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Abstract 

Part 1 of the companion papers presents experimental results regarding multi-mode 
vortex-induced vibrations (VIV) of steel-box girder suspension bridges based on 
sectional model study, which is built theoretically upon the two-dimensionality of both 
incoming flow and oscillating lift forces. In order to investigate the span-wise 
correlations of oscillating lift forces under different modes of vibration as well as to 
directly measure VIV amplitudes for different vertical modes, an aeroelastic model that 
can simulate the closely-spaced frequency characteristics as well as the mode shape in a 
suspension bridge is necessary. In this study, a novel multi-elastically supported 
aeroelastic model of shallow beam is proposed and is capable of reproducing as many 
as closely-spaced vertical modes of a real suspension bridge. The aeroelastic model is 
8.1m long, 4cm high and 24cm wide, and the Froude number is followed in the model 
design. The stiffness coefficients of multiple elastic supports are determined by the 
assumed mode shape method. Steady sinusoidal excitations are used to confirm the 
modal frequencies, mode shapes and modal damping ratios of the aeroelastic model. 
The verified aeroelastic model is tested in smooth flow to measure the VIV amplitudes 
under different modes of vibrations. The 1:1 sectional model of the rectangular section 
is also tested in wind tunnel with the same vibration frequencies as in the aeroelastic 
model and the results are compared to those obtained on aeroelastic model.  

1 Introduction 

Multi-mode vertical vortex-induced vibrations (VIV) have been observed on several 
steel box girder suspension bridges under moderate wind and the vibration frequencies 
are usually between 0.2Hz~0.4Hz. The aim of the present study is to investigate the 
characteristics of higher modes’ VIV and the relationship of VIV vibration amplitudes 
among different modes by using sectional model and aeroelastic model studies. Part 1 
of the companion papers describes the sectional model experimental results regarding 
variation of VIV amplitude with model vibration frequency and model length scale for a 
shallow section with side ratio B/D=6 (Hua et al. 2013), which is built its theoretical 
base upon the two-dimensionality of both incoming flow and oscillating lift forces. 
However, vortex-induced pressures or the resultant lift forces between two cross-
sections do not fully correlated in particular at small vibration amplitudes. For example, 
the correlation length, defined as the span-wise integration of correlation coefficient, is 
about 6D for a stationary square cross-section in smooth flow (Vickery, 1966), and the 
correlation length for oscillating square cross-section is greatly increased (Bearman and 
Obasaju, 1982). Therefore lack of knowledge of correlation of vortex-induced lift forces 
could lead to considerable discrepancy between predictions and experiments (Ehsan and 
Scanlan, 1990). Rigid sectional models are commonly used to determine the correlation 
between vortex-induced pressure/forces over a range of reduced wind velocity on 
stationary sectional models or dynamic sectional models (either spring-mounted models 
or forced vibration ones), and the variation of correlation with vibration amplitude can 
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also be obtained when using dynamic models. While these experiments can delineate 
the span-wise correlation of pressures/forces caused by the three-dimensional flow 
around the model, the three-dimensional effect of mode shapes on the correlation has 
been omitted due to the uniform amplitudes of vibration at different parts of the model. 

To study the three-dimensional effects of mode shapes on correlation of vortex-
induced forces, a kind of flexible aeroelastic model whose natural frequencies are 
within the expected vortex-shedding frequencies and mode shapes coincides with the 
realistic modes of vibration will be necessary. A scaled aeroelastic model of the full 
bridge may satisfy such requirement, but it is practically infeasible due to the small 
scale ratio, usually at the order of 1/200, and can only simulate the first two or three 
lower vertical modes. The taut-strip model is capable of reproducing a pair of vertical 
and torsional modes of suspension bridges and can be used to investigate the flutter 
characteristics. The stiffness of the taut-strip model is provided by two internal parallel 
taut strings, and the vertical frequencies of the taut-strip models therefore increase 
linearly. For example, if the first vertical frequency is f1, the modal frequencies of other 
vertical modes will be 2f1, 3f1, 4f1, …. Such frequency distribution is not the case for the 
vertical modes of suspension bridges. The vertical modes of a suspension bridge have 
the two salient features. They are closely-spaced such that there may exists more than 
ten modes in the frequency ranges of interests. The second feature is that the equivalent 
mass per unit length for every mode is nearly the same and approximately equals to the 
mass sum of stiffening girder and two main cables when the mode shape is nearly 
sinusoidal. As an example, Table 1 lists the modal characteristics of the first 8 vertical 
modes for a typical steel box suspension bridge with main span of about 800m. There 
are as many as 8 modes in the frequency range from 0.12Hz to 0.69Hz with an average 
increment of 0.07Hz, and the frequency distribution characteristics of suspension 
bridges differs from that of simply-supported beams (increase in a squared law) and that 
of taut strings (increase in a linear law). 
Table 1 Modal parameters of the first 8 vertical modes for a suspension bridge with a main span of 800m 

