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Abstract: This paper reviews the development of forced motion apparatuses (FMAs) and their applications in wind engineering. A
kind of FMA has been developed to investigate nonlinear and nonstationary aerodynamic forces considering the coupled effects of
multiple degrees of freedom (DOFs). This apparatus can make section models to vibrate in a prescribed displacement defined by a
numerical signal in time domain, including stationary and nonstationary movements with time-variant amplitudes and frequencies
and even stochastic displacements. A series of validation tests show that the apparatus can re-illustrate various motions with enough
precision in 3D coupled states of two linear displacements and one torsional displacement. To meet the requirement of aerodynamic
modeling, the flutter derivatives of a box girder section are identified, verifying its accuracy and feasibility by comparing with
previously reported results. By simulating the nonstationary vibration with time-variant amplitude, the phenomena of frequency
multiplication and memory effects are examined. In addition to studying the aerodynamics of a bluff body under large amplitudes
and nonstationary vibrations, some potential applications of the proposed FMA are discussed in vehicle-bridge-wind dynamic
analysis, pile-soil interaction, and line-tower coupled vibration aerodynamics in structural engineering.
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1 Introduction
Wind-induced vibrations of long-span bridges
during their life cycles have complex stochastic
time-variant responses, which are characterized by
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large amplitude and coupling with different degrees
of freedom (DOFs) (Jain et al., 1996), especially when
the increasing span (Chen and Cai, 2003), large attack
angles (Ding et al., 2000), and non-synoptic wind
field (Miyata et al., 2002) are taken into account.
These tendencies challenge the feasibility of traditional equipment in wind tunnel tests, involving free
vibration systems (Gao and Zhu, 2015) and forced
motion apparatuses (Ukeguchi et al., 1966).
As a solution to this complication, forced motion
apparatus (FMA) has been improved to become an
effective tool realizing a deeper understanding of the
mechanisms of aerodynamics. FMAs have developed
from coupling of two DOFs (Cao and Sarkar, 2012) to

594

Zhao et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2020 21(7):593-608

three DOFs (Diana et al., 2004) and from small to
large amplitudes. In the early stages, FMAs focused
on harmonic motion (Chen et al., 2005). When the
research was extended to post-flutter (Zhu and Gao,
2015), non-synoptic wind fields (Miyata et al., 2002;
Chen et al., 2004), and nonstationary processes (Borri
et al., 2002), experimental setups with the capability
of driving section models in arbitrary ways were attempted (Siedziako and Øiseth, 2018). These improvements indicate the evolution from stationary to
nonstationary driving the investigation of bluff body
aerodynamics.
To reproduce complex wind-induced structural
vibrations, a novel FMA is proposed and designed.
Compared with previous apparatuses, it features more
varied motion types based on proportion integration
differentiation (PID) technology, so it can re-illustrate
even stochastic movements with point to point coincidence between prescribed and simulated data. This
paper gives a general introduction to the device’s
design and its potential applications in wind engineering. First, more attention is paid to available motion types, vibration amplitudes, and a PID closedloop control method and its validation in terms of
accuracy and feasibility. Then, several potential applications in the field of structural wind engineering
are discussed, including nonstationary aerodynamics,
vehicle-bridge-wind dynamic analysis, pile-soil interaction, and line-tower coupled vibrations.

2 Evolution of FMAs
2.1 Development of FMA performance
The performance of an FMA can be described in
terms of the number of DOFs, vibration amplitudes,
and motion types. This section discusses the history
of FMA development in the field of aerodynamic
research.
From the view point of DOFs, early FMAs could
drive the model to move at only one single DOF,
while later ones had coupled two-DOF functions
(Halfman, 1952). Three-DOF modeling of lateral,
vertical, and torsional motions was also recently
achieved. The coupling of multiple DOFs laid the
foundation for the study of multi-modal coupled vibration of bluff and streamlined bodies. Some devices
combine the functions of forced vibration and free
vibration (Falco et al., 1992).

