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Abstract - Hanger at the arch bridge is an important part to transfer load on the bridge deck onto the arch. Bridges are 
subjected to several types of loadings, such as dead load, temperature load, wind load etc. Usually, the hanger bridge has a 
typical bluff body shape such as circle, square, H-beam, etc. When flow past bluff body, the separates flow from the surface 
body generate an unsteady broad wake. These vortices are shed to the wake periodically with some frequency that is related 
to the undisturbed wind speed and the size of the cross-section body by the well-known Strouhal relationship. The dynamic 
characteristic and hanger shape are crucial for the evaluation of vortex-induced vibrations (VIV) and structural vibrations. The 
effects of VIV can accelerate structural fatigue failure. Wind tunnel test was conducted to investigate the Aeroelastics effect 
such as VIV and galloping effect at circle, hexagonal, and H-beam bluff body for Hanger Bridge and give the result that the 
hexagonal cross-section shape has minimum vibration amplitude due to VIV phenomenon compared to the Circle and 
H-beam. However, when the wind bruises the acute angle of hexagonal shape, the vibration amplitude of bridge hanger with 
hexagonal shape is higher than the other bluff body.    
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I. INTRODUCTION 
 
Hanger at the arch bridge will retain the shear force 
and transfer load from bridge deck onto the arch 
bridge. Hanger Bridge is susceptible to vibration 
effects, especially VIV. These vibrations mostly cause 
fatigue damage and disturbance for the users. Due to 
wind-induced vibration, bending moments are formed 
at the hanger bridge at some frequency. Although the 
vibration due to VIV is not high amplitude as flutter 
phenomenon, nevertheless the influence on fatigue 
life can be significant. Unexpected wind-induced 
vibrations of the hangers have caused an early fatigue 
crack on specific steel components and joints of a 
railway bridge over the Elbe River at Lutherstadt 
Wittenberg, Germany [1].  
 
Vortex-induced vibration is structural vibration 
induce phenomenon which caused by vortex shedding 
around the structure which its frequency coincides 
with the natural frequency of the structure. The other 
aeroelastic instability caused by wind-induced 
vibration is galloping. Galloping is an instability 
typical of slender structures having special 
cross-sectional shape. These structures can exhibit 
large-amplitude oscillations in the direction normal to 
the flow (one to ten or even much more across-wind 
dimensions of the section) at frequencies that are 
much lower than those of vortex shedding from the 
same section [2].  
Some properties at the structure have a big influence 
in order to design the structure with acceptable VIV 
and galloping effects. The properties which have 

influence in the susceptibility for vibrations such us 
the natural frequency of the structure, structural 
damping, Strouhal number, etc. The structural natural 
frequency depends on many factors. Hangers with 
high natural frequency are less susceptible to 
vibrational effects due to the wind. Otherwise, the low 
natural frequency hangers are susceptible to 
vibrational effects. According to the German codes, 
only hangers with an Eigen frequency below 10 Hz 
have to be verified for vibrational effects [1].  
The damping performance is better when the value of 
structural damping is high. If we want to improve the 
performance of damping then the auxiliary damping 
must be installed at the structure. Strouhal numbers is 
a dimensionless number which describes oscillating 
flow mechanisms. The value of Strouhal number 
depends on the frequency of vortex shedding, the 
length of the structure and the fluid velocity.  
 
The important parameter in Strouhal number is the 
shape of the structure because it can affect the value of 
vortex shedding frequency which can make the 
structure vibrate at high amplitude if those frequencies 
coincide with the structural natural frequency. Some 
research which related with the structural shape and 
aerodynamically unstable, as well as wind induced 
vibration has done by Demartino and Ricciardelli with 
three different surface states of the cable, such as  dry, 
wet and ice-accreted,  which can cause different wind 
induced vibrations. In particular, ice accumulation 
during ice or freezing rainstorms can lead to 
modifications in the shape of the cable, making it 
aerodynamically unstable [3]. The other research is 
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conducted by Elshaer et al. related to corner 
aerodynamic optimization. They conclude that the 
mean drag coefficient is lowered by 30% for the 
optimal shape compared to the sharp edge corner. The 
standard deviation of the lift coefficient is reduced by 
24% for the optimal corner as compared to the sharp 
edge one [4]. The shape is also important for hanger 
bridge structure to make sure that the hanger bridge is 
stable aerodynamically regarding the VIV and 
Galloping phenomenon. The objective of this research 
is to investigate the VIV and galloping effect at circle, 
hexagonal, and H-beam bluff body for Hanger Bridge 
by using wind tunnel testing. 
 
