Character of Vortex Induced Vibration in Suspension Footbridge
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ABSTRACT
In this paper, the characteristics of vortex induced vibration by use of six types of
sectional model in suspension footbridges are investigated. Combined with wind tunnel
test results based on dynamic characteristic analysis and CFD-Fluent numerical
simulation results, the influence of parameters, such as the porous ratio of handrail
fence and pedestrian, on the character of vortex-induced deck vibration was probed.
According to the test results, the mitigating measures were checked to improve the
performance of suspension footbridge in service.
1. INTRODUCTION
Suspension footbridges are very often characterized by low stiffness， narrow deck, low
mass and small damping. So it is susceptible to vibrations when subjected to dynamic
loads. Especially in recent decades, materials with improved mechanical characteristics
are widely used in construction of footbridges so that the fundamental frequency of
these structures is often close to the dynamic excitation of pedestrian and wind. As a
result, vibrations are often commonly occurred in such structures. As is known,
excessive vibrations have severe effects not only on comfort of pedestrians but also on
duration of structures so many specifications develop provisions of vibrations to guide
design of footbridges. For instance, EN 1990/A1 [1] mandates that verification of the
vibration comfort criteria should be performed when the fundamental frequency of the
footbridge is less than 5.0 Hz for vertical vibrations and 2.5 Hz for horizontal and
torsional vibrations. Similarly, ISO 10137 [2] provided limit values of footbridge
vibrations.
The dynamic excitations of long-span suspension footbridges are primarily induced by
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wind and pedestrians. Responses excited by walkers on footbridges are often lateral
vibrations [5]. There are many examples of footbridges which have been temporarily
closed for excessive human-induced lateral vibration. The first bridge to be closed after
opening is Kiev Suspension Bridge [6] and the latest example is the Millennium Bridge
[4]. With regard to human-induced vibrations, many papers have been published to
analyze the mechanism or provide control measures [3-10]. Many papers have studied
wind induced vibrations in recent decades but most of them are focused on the
responses of footbridges without walking pedestrians [12-21]. It is impractical since
congested pedestrians have a great influence on the aerodynamic configuration of the
thin footbridge deck. In addition, dynamic characteristics of long-span suspension
footbridge are sensitive to pedestrian properties due to the low stiffness and mass of
bridge itself. Considering the factors mentioned above, influence of pedestrians should
better be taken into account when wind-induced vibrations of footbridge are studied.
Wind-induced vibrations of long-span suspension footbridge mainly include flutter and
vortex-excited vibration. Flutter usually takes place with wind of high speed while
vortex-excited vibration always imposed by wind of low speed [11]. In the cases of high
wind speed, pedestrians will evacuate from bridge deck and long-span suspension
footbridges are often closed. So the studies of flutter do not need to consider the
influence of pedestrians on aerodynamic configuration and dynamic characteristics of
footbridges. However, the studies of vortex-excited vibrations imposed by wind of low
speed cannot ignore the influence of pedestrians, especially of congested pedestrians.
This paper is focused on the studies of influence of pedestrians on dynamic
characteristics of long-span suspension footbridges and vortex-excited vibration of
long-span suspension footbridge with different distribution of pedestrians on deck. The
relation of natural frequencies and pedestrian density will be found in the first part and
the critical pedestrian density, used to determine whether the natural frequencies of
long-span suspension footbridge are seriously affected, of pedestrians will be provided.
The second part will analyze the vortex-excited vibration of long-span suspension
footbridge in the case of different distributions of fixed pedestrians on bridge deck by
wind tunnel test and CFD. The result of wind tunnel test will be compared with the result
of CFD.
2.Dynamic characteristics footbridge suspension
2.1 General of footbridge suspension
This long-span footbridge suspension span is 369 m and double 16.65 m height
towers(fig.1) ,has rise-span ratio of 1/12, and the width of the composite girder is 3.6
meters, so the width-span ratio is up to 1:102. as Figure 2.