In terms of vibration amplitude, the maximum
amplitude of each DOF gradually increases under the
requirements of nonlinear aerodynamic research. The
three-DOF large amplitude FMA made by Mitsui
Crafts Co. Ltd., Japan (Morishima and Inoue, 1999)
has a vertical and lateral amplitude of 500 mm and a
torsional amplitude of 55°. The Norwegian University
of Science and Technology invented an FMA
(Siedziako et al., 2017) which has a lateral and vertical
amplitude of 100 mm, and a torsional amplitude that
can reach 90°. The novel FMA of Tongji University,
China has larger amplitude limits with X=±200 mm,
Y=±100 mm, and RZ=±360° (X is lateral, Y is vertical,
and RZ is torsional amplitude) (Zhan et al., 2017). The
higher amplitudes facilitate the study of large
amplitude wind-induced vibration and nonlinear aerodynamics for bridge sections under extreme wind
conditions.
In terms of motion type, the traditional FMAs
can drive only in the form of simple harmonic vibration in a single DOF (Niu and Chen, 2014), and
cannot easily reproduce possible stochastic windinduced vibrations, saying nothing of multi-modal
coupling, multi-frequency coupling, and nonstationary vibrations. The realization of different vibration
types (Bergmann et al., 2003; Siedziako et al., 2017)
based on a series of updated FMAs contributes the
simulation and reproduction of complex windinduced vibrations, especially random vibration,
considering coupled DOFs or modes, thereby extending the application range in the wind engineering
field. Fig. 1 lists the performance parameters of representative FMA worldwide.
2.2 Development of FMA applications in aerodynamic research
Combining an FMA with wind tunnel tests can
be used to study aerodynamic phenomena, such as
wind-related effects of flexible structures, which is a
complicated aerodynamic process. In addition to
simulating and reproducing unsteady structural vibration with large amplitudes, large wind attack angles, and multi-modal coupling, the forced vibration
method has several other advantages: (1) it realizes a
wider range of reduced wind speeds, (2) it obtains a
higher signal-to-noise ratio of test signals, and (3) it
directly identifies the self-excited aerodynamic force
acting on the model.
FMAs initially appeared in the aviation field
and its associated aerodynamic research (Halfman,
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Fig. 1 Schematic of forced motion apparatuses: (a) FMA in Hunan University, China; (b) early FMA in Tongji University, China; (c) FMA in Milan Polytechnic University, Italy; (d) FMA in Norwegian University of Science and Technology,
Norway. The symbol @ means the interval step of amplitude increment of FMAs

1952). Early in the 1950s, Halfman (1952) began to
use the forced vibration method to test airfoils. The
unsteady aerodynamic force of the airfoil was
measured for single vertical or torsional vibration
and coupled vertical and torsional vibration. Then,
Ukeguchi et al. (1966) first applied an FMA to the
study of an aerodynamic self-excited force in a
bridge section. Since then, a large number of aerodynamic characteristics have been studied. The progress of representative research is shown in Table 1.

3 A novel forced motion apparatus
3.1 Motion types
The framework of our proposed apparatus is
shown in Fig. 2. Its essential function is to make
models move in designated ways. Three DOFs,
namely horizontal (X), vertical (Y), and torsional

(RZ), are driven separately by two linear and one
rotational motion actuators. Three DOFs can be arbitrarily coupled through the cooperation of individual linear rails and the rotary axis. The length of
the linear rails of the FMA restricts the motion amplitudes. The amplitude limits of X, Y, and RZ are
respectively ±200 mm, ±100 mm, and ±360°. The
driving and decoupling mechanical method makes it
possible for three DOFs to work independently to
realize any complex movements (Fig. 3).
There is no restriction on motion types for any
DOF, as long as the required driving forces are within
the capacity of the actuators. The motion types stem
from single-frequency harmonic vibration and can be
summarized as
m

D  t    Ai  t   sin  2π  fi  t   t  i  t   +T  t  , (1)
i 1
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Table 1 Applications of FMA to research on aerodynamic characteristics

Y, RZ, Y+RZ

Aerodynamic
force acquired
Force
Force
Pressure
Force

Y, RZ

Force

Aerodynamic derivatives; comparison of
water tunnel and wind tunnel

Y, RZ

Force
Force

Zasso form of aerodynamic parameters
Nonlinearity of self-excited force

Bergmann et al. (2003)
Diana et al. (2004)
Box girder
Three DOFs
Guo (2006)
Thin plate; ribbed Single DOF
plate; box girder +three DOFs