II.AERODYNAMIC AND AEROELASTIC 
PHENOMENON ON HANGER BRIDGE 
STRUCTURE 
 
The Aerodynamic and Aeroelastic phenomenon at 
Hanger Bridge occur because of wind flow over the 
surface of the structure which has different pressure 
distribution depend on the shape of the hanger. 
Negative pressure which goes to the upstream region 
will disturb boundary layer at the surface body. 
Disturbed flow generates turbulence flow around the 
surface, which have fluctuating velocity. Turbulence 
flow consists of many types of eddies such us small 
eddies and large eddies.  At the separation point in 
turbulence flow, eddies or vortex start to release from 
the surface, that phenomenon commonly calls vortex 
shedding. The flow separation characterizing this type 
of body is a source of excitation that may lead to 
aeroelastic instabilities. 
Vortex shedding process leads to periodic 
aerodynamic forces and can cause resonance of the 
structure if the shedding frequency matches one of the 
structural modal frequencies.  The equation of motion 
for crosswind response can be written in the form [2]: 
           (1) 

 
    (2) 

Where an aerodynamic coefficient and D is the 
characteristic of length. It can be known that the 
crosswind response is depending on frequency vortex 
shedding ( ). Vortex shedding frequency is related to 
Strouhal number, where Strouhal number can be 
written in the form:   

    (3) 

 
Fig.1. the total wind force resolved into a lift and 

A drag force [5] 

Galloping is a single degree of freedom vibration in a 
direction normal to the oncoming wind flow. It was 
first observed and described in the case of iced 
transmission lines by Davison and Den Hartog [5]. On 
galloping phenomenon, the structures can vibrate at 
large-amplitude oscillations in the direction normal to 
the flow with the frequencies that are much lower than 
VIV.  Aerodynamic force is consisting of drag force 
(in the direction of the wind) and lift force 
(perpendicular to the wind).  Fig. 1 is representing a 
section moving downward in its vibrational motion so 
that wind appears to come from below at an angle α. 
The lift force (L) and Drag force (D) have vertical 
upward components of L cos α and D sin α.  
 

    (4) 
 
The vibration or galloping would not be affected if the 
force with the variation of α  become zero or 

more that zero, on the other hand, if   is less 
than zero which means that the upward wind force 
increases for negative α and decreases for positive α 
then the structure is unstable.  
 

  (5) 
 

   (6) 
 
Thus the system is unstable when:  
 

       (7) 
 

Figure 2.  Shows a diagram of the heaving response of 
a bluff body, where the amplitude and wind speed of 
Galloping is lower than VIV responses. 
 

Fig. 2 Aerodynamic and Aeroelastic instability  
 
The Hanger bridge which have  circle, hexagonal, and 
H-beam shape are including into a bluff body 
categories. Bluff body are characterized by a more or 
less precocious separation of the boundary layer from 
their surface, and by wakes having significant lateral 
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dimensions and normally unsteady velocity fields [6]. 
Therefore, for a bluff body, no simplified 
mathematical treatment is usually possible as it was 
done at the aerodynamic body, and the forces acting on 
them may be evaluated either from the solution of the 
complete Navier-Stokes equations or from the results 
of experimental studies by using the wind tunnel. 
 