Fig. 1 elevation

Fig 2. cross-section
2.2 Dynamic properties
(1) Critical pedestrian load
According to the characteristics of pedestrian flow especially the crowd flow
characteristics in the tourist season and emergency situations, put forward extreme
pedestrian load conditions. The research does not consider the effect of dynamic
properties of pedestrians moving on the bridge. Referring to "Suspension Bridge Design
Specifications" and "German Pedestrian Bridge Design Standard EN03 (2007) " for the
definition of the level of pedestrian traffic, take a high-density pedestrian flow, defined a
maximum load of 2.5 kN/m2 as the pedestrian load.
To further research the effects of the value of the pedestrian load on the the dynamic
characteristics of long-span footbridge suspension, make corresponding reduce to the
maximum pedestrian load reduction crowd, and defined scale factor  between
pedestrian load and dead load of real bridge.

 = GP

GB

GP represents Pedestrian load, in which the maximum value is 2.5kN/m2.
GB represents the mass of real bridge is 300 Kg/m. The scale factor  is shown in the
tab.1.

Tab. 1scale factor
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The pedestrian load impacts the bridge natural frequency. Figure 3 and figure 4 show
the influence of pedestrian on the first two frequencies. When the scale factor is around
0.75, the first order anti-symmetric vertical bending and torsional frequencies both have
significant changes. And at this time pedestrian load is 0.9 kN/m 2, which can be defined
as critical pedestrian load for the following analysis.

Fig 3 bending

Fig 4 torsion

(3) load conditions for extreme population
The following four groups of extreme pedestrian load cases are proposed. Take the
critical pedestrian load of above analysis as a reference value. We carried on the
contrast analysis to the different extreme crowd load conditions. Four types of load
conditions for extreme populations are classified as shown in table 2.

Name
Case 1
Case 2
Case 3
Case 4

Tab 2 load conditions for extreme population
Description
No pedestrian load. Encountered strong winds or a temporary
situation, the bridge is closed and the pedestrian load is zero.
Full pedestrian load. In the tourist season the bridge has high
density of people and full pedestrian load.
Longitudinal semi-cross pedestrian load. Such as an emergency
evacuation, pedestrian are concentrated in half of bridge.
Lateral semi-cross pedestrian load. For example, visitors enjoy
the scenery on one side of the bridge.

For first anti-symmetric vertical bending and torsional frequency, conduct
comparative analysis between case 2, 3, 4 and case 1. The results are shown in figure 5
and figure 6.

Fig 5

bending frequency

Fig 6 torsional frequency
The above results show that after imposed on the critical pedestrian load, the first
vertical bending frequency and torsional frequency of case 2, 3, 4 has significant
changes compared with that of case 1. The results also show that the critical pedestrian
load does have a great impact on dynamic characteristics of long-span footbridge
suspension.
Further analysis shows that after imposed on the critical pedestrian load, the first
order anti-symmetric vertical bending frequencies of case 2, 3, 4 all have dramatically
drops compared with case 1. For the first torsion frequency, after imposed on the critical
pedestrian load, that of case 2, 3 have sharply drops. But that of case 4 is increased.
This phenomenon indicates that lateral semi-cross pedestrian load has significant

effects on first order anti-symmetric torsion frequency of long-span footbridge
suspension.
3.Sectional model test
To check the section with and without pedestrian whether occurs vortex-induced
vibration in these conditions, the sectional model tests were conducted.
3.1 Wind tunnel tests
The sectional model test is shown in figure7 . The bending frequency and the torsional
frequency are 1.204Hz and 2.345Hz respectively, system damping ratio is 1%。
Based on the average body index of Chinese adults whose age is within 30 to 34 in
2010 National Physique Monitoring Bulletin (height 169.8cm, weight 69.8kg, bust
91.1cm, waist 84.0cm, hip 93.9cm), the pedestrian geometry outer contour was
approximately simulated by three rectangular,which is shown in Figure 8. It is based on
a scale of 1:14 and model of human body is 121.4 millimeters high, 30.35 millimeters
wide in total and 14.0 millimeters thick.

Fig 7 sectional model test system

Fig 8 Pedestrian model（unit：mm）
The test is carried out in the uniform wind field, the wind speed is selected by
2m/s~15m/s, and the wind attack angle is -5, -3, 0, +3 and +5. Figure 9 shows the photo
of the vortex vibration test under two case.