Force
Force
Force

Niu and Chen (2014)

Force

Aerodynamic derivatives
Aerodynamic parameters
Comparison of time domain and frequency
domain method; comparison of single
DOF and three DOFs
Comparison of time domain and frequency
domain method; comparison of single
DOF and three DOFs; aerodynamic derivatives; flutter mechanism
Nonlinear aerodynamic model
Spanwise correlation of aerodynamic force
Aerodynamic derivatives and characteristics under different motion patterns

Reference

Section shape

Halfman (1952)
Ukeguchi et al. (1966)
Otsuki et al. (1974)
Falco et al. (1992)

Airfoil
Bridge
Square
Box girder

Matsumoto et al.
(1993)
Li (1995)

1׃10 and 1׃20
rectangular
Box girder;
twin-side-girder;
rectangular
Box girder
Flat; side-girder;
box girder

Cigada et al. (2001)
Chen and Yu (2002)

DOF
Y, RZ, Y+RZ

Thin plate; ribbed Single DOF
plate; box girder +three DOFs

Wang (2011)
Bridge girder
Li et al. (2016)
1׃5 rectangular
Siedziako et al. (2017) Box girder

Y, RZ

Force
Pressure
Force

Study object
Unsteady aerodynamic force
Aerodynamic self-excited force
Aerodynamic nonlinearity
Identification of aerodynamic parameters
by time domain method
Aerodynamic derivatives

(a)

Fig. 3 Driving and decoupling systems of three DOFs

(b)

(c)

Fig. 2 Images of the novel FMA: (a) schematic of FMA; (b)
H-shaped section model; (c) flat section model

where D(t) is the time history of displacement, T(t) is
a global trend term, Ai(t) is the amplitude of the ith

component, fi(t) is the motion frequency of the ith
component, i (t ) is the initial phase angle of the ith
component, and m is the number of superposed vibration components. Ai(t), fi(t), i (t ), and T(t) can be
expressed as time-variant functions of time to simulate nonstationary or even unsteady vibrations.
Motion types are controlled by pre-generated
input data in the form of time series. Typical time
series are shown in Fig. 4, including harmonic motion with a single frequency (Fig. 4a) and evolutions
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Fig. 4 Typical real-time movements of FMAs: (a) harmonic motion with a single frequency; (b) sinusoid-like motion with
multiple frequencies; (c) sinusoid-like motion with a linear time-variant trend; (d) sinusoid-like motion with a harmonic
time-variant trend; (e) sinusoid-like motion with time-variant frequency; (f) sinusoid-like motion with a linear
time-variant amplitude; (g) sinusoid-like motion with an exponential time-variant amplitude; (h) sinusoid-like motion
with a nonlinear time-variant amplitude; (i) motion with an impact and flat stage; (j) sinusoid-like motion with a random
amplitude; (k) arbitrary motion
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based on it, including multi-frequency (Fig. 4b),
time-variant average (Figs. 4c and 4d), time-variant
frequency (Fig. 4e), time-variant amplitude (Figs. 4f
–4h), flat stage (Fig. 4i), random amplitude (Fig. 4j),
and arbitrary motion (Fig. 4k). The various motion
types pave the way for the simulation of potential
wind-induced vibrations of long-span bridges and
high-rise buildings.
3.2 Running accuracy