III.WIND TUNNEL TEST  
 
Wind tunnel testing was conducted to measure the 
aerodynamic coefficients of hexagonal shape as well 
as H shape and analysis of aeroelastic phenomenon 
from circle, hexagonal, and H shape.  Aerodynamic 
force on the structure was measured by the pressure 
distribution at the surface of the structure. Detailed 
measurements of the pressures on exterior surfaces of 
the hanger structure are made using a rigid model that 
accurately represents the detailed exterior geometry of 
the object. The pressure integration over the surface 
structure has been done to get aerodynamic forces and 
a moment. All pressures which measured at the 
surface structure refer to mean dynamic pressure of 
the free stream wind at some point in the wind tunnel 
test section. The non-dimensional pressure coefficient 
is defined by: 

 
               

  (8) 
 
Where v is the mean value of the reference wind speed 
and  represents the pressure difference at local 
and free stream pressure. The purpose of 
aerodynamics testing at wind tunnel is to calculate 
aerodynamics coefficients such as CL, CD, and Cm as a 
variation of the angle of attack. Aerodynamics 
coefficients can be derived from pressure surface 
integration and by using equation (9) to (11) to get CN, 
CT, and Cm.  

 dxC
c

C PN
1

             (9) 

 dyC
c

C PT
1

            (10) 

   ydyCxdxC
c

C PPM 2

1
      (11) 

 
The positive direction of CN (normal force) has 
coincided with Y positive, and CT (tangential force) 
positive has coincided with X positive whereas, CM 
positive is a clockwise direction.  Finally, the Lift and 
Drag coefficients of the model are derived from the 
model incidence as follows: 
 
CL = CN Cos α - CT Sin α          (12) 

CD = CN Sin α + CT Cos α         (13) 
 
For aeroelastic studies, the sectional hanger model 
with H-profile, circle, and hexagonal was elastically 
suspended in the wind tunnel with 8 springs as shown 
in Fig. 3. The geometry scale of wind tunnel model is 
1:3 to prototype Hanger Bridge. To make the dynamic 
similarity between H-profile, circle, and hexagonal, 
we have to make sure that the ratio of the torsional 
frequency to the bending frequency was nearly the 
same, which the value is 2.1. The method of 
measuring the natural frequency and vibration modes 
of the wind tunnel model is using the modal 
measurement model (MMD) technique, by using an 
impact hammer equipped with a force transducer and 
accelerometer placed in the bridge hanger wind tunnel 
model. The vibration data were recorded with 
acquisition data and accelerometer sensor where 
installed at the model.  
 
The accelerometer is used to measure heaving and 
torsion acceleration because of wind load at the wind 
tunnel model. The H-profile model tested with two 
angles of attack (α); α = 00 and α = 150 as well as 
hexagonal model at (α); α = 00 and α = 300 and by 
sweeping wind tunnel speed velocity from 2 m/s until 
15 m/s with 0.25 m/s increment.   
 

 
Fig. 3. H-profile Sectional model wind tunnel testing  

 
Aeroelastic wind tunnel test is designed in such a way 
as to provide sufficient data to produce the necessary 
aeroelastic data, especially for prediction critical wind 
speed of excitation on the hanger structure by 
resonance induced vibration, either in bending mode 
(UH) oscillation or torque mode oscillation (UT), 
Prediction of displacement at each wind speed, and 
maximum displacement when the resonance 
induction occur. 
 
V.WIND TUNNEL TEST RESULT AND 
ANALYSIS 
 
The objective of aerodynamic study on Hanger Bridge 
are too knows the characteristics of steady 
aerodynamics which use to analyze the galloping 
characteristics. The study was conducted by 
experimenting in a wind tunnel with a rigid sectional 
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model. The model is equipped with a pressure sensor 
to determine the pressure and steady aerodynamic 
forces and moment.  
 

 
Fig. 4. Lift Coefficient (CL) v Angle of Attack 

 
Graph of lift coefficient to the angle of attack (Cl v α) 
in Figure 4 shows that the slope of CL v α curve is 
positive for both hanger profiles H and Hexagonal 
especially for an angle of attack ranging from 5 to -5 
degrees. That angle of attack is very susceptible 
phenomenon aeroelastic galloping. Hanger with 
Hexagonal profile has a good stability characteristic of 
galloping phenomenon compared to H profile; it can 
be seen from the slope of CL v α curve of Hexagonal 
profile which is bigger than the H-profile at an angle 
of attack between 5 to -5 degrees.  