（b）case 3
（a）case 2
Fig. 9 Vortex vibration test
3.2 Test result
For the case of fully closed handrail (simulation of fully frozen handrail), responses of
vortex-induced vibrations at wind attack angle of ±5°、±3°and 0° were shown as Fig 10.
The results indicate that the vertical vortex-induced vibrations of relatively large
amplitude take place at wind attack angle of -5°、-3°and 0° and the locked wind speed is
5.0~10.1m/s. In addition, the vertical vortex-induced vibrations of maximum amplitude
occur at the wind attack angle of -3° and the value of vertical displacement RMS is
24.2cm, from which the value of vertical displacement of practical bridge is converted to
34.2cm. It follows that the vertical vortex-induced vibrations of relatively large amplitude
usually take place at low wind speed when handrails on both sides of stiff girder are fully

closed.

Fig 10 VIV fully closed handrails
4. CFD simulation
To analyze the vibration, the character flow around deck are investigated by use of CFD
technique. Case I, case 2 and case 4, assuming the crowd load along the whole length
of the bridge is a continuous distribution so that to establish a planar model in CFD to
get the streamline. It is found that the vortex shedding in the above mentioned
conditions is very obvious. Usually, it is generally believed that where regular vortex
shedding appears, the vortex will induce vibration in a certain wind speed. For further
investigation, a 3D CFD model considering the dispersion and randomness of the actual
distribution of the crowd load on the deck was established.
4.1 CFD analysis
Different from the wind tunnel test, CFD model uses a full-scale model, which is shown
in Fig 11. The model of human body is 169.8 centimeters high, 42.5 centimeters wide in
total and 19.6 centimeters thick.

Fig 11 Pedestrian model（unit：mm）
Numerical modeling is based on the calculation platform Fluent in commercial software
CFD, adopting the k-ω turbulence model which has better simulation result of external
streaming for bluff body, calculating as steady flow. Resolution of equation adopts
SIMPILEC arithmetic. The scale adopts the real one of bridge.
The scale of calculation flow field is: length 120m, height 90m. Mesh division in 3D
calculation zone adopts prism mesh (shown as figure 12).

a) CFD model
b) mesh
Fig 12 CFD model and mesh
The wind speed is set to 15m/s. The wind angle of attack is 0°, ±3° and ±6 °.
extreme crowd load conditions are classified as shown in tab3, and the basic section
form shown as figure 13.

Name
Case 1
Case 2
Case 3
Case 4

Tab 3 Classification of load conditions (Continued)
Description
No pedestrian load. Encountered strong winds or a temporary
situation, the bridge is closed and the pedestrian load is zero.
Full pedestrian load. In the tourist season the bridge has high
density of people and full pedestrian load.
Longitudinal semi-cross pedestrian load. Such as an emergency
evacuation, pedestrian are concentrated in half of bridge.
Lateral semi-cross pedestrian load. For example, visitors enjoy
the scenery on one side of the bridge.

Case 5

Interval closed railing with no pedestrian load.

Case 6

Interval closed railing with random population distribution.

(a) Case 1

(b) Case 2
Fig 13 Basic calculation section form

(c) Case 4

For case I, II, IV, V, VI was carried out, without considering Case III. The length of
the bridge is 360 meters, 18-meter-interception of which was established into a 3D
model, as was shown in fig 14.

(a)Case 1

(b)Case 2

(c)Case 4

(d)Case 5

(e)Case 6
Fig 14 3D models
4.2 CFD results
Figure 15 presents streamlines from three views under the five different cases.

(a) Case 1

(b) Case 2

(c) Case 4

(d) Case 5

(e) Case 6
Fig 15 streamlines
Figure 16 lists the streamlines and pressure contours of Case 1 under different
wind attack angles. It is not difficult to find that vortex appears at the end of the section
of the bluff body flow zone of negative pressure and negative pressure area is bigger
while the negative pressure value is larger, so is the size of the vortex. The bridge deck
structure turns into Leeward with positive attack angles, which are in the negative
pressure zone and the formation of vortex size on which is large. The bottom of bridge
deck structure turns into Leeward with negative attack angles. However, the vortex is
dispersed into a lot of small eddies, but due to influence of the deck rails, beams and
oblique bracing structures. In fact, vortex vibration generally does not occur in the truss
structure.