To perform a comparative study and a parameterization study, it is necessary to accurately reproduce customized motions under different external
disturbances. Accuracy is guaranteed by real-time
monitoring of running states and adjustments of
driving forces (FD) based on the concept of PID. Laser inspectors are installed inside the apparatus to
monitor its current displacements. Driving forces are
adjusted automatically according to a comparison of
measured displacements (Dm) and expected displacements (De). When Dm is smaller than De, FD(ti+1)
will be reinforced, otherwise, it will be attenuated.
The adjustment process is shown in Fig. 5.
To verify the effectiveness of the self-adjustment
system illustrated in Fig. 5, section models weighing
1.5 kg and 2.0 kg respectively were forced to move in
typical ways under different wind velocities. To be
more universal and convincing, the typical motion
types shown in Fig. 4 were all tested, combining several amplitudes and frequencies. Variation in model
weight, motion amplitude, motion frequency, and incoming wind velocity led to different external disturbances, which required adjustment of driving forces.
Accuracy was quantitatively evaluated by determination of the coefficient R2 (calculated from
Eq. (2)), using the motion without wind as a reference. The distributions of R2 values are shown in
Fig. 6. R2 values for three DOF values under different
verification tests were all very close to 1.0, indicating
that the control system works effectively and can
resist various obstructions. To be more intuitive, a
sinusoid-like motion with random amplitude is presented as an example in Fig. 7.
n

R2  1 

 y
i 1
n

u  0,i

 y
i 1

u  0,i

2

 yu U ,i 

 yu  0 

2

,

(2)

yu  0 

1 n
 yu 0,i ,
n i 1

(3)

where yu=U,i is the displacement of the ith sampling
point under a wind speed of U, yu=0,i is the displacement of the ith sampling point when there is no wind,
and n is the total number of sampling points.
4 Identification of flutter derivatives of a
typical bluff body section
4.1 Identification method

The Theodorsen self-excitation model is suitable
only for thin airfoil or flat sections, not for bluff body
sections with significant airflow separation (Wu,
2013). The self-excitation model of a bluff body section is a set of semi-theoretical and semi-empirical
formulas. The corresponding aerodynamic parameters must be identified through experimental or numerical analysis. The Scanlan self-excitation model is
the most widely used in the wind engineering field.
Scanlan and Tomko (1971) proposed a linear
expression of aerodynamic self-excitability expressed
by six flutter derivatives Hi* and Ai* (i=1–3), the first
derivative of the vertical displacement ( h ) of the
structure, the torsional angle (α), and the first derivative of the torsional angle (  ). Huston (1986) considered the influence of vertical displacement (h) and
obtained expressions for aerodynamic lift and moment including eight flutter derivatives. With increasing in bridge spans, the lateral displacement
becomes more important in the system of self-excited
aerodynamic modelling. Sarkar et al. (1994) extended
the self-excited force model to three DOFs (Eq. (4))
by considering the aerodynamic derivatives related to
the lateral displacement (p) and the first derivative of
the lateral displacement ( p ).
p
B

D  U 2 B   K p P1*  K P2*
 K2 P3*
U
U


p
h
h
 K p2 P4*  K h P5*  K h2 P6*  ,
B
U
B

h
B
 K2 H 3*
L  U 2 B   K h H1*  K H 2*
U
U

h
p
p
 K h2 H 4*  K p H 5*  K p2 H 6*  ,
B
U
B

(4a)

(4b)
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h
B
M  U 2 B 2   K h A1*  K A2*
 K2 A3*
U
U

h
p
p
 K h2 A4*  K p A5*  K p2 A6*  ,
B
U
B

where D, L, and M are the self-excited forces acting
on the section model per unit length, which represent
drag force, lift force, and moment, respectively. ρ is
the air density, B is the width of the bridge section,
and U is the wind velocity. Kp, Kh, and K are reduced
wind velocity in lateral, vertical, and torsional displacements of forced vibration, respectively. Pi*, Hi*,
and Ai* (i=1–6) are lateral, vertical, and torsional
flutter derivatives, respectively.
The method of the forced vibration time domain
(Falco et al., 1992) is used to identify the flutter derivatives, including the single-DOF, two-DOF coupling, and three-DOF coupling. The correspondence
between the DOF coupling and the single identifiable
flutter derivative is summarized in Table 2. As

Fig. 5 Closed-loop PID feedback system for running
accuracy
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shown in Table 2, the conditions that can be used for
flutter derivative identification are selected from all
test conditions.
The identification and calculation formulas of
the flutter derivative can be explained by taking the
three-DOF coupling condition as an example.
The Scanlan self-excited expression in Eq. (4) is
expressed in matrix form as
F  X  E,

E   X T X  X TF ,

(6)