 

 
Fig. 5. Drag Coefficient (CD) v Angle of Attack 

 
The graph of the drag coefficient (Cd v α) in Fig. 4  
shows that the hanger drag force with the Hexagonal 
profile is lower than the H-profile at almost every 
angle of the wind, this means that hanger with 
hexagonal profile has better aerodynamic criteria than 
Hanger profile H in terms of drag force due to wind 
load. 
 
Galloping instability will occur only if meet the 
equation 7, Fig. 4 and 5 depicts the CL and CD for 
H-profile and hexagonal where at the region angle of 
attack (α) -50 < α < 50 the structure is susceptible to 
galloping according to the Den Hartog criterion have 

and  , therefore the H-profile and 
Hexagonal is not prone to Galloping instability. 

 
Fig. 6. Moment Coefficient (CM) v Angle of Attack 

 
The moment coefficient graph with the angle of attack 
(Cm v α) in Fig. 5 shows that the change in angle of 
attack also affects the stability of the hanger structure, 
especially for the H-profile of the negative curve for 
the angle of attack range -20 to +20 degrees. 
According to the reference [7], this indicates that the 
structure is unstable. In contrast to the hexagonal 
profile with a positive curve slope, the angle of attack 
change in the wind comes insensitive to the stability of 
the structure. 
 
Wind tunnel test to study the VIV phenomenon is 
carried out by increasing the wind tunnel speed 
gradually from the lowest speed (2 m/s) to the highest 
(when the VIV phenomena at the torsion frequency 
have been reached). Then at each stage of velocity is 
measured the acceleration of the wind tunnel model, to 
obtain magnitude data from oscillation at a specified 
frequency. VIV phenomenon can be seen by 
processing the vibration data into a frequency domain 
from at each wind speed in a waterfall graph as in 
Figure 7 - 9.  

Fig. 7. H-Profile waterfall plot for angle of attack 0 degree 
 
From the waterfall plot at Figure 7, we can know that 
VIV at bending frequency reaches maximum 
amplitude at wind tunnel speed equal to 3.7 m/s. The 
lock-in phenomenon occurs from 3.7 m / s up to 3.8 
m/s. VIV at torsion frequency reaches maximum 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-10, Oct.-2018, http://iraj.in 

Vortex-Induced Vibrations and Galloping Analysis of Various Shapes Bridge Hangers by using Wind Tunnel Test 
 

60 

amplitude at wind tunnel speed equal to 12 m/s. The 
lock-in phenomenon occurs from 9 m / s up to 12.5 m/. 

 
Fig. 8. Hexagonal Profile waterfall plot for angle of attack  

30 degree 
 
From the waterfall plot at figure 8, we can know that 
VIV at bending frequency reaches maximum 
amplitude at wind tunnel speed equal to 9.5  m/s. The 
lock-in phenomenon occurs from 8.5 m / s up to 10 
m/s. VIV at torsion frequency reaches maximum 
amplitude at wind tunnel speed equal to  16.m/s.  

 
Fig. 9. Circle Profile waterfall plot 

 
From the waterfall plot at figure 9, we can know that 
VIV at bending frequency reaches maximum 
amplitude at wind tunnel speed equal to 8.5 m/s. The 
lock-in phenomenon occurs from 7.8 m / s up to 9.8 
m/s. The displacement at hanger wind tunnel model is 
fluctuated data at any time (in the time domain), this 
displacement estimation will be expressed in terms of 
RMS (Root Mean Square) quantities. 

 
Fig. 10. The estimation of bending displacement (RMS) for H 

profile at α 00 and 150 as well as Hexagonal at α 00 
 
Model hanger with Hexagonal profile at α equal to 0 

degrees has larger VIV Bending wind speed and lower 
vibration amplitude compared to a hanger with H 
profile at α equal to 0 and 15 degrees. This indicates 
that the critical VIV wind speed and the vibration 
amplitude of the hanger with the Hexagonal profile at 
α equal to 0 degrees better than the hanger with profile 
H at α equal to 0 and 15 degrees.  

