang et al. [22] determined the dynamic response of railway bridges
under different spans and vehicle lengths and suggested adequate design considerations.
The resonance characteristics of the simply supported and continuous bridges with the
ballastless track have also been explored [23]. Further, Yang et al. [24] analyzed the vehicle
vertical and nodal resonance when the vehicle crosses the bridge. Xia et al. [25] analyzed
the resonance and vibration elimination mechanism of railway bridges under moving loads
by an analytical method. In the research findings of Xin et al. [26], a VTBS that considers
system uncertainty was established, and the bridge resonance and parameter sensitivity
were analyzed. Zhang et al. [27] investigated the condition of resonance for a high-speed
railway bridge under vehicle load considering longitudinal track slab constraints based
on an analytical method. For curved bridges, due to the centripetal force, the transverse
load they bear is much larger than that of straight bridges. Therefore, in the analysis of
bridge resonance conditions, in addition to the vertical vehicle load, it is also imperative to
consider the radial vehicle load [20,28,29]. In terms of the dynamic response of the curved
railway bridge, Wang et al. [30] established the maglev vehicle curve bridge model and
compared the dynamic system response under the influence of different parameters.

In the studies mentioned earlier, the research focus has been either on the high-speed
railway bridges or the maglev railway bridges. Studies on the dynamic response of intercity
railway curved sections have remained a neglected research area. An intercity railway is
very different from a high-speed railway because of its specifications, span, and vehicle
characteristics. The curve radius of a high-speed railway bridge is large; therefore, in
some design or analysis, the curve bridge of a high-speed railway can be approximately
considered as the straight-line bridge, while the curve radius of an intercity railway bridge
is small, and considering it as the straight-line bridge may cause some calculation errors.
In this paper, the vertical and radial dynamic impact factors and conditions of resonance
of the bridge are analyzed based on the planned curved section of the intercity rail transit
viaduct. The optimization range of the natural vibration characteristics of the curved bridge
under different design speeds is also determined by parameter analysis.
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2. Intercity Vehicle-Curve Bridge System Model

The vehicle crossing the bridge impacted and produced coupled vibrations in the
VTBS. For accurately describing the dynamic performance of the vehicle passing through
the curved bridge, the VIBS model is established, as shown in Figure 1. The vehicle follows
the mass-spring damping system for simulation. The vehicle body, structure, and wheelset
are all assumed to be rigid bodies in the simulation, whereas the damping suspension
system is considered a linear spring, as shown in Figure 2. The dynamic vehicle response
can be shown as Equation (1).

.V .V
MYX +C"X +K"XV =8V 1)
where MY, CY, and K" are the stiffness, damping, and mass matrix of the vehicle, respec-

PO VAR V4
tively; X , X ,and X" are acceleration, velocity, and displacement vectors of the vehicle,
respectively; FV is the load vector of the vehicle, and it includes wheel-rail (W-R) contact
force, centrifugal force, and self-load.

(a) N, identical vehicle

N, curve simple bridge

(b)

i, b b ey, i

N, curve simple bridges

Figure 1. Vehicle bridge system model: (a) vertical view; (b) side view.

Normally, the bridge model can be established by the finite element method (FEM) or
the synthetic modal method, and wave and FEM can also be used straightforwardly [31,32].
In this model, the bridge model is developed by the FE method. The bridge adopts a spatial
Euler-Bernoulli beam element, and the linear and cubic (Hermitian) shape function is
used [33]. Each element node contains six degrees of freedom. Through assembly, the mass
matrix MP and stiffness matrix K of the bridge in the global system can be obtained. The
damping C? is assumed to be Rayleigh damping, and it is assumed that the damping ratio
of each order is 0.02 [28]. The dynamic equation of the bridge is Equation (2).

..B .B
MBX™ + CBX + KEXE = FP 2)
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Figure 2. Vehicle model: (a) side view; (b) front view; (c) vertical view.