Mode 
number 

Frequency 
(Hz) Mode shape Equivalent modal 

mass1 (t/m) 
Onset velocity of 

VIV2 (m/s） 
2 0.1181 1st asymmetrical vertical 37.1 3.44 
3 0.1710 1st symmetrical vertical 33.8 4.98 
5 0.2354 2nd symmetrical vertical 33.9 6.85 
6 0.2645 2nd asymmetrical vertical 35.4 7.72 

13 0.3588 3rd symmetrical vertical 33.8 10.5 
18 0.4648 3rd asymmetrical vertical 46.0 13.6 
26 0.5621 4th symmetrical vertical 33.8 16.3 
34 0.6900 4th asymmetrical vertical 34.1 20.1 

1 The mass of stiffening box girder and the two main cables are 27.7t/m and 5.9t/m, the equivalent modal mass for 
every mode equals to the sum of stiffening girder and the two main cables except for mode 18.  
2 Evaluated according on height of stiffening girder D=3.5m and a nominal value of Strouhal number St=0.12 

In this study, a novel elastically multi-supported aeroelastic model of a shallow 
beam is proposed as simplified representation of a suspension bridge, and it is capable 
of reproducing as many as closely-spaced vertical modes of suspension bridges. Only 
the stiffening girder is included so as to eliminate the possible interference from cables 
and bridge towers, and the model girder is elastically supported by springs at multiple 
locations. The appropriate numbers of elastic supports and the support stiffness are 
determined with the assumed mode shape method. The aeroelastic model is 8.1m long, 
4cm high and 24cm wide, and the Froude number is followed in the model design. The 
modal frequencies and mode shapes of the elastically multi-supported aeroelastic model 
have been tested by steady sinusoidal excitations to extract modal parameters as well as 
to confirm the design method. The aeroelastic model is then tested in wind tunnel for 
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two sets of support stiffness to investigate the relationship of VIV amplitudes among 
different vertical modes.  

2 Elastically Multi-supported Aeroelastic Model 

2.1 Model design 
A suspension bridge with main span of 1620m is used as prototype for design and 

constructing the aeroelastic model. The stiffening girder is assumed to have a 
rectangular cross-section with side ratio B/D=6, as also used in the sectional model 
study (Hua et al., 2013). Only the asymmetrical vertical modes with a stationary node at 
mid-span are considered in this study and thus half bridge span will be adequate in 
designing aeroelastic model. The modeling of asymmetrical vertical modes only also 
ensures sufficient frequency spacing to eliminate the potential interference of VIV of 
two neighboring modes. The length scale of the aeroelastic model is taken as 1/100. 
Table 2 shows the main parameters for the prototype and the aeroelastic model. It is 
assumed that frequency of the fundamental vertical mode is 0.15Hz and the frequency 
spacing between two consecutive vertical modes is 0.09Hz.  

Table 2 Main parameters for the prototype and aeroelastic model 
Parameter Unit Scale ratio Prototype Model 
Length L M λL=1/100 810 (half span) 8.10 
Width B m λL=1/100 24 0.24 

Height D (H) m λL=1/100 4 0.04 
Girder stiffness EI N m λEI= λL

2=1/1005 2.1×1011×4=8.4×1011 84 
Equivalent mass kg/m λm= λL

2=1/1002 30000 3 
Fundamental Frequency f Hz λf= λV/λL=10 0.15 1.5 

In model design, the stiffness of the stiffening girder is modeled by thin steel plate 
and the stiffness of main cables is represented by a series of flexible supports evenly 
distributed along the span. For suspension bridges, the mode shape of stiffening girder 
is very close to a sinusoidal one, and therefore has a form of φr(x)=sinrπx/L. By 
assuming that the elastic supports is evenly distributed and stiffness of the ith elastic 
supports is Ki, the generalized stiffness and mass for the r-th mode of the aeroelastic 
model is given as 
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where N is the number of flexible supports which is taken as 17 in this study, and mi is 
the effective mass of elastic supports. The aeroelastic model is intended to simulate the 
first eight to ten vertical modes of a suspension bridge, therefore the system of equation 
for solving support stiffness K based on equation (1) remains underdetermined. 
Therefore the stiffness of elastic support is assumed to symmetric and a number of 9 
stiffness coefficients Ki (i=1, 2, …, N/2+1) are going to be determined, which can be 
solved by the first 9 target modal frequencies of the aeroelastic model. The cantilever 
beams of circular section are used to implement the required support stiffness, and the 
stiffness may be adjusted by simply changing the beam length. The detailed information 
about cantilever beams is shown in Figure 1. 

