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Fig. 7. Displacements of the bridge under various vehicle speeds without wind: (a)
1/2 point at center span; (b) 1/4 point at center span.

Fig. 9. Dynamic displacements of the bridge under various wind speeds without
vehicle: (a) 1/2 point at center span; (b) 1/4 point at center span.

Fig. 8. Dynamic magnification factor for bridge displacement at half and quarter
points under various vehicle speeds without wind.

Fig. 10. Maximum displacements of the bridge under wind action.

displacement to the static displacement) remains at around 1.1 for
a vehicle speed below 100 km/h, but increases dramatically for a
vehicle speed higher than 120 km/h. It is interesting to note that
the DMF, according to vehicle velocity, differs between the half
point and the quarter point. The hump of the DMF first appears
at the quarter point at a relatively lower vehicle velocity than that
at the half point because of the anti-symmetry of the first vertical
mode. A resonance phenomena [9] caused either by an exciting
frequency, resulting from the speed of the moving vehicle, or by
consecutive wheel loads in high speed railway structures is not
observed in the present system because of the low vehicle speed
and because the system consists of only one or two cars.
Fig. 9 shows the dynamic displacements of the bridge
under various wind speeds without crossing of the vehicle. As
summarized in Fig. 10, it can be seen that the maximum dynamic
displacements increase parabolically with higher mean wind
velocities. The dynamic displacements of the bridge caused by the
vehicle are insignificant compared with those induced by turbulent
wind forces because the displacements due to the vehicle are static
rather than dynamic. In particular, when the vehicle and strong
winds are applied simultaneously, the wind effects essentially
govern the response of the bridge (see Fig. 11).
4.3. Response of vehicle
In Fig. 12, the vertical accelerations are plotted against the time
histories of the vehicle body. A comparison of Fig. 12(a) and (b)

interestingly reveals that the maximum acceleration under a wind
velocity of 30 m/s is only twice that of the maximum acceleration
without wind when the vehicle runs on the ground. This means
that the vertical acceleration does not significantly increase, even
under a wind speed of 30 m/s.
Dynamic responses of the vehicle are mostly expressed as an
rms (root-mean-square) value, which is equivalent to the standard
deviation with a zero mean. Fig. 13(b) confirms this observation
through the vertical rms acceleration of the vehicle. It can be seen
that the rms of the vehicle does not increase sensitively, even under
a high wind speed, which demonstrates that wind does not have
a significant influence on the vertical acceleration of the vehicle
running on the ground.
In Fig. 13(a), it can be seen that the velocity of the vehicle
has no particular effect on the vertical acceleration of the vehicle
running on the ground in the absence of wind. However, in view
of Fig. 12(a) and (c), comparing the accelerations of the vehicle
running respectively on the ground and the bridge, a noticeable
increase is observed in the acceleration for the vehicle running on
the flexible bridge when there is no wind. The summary of this
difference, as illustrated in Fig. 13(a), reveals that the acceleration
of the vehicle increases almost proportionally to its velocity, which
confirms the existence of a strong interaction between the vehicle
and the guideway bridge. Accordingly, in the absence of wind,
the velocity of the vehicle can be considered to be the most
determining parameter influencing the accelerations of the vehicle
running on the bridge.
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Fig. 11. Dynamic magnification factor for bridge displacement according to vehicle speeds under various mean wind speeds: (a) 1/2 point of center span; (b) 1/4 point of
center span.

vibrations, rather than the track irregularity or wind speed.
However, under low wind speeds, the vehicle load is the main
cause of the vibrations of the bridge, which in turn induce
vibrations of the vehicle. Therefore, the oscillations of the bridge
can be seen as the main source of the vertical vibrations of the
vehicle.
Fig. 13(d) summarizes the rms accelerations of the vehicle. It
can be clearly seen that the vehicle speed, as well as the gusty
winds, do not have any significant effect on the vehicle running on
the ground. However, this situation clearly differs when the vehicle
is crossing the bridge. In such a case, the vehicle speed becomes an
important factor because of the strong vehicle-bridge interaction.
Moreover, the wind also plays a major role in the vibration of the
vehicle through the excitation of the guideway bridge, which has
been seen to excite the vehicle.
4.4. Ride quality of the vehicle

Fig. 12. Vertical acceleration of the maglev vehicle body at speed 100 km/h: (a)
vehicle running on the ground without wind; (b) vehicle running on the ground
with U = 30 m/s; (c) vehicle running on the bridge without wind; (d) vehicle
running on the bridge with U = 30 m/s.