The vehicle and bridge are coupled together into a large coupled system by the W-R
contact, termed VTBS. The W-R contact adopts the knife-edge model [34-37], which simpli-
fies the W-R contact into transverse and vertical springs. As shown in Figure 3, the model
does not need to search for the contact point and it has high calculation efficiency; more-
over, the calculation results can meet the accuracy of bridge dynamic response calculation.
The compression amount of Hertz spring can be calculated through the relative vertical
displacement of one side wheel rail, so as to calculate the corresponding wheel rail vertical
force. The W-R contact lateral force, including creep force and contact force between flange
and rail, as well as the creep force, can be calculated by the linear Kalker theory, and the
contact force between flange and rail can be calculated by the relative lateral displacement
of the wheel rail from one side. The details can be found in [38].

Figure 3. Wheel-rail contact model.
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The W-R contact was treated in the form of “weak coupling”. The method is one of the
most commonly used methods. Through the simultaneous W-R contact, Equations (1) and (2),
the system equation is given in Equation (3).

.V .V
M'X +C"X + KX =F¥ 3)
.. B .B

MEX" + CPX 4+ KBXP = FP

Equation (3) can be solved by the direct integration method introduced by Chen et al. [39].
Then the dynamic response of the bridge can be determined. For detailed information
on the methodology and procedure, the work of Liu et al. [40] may be consulted. It is
pertinent to mention that the vehicle running on the curved bridge portion will produce
corresponding centrifugal forces, which would act on the corresponding car body, structure,
and wheelset, respectively. This can be expressed in the form of Equation (4).

mﬂ]z

R

F = 4)
where R is the curve radius of the curved bridge, m; is the mass of vehicle body, structure,
or wheelset, and v is the vehicle running (rotational) speed. The reaction force of the
centrifugal force of the vehicle will act on the curved bridge and produce the corresponding
transverse load [28].

In order to prevent vehicle derailment, the curved bridge structure is set at a certain
degree of track superelevation. As the primary research focus of this study is the resonance
and vibration elimination conditions of the bridge structure, the corresponding track
superelevation is set according to different working conditions to ensure the smooth
passage of the vehicle through the bridge structure. The centrifugal force generated while
crossing the curve section is balanced out with the force of the bridge against the vehicle
exceeding the steady state.

3. Model Validation

Zeng et al. [20] established the high-speed VIBS model with a curve bridge. They
analyzed the vertical and horizontal resonance conditions of a high-speed railway curved
bridge under vehicle load. The time-history response of one case in Zeng’s work is taken as
a case study to validate the reliability of the proposed model. The model is briefly described
as follows: the bridge is a simply supported beam with a span of L? = 32 m and a curve
radius R = 5000 m; the elastic modulus of the bridge is 28.25 GPa, while the density per
meter is 22.40 ton/m; the transverse and vertical section moment of inertia are 4.11 m? and
8.75 m*, respectively; the vehicle consisted of 10 high-speed vehicle sets—the length of
each vehicle being 25 m. The bridge responses at four typical speeds are extracted in the
calculation example: the resonance speeds of 314 km/h and 458 km/h, and the vibration
elimination speeds of 268 km/h and 391 km/h.

As shown in Figure 4, it can be seen that the results obtained by the model in this
study coincide with the results calculated in the literature, indicating the reliability of the
computational values of the proposed VIBS model.
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Figure 4. Validation of bridge dynamic time history response: (a) Vertical displacement: 314 km/h;
(b) Radial displacement: 458 km/h; (c) Vertical displacement: 268 km/h; (d) Radial displacement:
391 km/h.

4. Numerical Analysis

The curved viaduct of Zhengzhou airport to Xuchang railway is taken as the case
study for further investigation. The bridge is a box section, as shown in Figure 5. The
specific properties are shown in Table 1, while the natural vibration characteristics of the
bridge are shown in Table 2. The vehicle is a six-car intercity rail vehicle. The specific
vehicle parameters are tabulated in Table 3.

640

(@) IS
[@N} [aN]

Bis

128

Q)

27

| 244 |

Figure 5. Box girder section (Unit: cm).
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Table 1. Bridge parameters.