Figure 2 shows the 8.1m long aeroelastic model in wind tunnel. The stiffness of the 
aeroelastic model is provided by a thin steel plate with 80mm wide and 4mm height, the 
outer configuration of the model is made of ABS plates which has a width of 240mm 
and height of 40mm (B/D=6). Thin steel plate and ABS plate are bolted together and 
foam materials are also filled inside to maintain the geometric configuration.  
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Additional small mass blocks are attached inside the model to satisfy the mass similarity. 
At both ends of the beam, the translational degrees of freedom are fixed and rotational 
degrees of freedom are allowed.  

 

 
Figure 1:  Cantilever beam with variable length for simulation of elastic supports, solid line-the 

undeformed state of the beam; dash line-the deformed state of the beam subject to weight of the model 
     

 
Figure 2: New aeroleastic model elastically-supported at multiple locations  

2.2 Dynamic tests 
Before wind tunnel test, dynamic tests are carried out to confirm the design method 

of aeroelastic model. The aeroelastic model is instrumented with 9 mini-accelerators 
evenly distributed along the span, as shown in Figure 3. A small vibrational exciter 
placed approximately at quarter span is used to derive the model into resonance with 
amplitude of 0.5mm, and the vibration amplitude at a particular resonant frequency is 
used to determine the mode shapes. Two types of methods, namely the forced vibration 
method and free decay method, are used to extract the modal frequencies and damping 
ratios of the aeroelastic model. In the forced vibration method, the FRF of the model is 
obtained by exciting the model with variable frequencies and a least squares fitting to 
FRF at the neighbourhood of resonant region is used to extract modal frequencies and 
modal damping ratios. In the free decay method, the model is derived into resonance 
mode by mode and after shutting down the exciter the free decay response is used to 
identify the modal frequencies and damping ratios. As for the mode shape, the 
magnitudes of measured acceleration at different locations are normalized to give mode 
shape with maximum amplitude being unit for both methods. Table 3 summarizes the 
identified modal frequencies and damping ratios from the two methods. Figure 3 shows 
the FRF of the first four modes obtained with forced vibration method. The measured 
FRF for the first three modes is relatively smooth but those for the remaining modes is 
quite scatter, and therefore no attempt has been made to identify the higher mode in the 
cases of forced vibration method. The identified modal frequencies are similar by the 
two methods. The damping ratios identified with forced vibration is about 50% larger 
than those by free decay method, which may be attributed by the relative large 
amplitude in forced vibration. Figure 4 shows the first six mode shapes of the 
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aeroelastic model obtained by forced vibration method, which is in reasonable 
agreement with the assumed sinusoidal mode shape.  

Table 3:  The measured modal frequency and damping ratio for the aeroelastic model 

Modal frequency (Hz) Modal damping ratio (%) 
Mode 

Free vibration Forced vibration Free vibration Forced 
vibration 

1st mode (symmetrical) 1.51 1.51 0.50 0.82 
2nd mode (asymmetrical) 2.43 2.40 0.71 1.13 
3rd mode (symmetrical) 3.42 3.38 0.88 1.30 
4th mode (asymmetrical) 4.41 4.34 0.72 1.16 
5th mode (symmetrical) 5.42 — 0.82 — 
6th mode (asymmetrical) 6.31 — 0.71 — 
7th mode (symmetrical) 7.60 — 0.73 — 
8th mode (asymmetrical) 9.03 — 0.70 — 
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Figure 3: The identified FRF for the first four modes of vibration 

For the aeroelastic model with fundamental frequency of 1.51Hz, the VIV onset 
velocities for the first four modes will be lower than 2m/s, so the free-stream turbulent 
intensity may be high enough to suppress VIV for these modes. Therefore another case 
(Case II) is designed by doubling the fundamental frequency but keeping the frequency 
spacing unchanged. Table 4 shows the identified modal frequencies and damping ratios 
for the case II.  
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Figure 4: Mode shape of the first six modes 