Table 2 Relationship between flutter derivatives and
DOF coupling
Method

DOF

Single
DOF

X
Y
RZ
X+Y

Two
DOFs

X+RZ
Y+RZ
Three
DOFs

X+Y+RZ

E  U2B
2
Kh2  Kp  Kp  
 Kh  K B 
2 
H
H
H6 
H2 K H3
4
5
 U H1
B
U
B 
U

K
Kp2  Kh  Kh2   (8)
K B 
  p P1
P2
K2 P3
P4
P5
P6  ,
U
U
B
U
B 

2
2
 Kh B A K B A K B A K2 A Kp B A K2 A 
h 4
p 6 
5
1
2
3
 U
U
U
U


(5)

where F is the aerodynamic time history matrix, E is
the flutter derivatives matrix, and X is the motion time
history matrix.
According to Eq. (4), 18 aerodynamic derivatives can be obtained from the time history of
self-excited force on the left and the time history of
motion on the right through the least square method at
each reduced wind velocity.
1

F   L  t  D  t 

Related flutter
Condition
derivatives
SHM
H5*, H6*, A5*, A6*, P1*, P4*
SHM
H1*, H4*, A1*, A4*, P5*, P6*
SHM
H2*, H4*, A1*, A4*, P5*, P6*
*
*
*
*
*
*
H1 , H4 , H5 , H6 , A1 , A4 , SHM,
*
*
*
*
*
*
ωp≠ωh
A5 , A6 , P1 , P4 , P5 , P6
*
*
*
*
*
*
H2 , H3 , H5 , H6 , A2 , A3 , SHM,
*
*
*
*
*
*
ωp≠ωα
A5 , A6 , P1 , P2 , P3 , P4
*
*
*
*
*
*
H1 , H2 , H3 , H4 , A1 , A2 , SHM,
*
*
*
*
*
*
ωh≠ωα
A3 , A4 , P2 , P3 , P5 , P6
18 flutter derivatives
SHM,
ωh≠ωp≠ωα

Note: SHM it the single-frequency harmonic motion; ωp, ωh, and ωα
are lateral, vertical, and torsional circular frequencies of forced
vibration, respectively

 L  t1  D  t1  M  t1  


L  t  D  t2  M  t2   (7)
M  t     2
,





 L  tn  D  tn  M  tn  

4.2 Identification results

Flutter derivative identification is a process of
obtaining the dependent relationship between the
motion state and the aerodynamic time history in
Eq. (9). The aerodynamic time history, Eq. (10), can
be derived from the motion state and the flutter derivative. The time history can also be used in this
model to evaluate the accuracy of flutter derivative
identification. This is done by comparing the aerodynamic time history calculated by the derivation of
the flutter derivative with directly measured aerodynamic results. The R2 value (Eq. (2)) is used as the
quantitative evaluation index.
E  f  X, F ,

(9)

F  g  X, E.

(10)

The various derivatives identified by different
working conditions are rather discrete, and it is necessary to give a fitting curve of multiple recognition
results and a confidence interval with a certain
guarantee rate.
The geometries of the box section used for the
flutter derivative in this section are shown in Table 3.

Table 3 Criteria, confidence interval, and comparison objects of flutter derivatives (unit: mm)
Section Lower limit Confidence
interval
type
of R2

Comparison object
Wind tunnel tests (Chen et al., 2005)

Box
girder

0.90

95%

Wind tunnel tests (Niu, 2008)
Computational fluid dynamics
(Ying, 2017)

Comparison section
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A box girder section was selected, and its cubic
polynomial fitting curve and confidence interval with
95% guarantee rate are shown in Fig. 8. The horizontal coordinate is the reduced wind speed U/(fB),
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application