Parameter Value Unit
Elastic modulus 3.45 x 1010 Pa
Sectional area 3.6552 m?
Poisson’s ratio 0.2 -
Iy 1.3514 m*
Iz 9.1108 m*
Density 2.65 x 10° kg/m?3
Damping ratio 2% -
Span length 30 and 25 m
Curve radius 400 m
Table 2. Natural vibration characteristics of bridge.
Span Length Order of Vibration Frequency/Hz Mode
First 3.83 Vertical bending
30 Second 9.95 Transverse bending
m Third 15.324 Vertical bending
Fourth 39.789 Transverse bending
First 5.52 Vertical bending
25 Second 14.32 Transverse bending
m Third 22.066 Vertical bending
Fourth 57.297 Transverse bending
Table 3. Vehicle parameters.
Parameter Symbol Unit Value Parameter Symbol Unit Value
Mass of wheel e kg 1420 Lateral stiffness of Ky N/m 104 x 106
primary suspension
. vertical stiffness of 6
Mass of bogie mi kg 2550 Secondary suspension ks N/m 1.7 x 10
Mass of car body e kg 21,920 Lateral stiffness of kys N/m 10.4 x 106
secondary suspension
Roll mass moment of car L. kg-m? 14,890 Ve.rtlcal dampmg of .. N-s/m 1.7 % 106
body primary suspension P
Pitch mass moment of L kg-m? 617,310 La'teral dampmg. of Cp N-s/m 10.4 x 106
car body 4 primary suspension v
Yaw mass moment of L. kg-m? 617,310 Vertical damping gf . N-s/m 1.7 % 106
car body secondary suspension
Roll mass moment I kg-m? 1050 Lateral damping Qf e N-s/m 10.4 x 105
of bogie secondary suspension
Pitch r;\fagcs)grrileoment Iy kg-m? 1750 Length of carriage dv m 19
Yaw mass moment 2 Distance between
of bogie iz kg:m 1980 wheelset of one bogie = m 22
Vertical stiffness of kep N/m 1.7 % 106 Distance between bogie L, m 125

primary suspension

of one carriage

4.1. Resonance Condition

The effect of vehicle load on the curved bridge is similar to the excitation of a certain
frequency. When the excitation frequency of the vehicle is close to the natural vibration
frequency of the bridge, it is easy to cause bridge resonance and endanger the service
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performance. According to Yang et al. [41], when the vehicle speed is close to the speed
calculated by Equation (5), the bridge resonance occurs.

B

Vyes i = 3.6f"idv km/h, wherei =1,2,3--- (5)
where 0,5, ; is the ith order resonance velocity of the nh order bridge frequency and f?
is the n'M order bridge natural vibration frequency in Hz. The resonant velocities of each
order of bridges with spans of 30 m and 25 m are calculated and given in Tables 4 and 5,
respectively, and it should be noted that both vertical and horizontal resonance are investi-
gated, in which the horizontal resonance is generated by the transverse load of the train on
the bridge, and the vertical load is generated by the vertical load of the train.

Table 4. Theoretical resonance velocity of each order of bridge with span of 30 m.

Note i=1 i=2 i=3 i=4

First order of vertical vibration 262 km/h 131 km/h 87 km/h 65 km/h
First order of transverse vibration 680 km/h 340 km/h 227 km/h 170km/h
Second order of vertical vibration 1048 km/h  524km/h 349km/h 262km/h
Second order of transverse vibration 2357 km/h  1179km/h 786 km/h 589 km/h

S 3 ) =
I

I
B W =

Table 5. Theoretical resonant velocity of each order of a bridge with a span of 25 m.

Note i=1 i=2 i=3 i=4

First order of vertical vibration 377 km/h 189 km/h 126 km/h 94 km/h
First order of transverse vibration 979km/h  490km/h 326 km/h 245km/h
Second order of vertical vibration 1509 km/h 754 km/h 503 km/h 377 km/h
Second order of transverse vibration 3394 km/h 1697 km/h 1131 km/h 849 km/h

T == =
I
B W N =

4.2. Dynamic Impact Factor Calculation

The dynamic impact factor is a critical parameter in bridge design. The dynamic action
of the vehicle on the bridge structure is not only limited to the vibration characteristics of
the bridge structure, but also depends on the vehicle type, vibration characteristics of the
vehicle and its running speed, and the state of the line on the bridge. The dynamic impact
factor (IF) comprehensively reflects the factors mentioned above and can be calculated by
Equation (6).

dynamic static
[F — Mmax  — Umax_ (6)

static
Umax

where ufﬂf e represents the maximum deflection value of curved bridge mid-span under
dynamic load and u$/%¢ represents the maximum mid-span displacement of the bridge

under static load.