(a) 0°

(b) 3°

(c) -6°
Fig 16 streamlines and pressure of Case 1
Figure 17 shows the streamlines of Case 2 and Case 4 in the zero angle of attack.
Compared with Case 1 in Fig 16 (a), size of pedestrian cannot be neglected. Karman
vortex street with alternating vortex shedding appears on the Leeward of pedestrian in
Case 2, which can cause the torsional vibration of the bridge the vortex frequency of the
vortex shedding and the natural frequency of the bridge are close at a certain speed of
wind. The cross section of Case 4 is near to the square and the size of the lower deck
rails, beams and oblique bracing structures is much smaller with respect to the section
with large population so that it can be neglected. Such cross section is easy to form
vortex shedding at the bottom of the deck or at the top of the crowd at different wind
angles of attack with the same size of the bridge width, which causes the vertical
bending vibration of the bridge. At the same time, two vortexes with the same size
appear up and down beside the leeward side of the pedestrian which is not easy to
cause the vortex induced vibration at zero angle of attack but may cause torsional vortex
induced vibration on the bridge under certain wind attack angle.

Fig 17 flow trace of case II and case IV at wind attack angle of 0°
Although regular vortex shedding apparently occurs in flow trace figures of case II
and case IV, vortex induced vibrations did not be observed in wind tunnel tests of
corresponding cases. Thus it can be seen, the bridge structure of such aerodynamic
configurations cannot be analyzed with planar CFD models. Next, streamline of planar
and 3D CFD models are compared as is shown in Fig 18. flow passes around
pedestrians because of the longitudinal and lateral gap between pedestrians, which
indicates the reason for which the vortexes of wake zone are broken up.

(a) case 1

(b) case 2

(c) Case 4

d) case 1

e) case 4
Fig 18 streamline

For the case 5, CFD results shown in Fig 19, streamlines discharged for handrail
converge at the leeside of handrail and form vortex. It is concluded that vortex will occur
at the leeside of girder when the upper or lower side of handrail are fully closed.
However, when the handrail is alternately closed along longitudinal direction,
streamlines around handrail plate laterally and break up vortexes formed in wake zone
of girder. Thus similar to pedestrians, alternately closed handrail along longitudinal
direction can mitigate response of vortex-induced vibration.
Therefore, upper closure or lower closure of handrail forms should be avoided.
Compared with the wind tunnel tests of all closure of handrail, vortex-induced vibration is
find very sensitive to the forms of handrail closure. Long-span suspension footbridge
should better adopt handrail with higher porous rate.

(a)

(b)

(c)

(d)
Fig 19 streamlines of case V

When pedestrians are randomly distributed as is shown in Fig 14(e), the space of
pedestrians and handrail are not uniformed on different sections. The wind flowing
through the gaps can break up the vortex formed in the wake zone. Vortex-induced
vibration is caused by alternately shedding vortexes. If there aren’t regular vortexes,
vortex-induced vibration cannot take place. The streamlines are shown in Figure 20.

(a)

(b)

(c)

(d)
Fig 20 Streamlines of case VI

This illustrates that scattered action on vortex of passing flow around the body in
longitudinal section. So the pedestrian distribution can mitigate the vibration of deck.
However, when high density pedestrian is distributed on the deck and it has little spacing
among people, the pedestrian would completely block the wind flow around the plane. In
this case, the vortex shedding will not be broken and when the shedding frequency is
close to the base frequency structure, the vortex-induced vibration appears.
4. Conclusion
(1) Pedestrian load and its distribution have enormous influence on the dynamic
characteristic of long-span suspension footbridge. The critical pedestrian density, which
influences the dynamic property that long-span suspension footbridge.
(2) The longitudinal correlation for long-span suspension foot bridge, not meet “the
strip assumption”, that is, the vortexes get balanced one another in the longitudinal
direction, and then vortex-induced vibration never occurs.
(3) For long-span suspension footbridge, pedestrian changes the shape of
cross-section a lot, and forms the main part of bridge cross-section.
(4) Handrail with high porous ratio makes the thin structure with high ventilation
ratio (such as long-span suspension footbridge) avoid the occurrence of vortex-induced
vibration.
(5) Vortex-induced vibration is sensitive to the type of handrail. For the truss beam
of long-span suspension footbridge, handrail of grid type is preferred, but fully-closed
handrail is proscribed.