in

structural

5.1 Nonlinear and nonstationary aerodynamic
forces and aerodynamic characteristics

Structural vibration and wind fluctuation collectively contribute to aerodynamic force. One aim of
bridge wind resistance research is to establish a relationship among the three (Davenport, 1962; Scanlan and Gade, 1977; Scanlan, 1993). Traditionally,
structural vibrations are mostly within the scope of
single-frequency and small-amplitude harmonic motion; the wind field is usually produced by passivelycontrolled wind tunnels. However, for ultra-longspan bridges across the sea (Miyata et al., 2002; Ge et
al., 2018b), it is not enough to consider merely
small-amplitude vibration and the synoptic wind
field. More complex coupled structural movements
and non-synoptic wind environments such as typhoons and tornados should be paid more attention
(Fig. 9). Aerodynamic forces under these conditions
can be studied by combining FMAs with activelycontrolled wind tunnels (Cao et al., 2001; Ma et al.,
2013). FMAs can simulate the contribution of
large-amplitude, multi-mode, multi-frequency, and
nonstationary vibrations. Actively-controlled wind
tunnels can be used to model nonstationary and extreme wind environments.
An application of the device to aerodynamic
force research is illustrated in Fig. 10, where the
section model is given prescribed vibrations and
various wind fields can be simulated through wind
tunnels. The relationship and interaction mechanisms
among wind, structure vibration, and aerodynamic
forces can be revealed by proper mathematical tools.
The effects of a large attack of angles, large vibration
amplitudes, complex vibration forms, and special
wind fields can be clearly understood for proper wind
resistance design.
In addition to long-span bridges, the FMA can
be applied to the aerodynamics of rotating flying
objects. Taking full advantage of 360° continuous
rotation, large angle flips of flying aircraft (Nielsen,
2015) can be simulated and corresponding aerodynamic forces measured (Fig. 11).
The FMA can also be applied to a nonlinear or
nonstationary aerodynamic force like the identification of admittance. Earlier models based on wind

Fig. 9 Amplitude-dependent aerodynamics of a long-span
bridge under a stochastic wind field

Fig. 10 Application to the study of aerodynamic forces on
a bluff body (B stands for force-measurement balance and
D for displacement-measurement sensor)

Fig. 11 Application to the study of the aerodynamics of
flying aircraft

tunnel tests or theory can identify the admittance
under the incoming turbulence (Zhao and Ge, 2015).
By using the FMA, the extreme wind environment
can be realized to identify the admittance and possibly build a reasonable framework.
In this paper, we take harmonic vibration with
time-variant amplitude as an example, briefly introducing the aerodynamic nonstationary characteristics
of a typical bluff body section. According to preliminary experimental data analysis, the torsional
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In conclusion, the FMA can be used to model
nonstationary aerodynamic phenomena, including
extreme time-variant wind speed, frequency multiplication, the identification of admittance, amplitudedependent, and even track-dependent effects of aerodynamic work, but further research is needed.
5.2 Vehicle-bridge-wind dynamic analysis

According to present practice, long-span
bridges are closed to limit traffic only when wind
velocities are above a prescribed wind speed threshold. Consequently, it is normal for the wind, bridge,
and vehicles to interact with each other under normal
running states (Fig. 14). The existence of moving
vehicles changes the aerodynamic shapes of structures and consequently influences their wind-induced
responses. Furthermore, the dynamic responses of
the bridge are transferred to passing vehicles (Xu and
Guo, 2003), leading to the problem of driving comfort (Guo and Xu, 2006) and operational difficulties.
The study of vehicle-bridge-wind coupling effects is
instructive in the evaluation of structural aerodynamic stability, driving comfort and determination of
driving speed limits to avoid conservative traffic
limitation.
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nonstationary vibration is more likely to cause a
nonstationary aerodynamic force than vertical vibration. Therefore, the torsional force is used for data
analysis and explanation. In time-variant amplitude
vibration, the motion frequency does not change with
time, but the motion amplitude increases or decreases
regularly with time.
For the nonstationary process in Fig. 12, three
time history curves represent torsional displacement,
aerodynamic force, and aerodynamic work under the
case of 10 m/s. The aerodynamics show a synchronous developing tendency with vibration input, and
when the amplitude increases to a certain value, the
aerodynamic force shows apparent frequency multiplication, with a threshold at a specific moving amplitude. This phenomenon reflects the amplitude
dependence of aerodynamic force.
To evaluate memory effects, two reverse vibrations are compared under different wind velocities
from 5 m/s to 10 m/s (Fig. 13). The motion frequency
and the maximum displacement amplitude are the
same, but the displacement amplitude (Fig. 13a)
increases linearly with time from 24 s to 48 s, while
the displacement amplitude (Fig. 13b) decreases
linearly in the same time interval. It can be seen from
the graph that the symbols and absolute values of
aerodynamic torque work (W) are similar in the two
reverse processes, but the shapes of the aerodynamic
work time history curves are different. In conclusion,
the dimensionless work curves show obvious
asymmetric development, meaning that reverse vibration did not induce reverse aerodynamic force and
the conversion from vibration to aerodynamic was
irreversible, which is a typical evidence about aerodynamic memory effects depending on the former
aerodynamic evolution process.
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Fig. 12 Time history of torsional displacement, aerodynamic force, and aerodynamic work (W)
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Fig. 13 Time history curve of aerodynamic torque work
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αmax=11–0, f=1 Hz (dimensionless results)
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5.3 Pile-soil interaction under wind-induced
vibration