Table 4:  The identified modal frequency and damping ratio for case II 

3 VIV Test of the Aeroelastic Model 

3.1 Experimental results 
The wind tunnel experiments are carried out in the new 8.5m(W)×2m(H) ×15m(L) 

test section of the HD-2 wind tunnel. The non-uniformity of mean wind velocity is less 
than 2% and the turbulent intensity is generally less than 2% for wind velocity larger 
than 3m/s. The aeroelastic model is tested in wind tunnel with smooth flow for both 
cases. For case I, the first four modes do not develop VIV due to its low VIV onset 
velocity and high turbulence intensity, and modes 5~9 develop VIV continuously with 
increase of wind velocity. For case II, all of the nine modes develops VIV with increase 
of wind velocity. Table 5 gives the experimental results of vertical vortex-induced 

Mode Modal frequency 
(Hz) 

Modal damping 
ratio (%) Mode Modal 

frequency (Hz) 
Modal damping 

ratio (%) 
1st mode 2.73 0.39 5th mode 5.86 0.61 
2nd mode 3.61 0.55 6th mode 6.74 0.63 
3rd mode 4.49 0.63 7th mode 7.86 0.63 
4th mode 5.18 0.70 8th mode 9.18 0.60 
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vibrations of the aeroelastic model. The St number for VIV of every mode is evaluated 
with the VIV onset velocity and the results are also shown in Table 5. The St number 
from aeroelastic model is very close to those of the second VIV in the sectional model 
tests (Hua et al. 2013). Figure 5 shows the variation of VIV amplitudes for different 
vertical modes for both cases. The VIV amplitudes does not decrease with increase of 
modal frequency.  

Table 5: Experimental results of VIV for Case I and Case II 

Case Mode 
No.  

Frequency 
 (Hz) 

Damping 
ratio (%)

VIV velocity  
U(m/s) IU (%) Re number ymax/D St  

number
5 5.42 0.81 2.28~2.79 4.75~3.02 6080~7440 0.014 0.096 
6 6.31 0.71 2.81~3.32 2.98~2.28 7493~8853 0.022 0.090 
7 7.60 0.73 3.30~3.58 2.26~1.92 8800~9547 0.027 0.093 
8 9.03 0.70 3.88~4.39 1.90~1.38 10347~11707 0.029 0.094 

I 

9 10.69 — 4.53~5.46 1.35~1.00 12080~14560 0.030 0.094 
1 2.73 0.39 1.14~1.42 12.7~10.6 3040~3787 0.017 0.096 
2 3.61 0.55 1.48~1.79 8.77~5.89 3947~4773 0.027 0.098 
3 4.49 0.63 1.89~2.26 5.61~5.10 5040~6027 0.033 0.095 
4 5.18 0.70 2.24~2.53 3.53~3.19 5973~6747 0.034 0.093 
5 5.86 0.61 2.43~2.91 3.34~2.48 6880~7760 0.037 0.096 
6 6.74 0.63 2.91~3.30 2.24~1.96 7760~8800 0.037 0.093 
7 7.86 0.63 3.37~3.90 1.89~1.47 8687~10400 0.042 0.093 
8 9.18 0.60 3.92~4.65 1.39~1.10 10453~12400 0.042 0.094 

II 

9 10.86 — 4.72~5.44 1.13~1.00 12587~14507 0.042 0.092 
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Figure 5: Variation of VIV amplitudes for different vertical modes for case I and case II 

3.2 Comparison with 1:1 sectional model tests 
The 1:1 sectional model of the rectangular section is also tested in wind tunnel 

with the same vibration frequencies and modal damping ratios as in the aeroelastic 
model for case II. The comparison between sectional model tests and aeroelastic model 
tests are shown in Figure 6 for modes 5~7. It is confirmed again that the sectional model 
tests produce the same results of VIV amplitudes regardless of model vibration 
frequency, as shown in the companion paper (Hua et al. 2013). And the VIV amplitudes 
from aeroelastic model tests give results consistently 30% larger than those from 
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sectional model tests. Such difference may be explained by the mode shape correction 
factor (Macdonald et al., 2002). 
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Figure 6:  Comparison of VIV amplitude between aeroelastic model and 1:1 sectional model 

4 Conclusions 

An elastically multi-supported aeroelastic model has been proposed to directly 
measure the VIV amplitude of different vertical modes as well as to investigate the 
relationship of VIV amplitudes among different modes of long-span suspension bridges. 
The method for design such aeroelastic model is validated through dynamic tests. VIV 
of every important vertical mode is excited one by one with increase of wind velocity 
and VIV amplitude does not decrease with increase of wind velocity. It is also found 
that the VIV amplitudes from aeroelastic model tests give results consistently 30% 
larger than those from 1:1 sectional model tests with the same modal frequencies and 
damping ratios.  

Measurement of span-wise pressures in the model undergoing different modes of 
vibration is underway.  
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