 
Fig.11. The estimation of bending displacement (RMS) for H 

profile at α 00 and 150 as well as Circle  
 
Hanger with circle profile has higher wind speed 
where  VIV bending occur compared to a hanger with  
H profile at α equal to 0 and 15 degrees, but at the time 
the amplitude of VIV Bending is bigger compared to a 
hanger with H profile. This shows that hanger with 
circular shape has a better wind speed for VIV 
Bending because of the wind speed is greater 
compared to H profile, but the amplitude of VIV 
Bending is bigger than H profile at that time.   

 
Fig. 12. The estimation of bending displacement (RMS) for H 

profile at α 00 and 150 as well as Hexagonal at α 300 
 
The aeroelastic study of RMS displacement in wind 
tunnel models with different hanger shape is 
performed by comparing the maximum displacement 
and critical wind speed occurring in each hanger 
shape due to wind load with reference hanger. The 
reference hanger is the displacement and critical wind 
speed occurring in the hanger with the H shape when 
the angle of attack 0 degrees. Displacement with H 
shape with 15 degrees angle of attack for bending 
vibration compared to reference displacement 
magnitude is 0.7 times of hanger reference and the 
critical wind speed is 1.7 times of hanger reference.  
Critical wind speed at hexagonal shape has a good 
value compared to the other hanger shape but at 
30-degree angle of attack, the displacement estimate 
occurring in the vibration mode of bending is greater 
than the reference hanger as well as the other hanger 
shape.  
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CONCLUSION 
 
From steady aerodynamic studies for H and 
Hexagonal profile wind tunnel models, it can be seen 
that the Lift force at the Hexagon profile is smaller 
than the H-profile, especially at α more than 15 
degrees and less than -15 degrees, this can be seen 
from figure CL v α, although there are some CL values 
of hexagonal profile greater than CL value of H-profile 
it is not significant. This shows in terms of 
aerodynamics steady hexagonal profile better because 
if there is wind load has a lift (or sideways force on the 
hanger) that is smaller than the profile H. This also 
happens in drag force where can be seen from the 
figure of Cd v α. From the aerodynamics steady it can 
be concluded that the hexagonal profile has better 
characteristics than H profile. Aerodynamic steady 
characteristics can also be used to predict the stability 
of the structure, especially the galloping phenomenon. 
The angle of attack (α) between 5 and -5 degrees is 
very vulnerable galloping phenomenon therefore that 
can be used as a reference α to see the galloping 
characteristics. Positive slope for both of the hanger 
model (H and Hexagonal profiles) in particular α 
between 5 and -5 degrees, but Hanger with Hexagonal 
profile has a good stability characteristics against 
galloping phenomenon compared to H profile, it can 
be seen from the slope of the CL v α curve from 
Hexagonal profile is more positive than the H profile 
and the value of CD in the angle of attack equal to 0 
degree are Larger hexagonal profiles than the H 
profile.  
The parameters used as comparators at Aeroelastic 
study particularly in the phenomenon of VIV between 
hanger models with H, Hexagonal, and circular 
profiles are wind velocity during bending resonance 
(VIV on Bending Frequency) and large vibration 
amplitude in the event of the resonance. The greater 
the wind speed at the time of bending resonance the 
better the profile form, the smaller the amplitude that 
occurs at the resonance the better the profile form. 

From the results of aeroelastic studies that have been 
done it can be concluded that hanger with Hexagonal 
profile has better vibration characteristics due to VIV 
compared with the H profile and Circle profile in 
bending vibration because it has a critical VIV wind 
speed greater than Profile H and circle (2.6 times than 
H-profile at α equal to 0). Although critical wind 
speed VIV in the Hexagonal profile is not greater than 
the Circle profile but the displacement occurring in 
the event of resonance has a smaller value than the H 
and circle profiles. However, at an angle of attack of 
30 degrees or when the wind is about the pointed angle 
of the Hexagonal profile, the displacement occurring 
at the resonance has the greatest value compared to the 
other. Therefore there should be aerodynamic 
modification at the pointed angle in the Hexagonal 
profile so that the airflow passing through the passage 
is better.  
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