4.2.1. Dynamic Impact Factor of the Bridge with a Span of 30 m

Under the condition that the vehicle passes through the bridge with a 30 m span at
the speed of 10 to 600 km/h (with an interval of 1 km/h), the IF of the vertical and radial
displacement at mid-span can be determined from the calculation of the VIBS model. The
corresponding results are shown in Figure 6. As can be seen from Figure 6a, when the
vehicle speed is within the range of 50 km/h-600 km/h, there are three prominent speed
peaks in the vertical displacement dynamic coefficient, i.e., at 87 km/h, 132 km/h, and
246 km/h. As compared to the values of the theoretical resonance velocity, as shown in
Table 4, it can be seen that 87 km/h and 132 km /h are close to the third-order resonance
and second-order resonance of the first-order frequency, respectively, obtained from the
theoretical calculations. However, there is still a lag of 20 km/h between 246 km/h
and 262 km/h of the third-order resonance of the first-order frequency, indicating that
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the resonance speed may be different from the theoretically determined values. This is
because the theoretical calculation formula considers the whole vehicle as a concentrated
moving load, whereas in practice, a vehicle contains four wheelsets, that is, four moving
concentrated loads.

0.5 T T T . T 0.4 T .
342 km/h\
04l 132kmh 246 km/h f
7 03t 3
A& 1
031 ./ i } zg
X [ / { & 02f 226 km/h } 3
02187 km/h[ | A
\ﬂ “’x;’ 01t i }
0.1} ! ‘ i
| ;‘U ¥ W AV
LY oolaat WA
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Vehicle speed (km/h) Vehicle speed (km/h)

@ (b)

Figure 6. Dynamic impact factor (IF) of bridge spanning 30 m: (a) IF of vertical displacement; (b) IF
of radial displacement.

As can be seen from Figure 6b, when the vehicle speed is in the range of 50 km /h—600 km/h,
there are two noticeable speed peaks in the vertical displacement dynamic coefficient—
226 km/h and 342 km/h, respectively—and these are next to the third and second resonant
speeds of the second-order natural vibration frequency obtained from the theoretical
calculations (Table 4). This corroborates the proposed model of Yang et al. [41].

4.2.2. Dynamic Impact Factor (IF) of the Bridge with a Span of 25 m

The IFs of vertical displacement and radial displacement at mid-span when the vehicle
crosses the curved bridge spanning 25 m at a speed range of 10 km /h to 600 km/h (with
an interval of 1 km/h) are shown in Figure 7. As can be seen from Figure 7a, when
the vehicle speed is within the range of 50 km/h-600 km /h, there are three pronounced
speed peaks in the vertical displacement IF—125 km/h, 188 km/h, and 380 km/h. It can
be found by comparing with Table 5 that these three numerical results are very close to
the third-order resonance velocity and the second-order resonance velocity of the first-
order frequency. Figure 7b also indicates that when the vehicle speed is in the range of
50 km /h—600 km /h, there are three apparent speed peaks in the radial displacement IF—
163 km/h, 326 km/h, and 488 km /h. By comparing these with the results in Table 5, it can
be seen that 326 km/h and 488 km/h are very close to the third-order resonance speed and
second-order resonance speed of the second-order frequency obtained from the theoretical
computed results. The fourth-order resonance velocity of the second-order frequency from
the theoretical computations is 245 km/h, and there is no noticeable peak value of the
dynamic coefficient.

0.9 : S : 0.3 :
osl 380 km/ 326 km/h&,‘.‘
0.7} fI 488 Kkmm
0.6} i 0.2 I}%
0.5f HE i
&, § & i1
= o4l = 163 kmvh § §
Pt {
3t i 4 f 1
0.3 0 i i t\
02r [
0.1f W§
0.0 : 0.0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Vehicle speed (km/h) Vehicle speed (km/h)

(a) (b)

Figure 7. Dynamic impact factor (IF) of bridge spanning 25 m: (a) IF of vertical displacement; (b) IF
of radial displacement.
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4.3. Time-History Response under Resonance

The vertical displacement response of a bridge spanning 30 m at different resonant
speeds of 246 km/h (theoretical value 262 km/h), 131 km/h, and 87 km/h were calculated.
Likewise, the radial displacement responses of the bridge when the resonant speeds were
680 km/h, 340 km/h, and 227 km /h, respectively, were also determined. The results are
shown in Figure 8. It can be seen that in the scenarios of the vehicle crossing and leaving the
bridge, the amplitudes of vertical displacements corresponding to the speed of 246 km/h
are both greater than those corresponding to the speed of 262 km/h. For the vertical and
radial displacements of the bridge, the dynamic response trend of Figure 8a,b is relatively
regular at the first resonant speed, with six large peaks. In addition, there are large vibration
displacements after the vehicle leaves the bridge.