Fig. 14 Vehicle-bridge-wind coupling problem

At present, vehicle-bridge-wind coupling
problems are generally analyzed through numerical
simulation (Xu and Guo, 2003; Cai and Chen, 2004;
Calçada et al., 2005) while wind tunnel tests are
relatively rare (Calçada et al., 2005). The lack of
wind tunnel tests is partly due to the complexity of
experimental systems involving moving vehicles,
vibrating girders, and various cross-bridge winds.
System performance is evaluated from different
perspectives, including bridge safety and driver
comfort (Cai and Chen, 2004).
The experimental setup related to this application is illustrated in Fig. 15. The wind field can be
re-produced by passively or actively controlled
turbulence-generating wind tunnels. Wind-induced
vibrations of a bridge deck are simulated by an FMA.
A vehicle is driven by bridge girder models through
elastic connections. Driving speed and wind velocity
can be simply simulated by adjusting the angle between the section model axis and incoming flow.
Effects of moving vehicle groups can be studied
through different combinations of the number, type,
and position of vehicle models. To study driver
comfort and operational difficulty, it is necessary to
simulate not only the aerodynamic shapes of vehicles, but also their mass, damping, and stiffness
systems (Cai and Chen, 2004). With the help of the
proposed FMA, more attention can be paid to the
simulation of the vehicle system compared with a 3D
bridge model of wind-induced vibration. From the
perspective of vehicles, section models of bridge
girders play a role as a shaker, which can easily
simulate more complex stationary or nonstationary
movements.

Wind directly affects the superstructures of highrise buildings, transmission towers, and tall bridge
towers, and their dynamic responses are transferred to
group-pile foundations (Fig. 16), leading to pile-soil
interaction (Damgaard et al., 2014). However, present wind engineering focuses mainly on superstructures and ignores substructures.
FMAs are applied to simulate equivalent vibrations at the junctions of superstructures and substructures, and can be adopted to study dynamic
pile-soil interaction.

Fig. 15
analysis

Application to vehicle-bridge-wind coupling

Fig. 16 Pile-soil interaction considering wind effect simulation excitation
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An experimental setup of this application is illustrated in Fig. 17. The apparatus is used to simulate
equivalent dynamic responses of superstructures,
which can be determined from field measurements,
wind tunnel tests, and FEM analysis. The vibrations
are filtered and transferred to substructures through
elastic connections, whose stiffness depends on specific situations. In addition to wind engineering, it is
applicable to other dynamic effects, such as earthquake effects (Gazetas and Makris, 1991; Makris and
Gazetas,1992) and bursting loads.

Fig. 17 Application to the study of pile-soil interaction
under simulation excitation
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tunnel tests (Loredo-Souza and Davenport, 2001;
Huang et al., 2012; Liang et al., 2015) and numerical
simulations (Ghobarah et al., 1996; Battista et al.,
2003; Zhang et al., 2013). Adjacent transmission
towers are generally far apart and lines are rather
thin. However, the dimensions of wind tunnels are
limited, which makes simulation in a wind tunnel test
difficult. Numerical simulations require validation of
physical wind tunnel tests. Forced motion devices
provide an effective alternative as a movable
boundary restriction.
Taking lines as research targets, the application
is shown in Fig. 19. The device is used to simulate the
vibration at the junction of towers and a line, including vibrations in along-line and cross-line directions. The line system is simulated through an approximate model that satisfies similar criteria. Dynamic responses of the line-tower system are closely
related to boundary conditions (Ghobarah et al.,
1996), and vibrations of side transmission towers
may not be exactly the same due to differences
among engineering sites. Under this condition, the
vibrations in the two directions need to be controlled
separately.