Fig. 12(d) and Fig. 13(c) plot the accelerations of the vehicle
running on the flexible bridge when subjected to wind forces.
Even if the velocity of the vehicle constituted the major parameter
influencing the acceleration of the vehicle under low wind speeds,
the wind speed becomes the governing factor for higher wind
speeds. This means that the main source of the vertical shaking
of the vehicle is the base excitation originated by the bridge

Fig. 14 shows the PSD of the vertical acceleration of the maglev
vehicle under various conditions. The PSD of acceleration of the
vehicle running on the ground, as shown in Fig. 14(a)–(d), increases
slightly with higher wind speeds, and this concurs with the rms
accelerations presented in the previous section. From Fig. 14
(e)–(h), the strong energy is noticeable, at a low frequency range
caused by the oscillation of the guideway bridge.
Comparing the PSD of the vehicle running on the ground with
the bridge shown in Fig. 14(a) and (e), it is clear that the vibrations
at a frequency lower than 1 Hz are mainly induced by the bridge.
The widespread magnitudes of PSD according to vehicle speed at
low frequency get closer to each other at a high wind velocity,
regardless of the vehicle speed. This means that the wind forces
dominate the bridge vibration rather than the vehicle speed. From
the figures, the local humps of PSD near 5 Hz can thus be attributed
to the guideway roughness, without dependence on the bridge
vibrations or turbulent components of the wind.
In order to investigate the ride quality of the maglev vehicle, the
simulated vertical accelerations of the vehicle cabin are compared
with the UTACV (Urban Tracked Aircushion Vehicle) criterion,
which is known to be the most stringent among relevant criteria
such as the ISO (International Organization for Standardization),
the DB (Deutsche Bahn), and the SNCF (Société Nationale des
Chemins de fer Français). The simulated accelerations of the
maglev fail to satisfy the UTACV criterion because of the strong
vibration at low frequency range caused by the bridge oscillations.
The maximum roughness profile of approximately ±10 mm
adopted in this study is relatively higher than that of the
conventional railway. Even though the simulated responses exceed
the UTACV criterion, the absence of experimental PSD for the

3452

S.-D. Kwon et al. / Engineering Structures 30 (2008) 3445–3456

Fig. 13. Vertical rms acceleration of the maglev vehicle under various conditions: (a) vehicle running on the ground and bridge; (b) vehicle running on the ground subjected
to gusty wind; (c) vehicle running on the bridge subjected to gusty wind; (d) vehicle running on the ground and bridge with/without wind.

roughness of the maglev rail is impeding the evaluation of the
ride quality of the maglev vehicle used in this study. In terms of
the numerical results, it is evident that the vehicle speed, flexible
guideway bridge and gusty wind can degrade the ride quality of
the vehicle.
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Appendix A. Nomenclatures
n: number of concerned bridge modes

5. Concluding remarks
An eleven-DOF maglev vehicle model has been developed in
this study in order to investigate the dynamic behavior of the
maglev-guideway-wind coupling system. The governing equations
of motion were derived from the energy of the maglev vehicle
and guideway bridge. Numerical simulations of the maglev vehicle
running on a suspension bridge revealed that the dynamic
displacements of the bridge, caused by the vehicle, are not
significant compared with those that are caused by turbulent wind
forces. It was observed that the vehicle speed and gusty wind
had a minor effect on the vibrations of the vehicle running on
the ground. However, the vehicle speed and wind forces became
important parameters for the vibration of the vehicle running on
the bridge because of the strong interaction between the vehicle
and the bridge. Despite the lack of experimental data, numerical
results indicated that the low frequency vibrations induced by
the guideway bridge, as well as by turbulent wind, could degrade
the ride quality of the present low speed maglev vehicle. When
applying a suspension bridge to the guideway structure for a
maglev vehicle, it is necessary to control the low frequency
vibrations that are transferred from the flexible suspension bridge
to the vehicle.
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ωi : natural frequency (rad/sec) of the bridge
ξi : damping ratio of the ith mode of the bridge

qi : generalized coordinate of the ith mode of the
bridge
yg , zg , θg : transverse, vertical and torsional displacements, respectively, of the bridge
φiy , φiz , φiθ : the ith normalized mode shape for transverse, vertical and torsional displacements,
respectively, of the bridge
Tg , Vg , Dg : kinetic, potential and dissipation energy,
respectively, of the bridge
V : vehicle speed
A: side area of the vehicle cabin
H: height of the vehicle cabin
mc : mass of the vehicle cabin
Tv , Vv , Dv : kinetic, potential and dissipation energy of
the vehicle cabin
Imx , Imy , Imz : moments of inertia about the roll, pitch,
and yaw motions, respectively, of the vehicle
cabin
yc , zc : transverse and vertical displacements of the
vehicle cabin
θcx , θcy , θcz : roll, pitch and yaw displacements, respectively, of the vehicle cabin
mj : mass of the jth bogie
ycj , zcj : transverse and vertical displacements of the
jth bogie
zj∗ : vertical static displacement of the jth bogie
aj , ej : longitudinal and horizontal distances of the
jth bogie from the center of the cabin