T T T 8 T T
2t v, =246 km/h 1
- ---vhl=262 km/h 6
~ 0 ~
g 4
£ Z
E: 2 E: 2
-4 0 radial resonance
vZ:l =680 km/h
-6 L L L ) L L
0 2 4 6 0 2 4 6
dimensionless time (v#/L?) dimensionless time (v#/L?)
(a) (b)
2 T T 2 T T
vertical resonance
iz =131 km/h
0
= -2
Q
3
4 .
radial resonance
V22 =340 km/h
-6 L L -1 L L
0 2 4 6 0 2 4 6
dimensionless time (v#/L?) dimensionless time (v#/L®)
() (d)
T T 0.8 T T
vertical resonance
On v =873 km/ 0.6
6] E 04
E 5 £
N =
= % 02
4 0.0 radial resonance
v23 =227 km/h
L L 0.2 L L
0 2 4 0 2 4 6
dimensionless time (v#/L?) dimensionless time (v#/L?)
(e) (f)

Figure 8. Time-history response of the bridge spanning 30 m under resonant velocity: (a) 1st vertical
resonance; (b) 1st radial resonance; (c) 2nd vertical resonance; (d) 2nd radial resonance; (e) 3rd vertical

resonance; (f) 3rd radial resonance.
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It is also observed from Figure 8c—f that there is no apparent relation for the high-
order speed dynamic response trend of vertical displacement and radial displacement.
For instance, when the speed was 131 km/h and 340 km/h, there were ten prominent
peaks in the vertical displacement and radial displacement. This is because there were
five carriages of vehicle, including ten steering frames. At this speed, the action of the two
wheelsets of the same bogie equals an independent load. However, when the resonance
speed is 87.3 km/h and 227 km/h, there are no less prominent large peaks in vertical and
radial displacements.

The results of the vertical displacement response of the bridge spanning 25 m at the
resonant speeds of 377 km/h, 189 km/h, and 126 km/h are shown in Figure 9. When the
vehicle passes through the bridge at the first-order vertical resonant speed of 377 km/h
(Figure 9a), the bridge experiences a large vertical displacement, even after the vehicle
leaves the bridge. There are five prominent large peaks vertically down the bridge, and the
values of the peaks increase gradually with the vehicle passing. If the vehicle is running
through the curved bridge at the speed of 189 km/h (Figure 9b), the bridge displacement
dynamic response has five pronounced peaks vertically downward, where each “peak
range” contains two sub-peaks and one sub-trough. This is because there are five relatively
closer bogie combinations in the six cars. When the vehicle passes the curved bridge at
the speed of 126 km/h, the vertical displacement trend of the bridge is close to the trend
as was seen for 189 km/h speed (Figure 9c). However, the upper and lower vibration
range between the wave crest and trough is wider. When the vehicle crosses the bridge at
163 km/h, the dynamic response of radial displacement presents five significant transverse
displacement peaks, while the whole process is rough. Once the vehicle leaves the bridge,
its free vibration amplitude is small.

1 T T T

T

res

1

vertical resonance
vhl =377 km/h

T T

vertical resonance

vl2 =189 km/h

res

45" (mm)

L L 3 L L L

0 2
dimensionless time (v/L?) dimensionless time (v#/L?)