5.4 Line-tower coupled vibration of transmission
tower

Transmission towers are more flexible than
general high-rise buildings. Additionally, spans between adjacent towers are generally large. Consequently, towers and lines are coupled under distinctive dynamic characteristics, which makes it improper to treat them separately. It is necessary to
consider the interaction between towers and lines (Li
and Bai, 2006). Line-tower interaction problems are
illustrated in Fig. 18.

Fig. 18 Interaction between transmission towers and lines

In terms of tower-line coupled vibration, present
research methods are mainly aeroelastic-model wind

Fig. 19 Application to line-tower coupled vibration considering boundary simulation movement

In addition to wind-induced vibration, the setup
shown in Fig. 16 can be used in combination with
other factors. Many transmission towers under construction or design in China are faced with coupled
phenomena, such as wind-sand (Kikuchi et al.,
2003), wind-rain (Kikuchi et al., 2003; Ge et al.,
2018a), wind-snow (Zhou et al., 2016), and wind-ice
(Pospíšil et al., 2016). The effects of coupled factors
can be simulated by the combination of the apparatus, wind tunnels, and other devices.
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6 Conclusions

An FMA has been developed based on the PID
control algorithm to simulate different forms of
wind-induced vibrations. Various motion types are
realized in individual DOFs and coupling two even
three DOFs, including stationary and nonstationary
DOFs. Running accuracy is verified under different
external obstructions by tests for a variety of wind
loads and different driven weights. The rationality of
the application of the FMA in the wind engineering
field has been verified by identifying and comparing
the flutter derivatives of a box girder section. Simulation of various motion types paves the way for its
application in structural wind engineering, including
nonstationary aerodynamic forces, vehicle-bridgewind coupling vibration, pile-soil interaction, and
line-tower coupled vibrations.
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中文概要
题

目：一种在结构工程中具有潜在应用前景的新型强迫

目

运动装置
的：探究新型强迫振动装置在风工程领域的发展与

应用。
创新点：1. 提出一种强迫振动装置，以实现多自由度耦合

方

效应的非线性非平稳气运动，并探讨该装置的应
用前景。2. 该装置对运动形式无限制，且振幅及
频率均可连续变化，因此所需最大驱动力不超过
电机限值即可；不同运动形式在每个自由度上均
可实现；对三个自由度之间的组合没有限制，单
自由度、任意两自由度耦合和三自由度耦合均可。
法：1. 为模拟不同形式的风振，基于比例-积分-微分

结

（PID）控制算法开发一种强迫振动装置（FMA），
并采用自主研发的强迫振动装置实现多自由度
耦合的多种强迫振动运动方式。2. 为满足气动建
模的要求，采用强迫振动时域法对箱梁截面的颤
振导数进行识别，包括单自由度、二自由度和三
自由度等多种耦合形式，并与已有的研究结果进
行比较，验证该强迫振动装置的准确性和可行
性。3. 根据强迫振动装置的特点分析其在风工程
领域的应用以及未来的发展应用前景。
论：1. 该强迫运动装置实现了各种运动类型，并通过

试验验证了其运行精度；通过对箱梁截面颤振导
数的识别和比较，验证了其在风工程领域应用的
合理性。2. 该装置还可用于处理其他结构工程领
域的问题，如大跨桥梁的风-车-桥耦合问题、输
电线塔的塔-线耦合振动问题、飞行物在特定旋转
轨迹下的气动力问题和结构风致振动引起的桩土共同作用等。
关键词：强迫运动装置；耦合振动；随机振动模拟；气动
力；倍频效应；记忆效应；风工程；潜在应用