REFERENCES
[1] EN 1990:2002/A1:2005: Eurocode – Basis of structural design. Application for
bridges.
[2] ISO 10137: Bases for Design of Structures. Serviceability of buildings and walkways
against vibrations. Geneva: International Organization for Standarization, 2007.
[3] Nakamura SI. Model for Lateral Excitation of Footbridges by Synchronous Walking. J
Struct Eng 2004;130(1):32-37.
[4] Dallard P, Fitzpatrick AJ, Flint A, Le Bourva S, Low A, Ridsdill RM, Willford M. The
London Millennium Footbridge. Struct Eng 2001;79(22):17–33.
[5] S.S. Law, Z.M. Wu, S.L. Chan a. Vibration control study of a suspension footbridge
using hybrid slotted bolted connection elements. Engineering Structures 2003;26
(2004):107–116.
[6] Blekherman AN. Swaying of Pedestrian Bridges. J Bridge Eng
2005;10(2):142-150.
[7] Fujino Y, Pacheco BM, Nakamura S. Synchronization of human walking observed
during lateral vibration of a congested pedestrian bridge. Earthquake Engng Struct
1993;22(9):741–58.
[8] Zivanovic S, Pavic A, Reynolds P. Vibration serviceability of footbridges under
human-induced excitation: a literature review. J Sound Vib 2005; 279(1-2): 1-74.
[9] Ebrahimpour A, Hamam A, Sack RL, Patten WN. Measuring and modeling dynamic
loads imposed by moving crowds. J Struct Engng ASCE 1996;122(12):1468–74.
[10] Fitzpatrick T. Fitzpatrick: the Millennium Bridge. London: Royal Academy of
Engineering, 2001.
[11] CHEN Zheng-qing. Bridge Wind Engineering[M]. Beijing: China Communications
Press, 2005.
[12] Li Jia-Wu, Che Xin, Gao Fei. Effects of wind-resistant control measures against
flutter instability of a narrow suspension bridge[J]. Journal of vibration and
shock,2012,31(23):77-86
[13] Ma Lin-lin. Study of narrow truss suspension bridge flutter stability[D]. Chang’an
university,2011
[14] HE Han-xin, LIU Jian-xin. Study on Wind-resistant Measures and Their Optimization
for Long-span and Slender Suspension Bridge[J]. Journal of Highway and
Transportation Research and Development, 2010, 27(3), 93-97.
[15] 白桦,李德峰,李宇等. 人行悬索桥抗风性能改善措施研究[J].公路,2012:1-6
Bai Hua, Li De-feng, Li Yu. A study on Improving measures for Wind-Resistance Stability
of Pedestrian Suspension Bridge[J]. Highway, 12:1-6
[16] CUI Xin, LI Jia-wu, LIU Jian-xin. Research on Aerodynamic Stability of Narrow
Suspension Bridge Based on Wind Tuunel Test [J]. Journal of Highway and
Transportation Research and Development, 2011, 28(1), 91-95.

[17] Xiong Yao-qing, He Yun-ming, Wu Xiao-bin. Research on dynamic characteristics
and wind vibration response of a pedestrian large-span and slender suspension
bridge[J]. Journal of building structures,9(40):148-153
[18] Miros P, Aerodynamic Characteristics of a Stressed Ribbon Pedestrian Bridge Span
252m Journal of Wind Engineering and industrial Aerodynamics, 1994, 53, 301-314.
[19] Brown, Sean L. Montgomery, C. James and Rozendaal, Mike(2012), Fort
Edmonton Footbridge - Erection engineering for a pedestrian suspension bridge, WN
All fields, 1969-2014
[20] Nakamura, Shun-Ichi (), Field measurements of lateral vibration on a pedestrian
suspension bridge, Institution of Structural Engineers, 2003, 81, 22-26
[21] Juozapaitis, A., Vainiunas, P. and Kaklauskas, G, A new steel structural system of
a pedestrian suspension bridge, Elsevier Ltd, 2006, 12, 1257-1263