(a) (b)

4 6 8 0 2 4 6 8

T

vertical resonance

V1’3: 126 km/h 0.15

res

0.00 radial resonance
v, = 163 km/h
: ‘ ‘ -0.05 : A A
0 2 4 6 0 2 4 6
dimensionless time (v¢/L") dimensionless time (vt/L?)
(c) (d)

Figure 9. Time-history response of bridge spanning 25 m under resonant velocity: (a) 1st vertical
resonance of 1st mode; (b) 2nd vertical resonance of 1st mode; (c) 3rd vertical resonance of 1st mode;
(d) Radial resonance.
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4.4. Parameter Analysis

In order to systematically analyze the dynamic performance of bridges with varying
spans, curve radius, and vehicle speeds, calculations were performed for 10-300 km/h
speed (interval 2 km/h), curved radius of 400 m, 500 m, 600 m, 700 m, 800 m, and 900 m,
respectively, and the bridge spans of 16-40 m (interval 0.5 m). The vertical and radial
natural vibration frequencies of the bridges with different spans were 13.47 Hz to 2.16 Hz
and 34.9 Hz to 5.60 Hz, respectively. The contour diagram of the vertical IF of the bridge is
shown in Figure 10. It can be seen that the contour diagrams of the vertical IF of the bridge
under different curved radii are almost the same, indicating the negligible effect of curved
radius on the vertical IF of the bridge within the calculation range. This also shows that
within the calculation range, the curve radius has little effect on the vertical deformation of
the bridge, which is also confirmed in [28]. Overall, the bridge IF is within 0.6. When the
first vertical natural frequency of the bridge is within the range of Equation (7), the IF of
the bridge can be effectively reduced (within 0.2).

> 216 Hz
le = > 0.02952v 4 0.1336 Hz (v < 175) (7)
> 0.04560v — 0.1800 Hz (v > 175)
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Figure 10. Vertical IF of the bridges under varying frequencies and curved radius: (a) R = 400 m;
(b) R = 500 m; (c) R = 600 m; (d) R = 700 m; (e) R = 800 m; (f) R = 900 m.

The contour diagram of the radial IF of the bridge calculated is shown in Figure 11. It

can be seen that the contour diagrams of the radial IF of the bridge under different curved
radii are similar, which shows that the curved radius does not affect the radial IF of the
bridge within this calculation range. This is because although the centrifugal force will
change with the radius of curvature, resulting in an increase in the dynamic deflection of
the bridge, at the same time, the static calculated deflection of the bridge will also increase,
and the two increases are of the same magnitude. Overall, the dynamic factor of the bridge
is within 0.3. If the vehicle speed is between 135 km/h and 160 km/h, the second-order
natural vibration frequency of the bridge avoids the range of 5.74 Hz to 6.90 Hz. If the
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vehicle speed is between 180 km/h and 250 km/h, the second-order natural frequency of
the bridge vibration avoids the range of 5.60 Hz to 7.744 Hz, which can effectively reduce
the IF of the bridge (within 0.2).
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Figure 11. Radial IF of bridges under different frequencies and curved radius: (a) R = 400 m;
(b) R =500 m; (c) R = 600 m; (d) R =700 m; (e) R = 800 m; (f) R = 900 m.

5. Conclusions

In order to evaluate the dynamic response and resonance of a curved viaduct under
intercity vehicle load, the VIBS model with the curved bridge was developed, in which the
curved part of the bridge adopted the “straight” form instead of curved. The calculation
reliability of the model was elucidated by the numerical results from the existing literature.
The theoretical resonance conditions of the bridge were calculated, and the bridge responses
under various speeds were determined. Moreover, the dynamic time-history responses of
vertical and radial displacement of the bridge under resonant speed were analyzed. Finally,
to systematically analyze the dynamic response of the curved bridges, the bridge IFs under
different spans, curved radius, and vehicle speeds were calculated.

The conclusions drawn from this study are as follows.

(1) It is observed that the results from the numerical calculations are consistent with
the theoretically computed results. However, there are certain disparities in some
instances. There may be some differences.

(2) Under the different resonant speeds, the response curves of bridge mid-span moving
force under vehicle load show varying trends. Under the low order resonant speed,
the dynamic response trend of the bridge is regular, and the vehicle still has a large
range of free vibrations after leaving the bridge. The dynamic response curve of the
bridge is rough under high-order resonant velocity.

(3) Both the vertical and radial IFs of the curved intercity rail bridge are not affected by
the curve radius.

(4) From the parameter analysis, it is concluded that the reasonable natural vibration
characteristics of the bridge can be selected according to different design speeds
for structural optimization, which can effectively reduce the dynamic factor of a
curved bridge.
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