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ABSTRACT: For oblique arch, curved beam, space oblique composite system of suspension
bridge, whose force transmission path and spatial stress is complex, robustness characteristics is
strong, and no engineering experience can be used for reference. In order to analyse wind resistant
performance of the Tongtai bridge, the aeroelastic model of the bridge is designed and fabricated by
accurately simulating the flow field in the boundary layer of the field and using wind tunnel test
technique, calculated vortex vibration, buffeting and aerodynamic stability of the arch-rib and whole
bridge under uniform flow field and turbulent flow field at different attack angle, angle condition.
The experimental results show that the bridge has good aerodynamic stability and no obvious vortex
vibration occurs. The vertical and latera displacement of the arch rib 1/4 section is higher than that
of the crown, but it meets the requirement of wind resistance.

INTRODUCTION

In the 21st century, the large span of the bridge structure system development by leaps and bounds,
at the same time by the terrain, topography and shape and other aspects of the conditions of the re-
strictions, the bridge structure form also tends to diversity and complexity. Wind load becomes the
control load of large span bridge structure and spatial structure system gradually!%!3 After the acci-
dent of the wind tower bridge, the bridge wind engineering research get rapid development!¥.But
most of the research on wind resistant safety is mostly focused on the suspension bridge and cable
stayed bridge!®. The wind tunnel test and numerical simulation as the main means of wind resis-
tant design of structures, but due to the actual helical to cross sling combination system bridge less,
the wind resistance capability study on this system is relatively blank. This paper has chosen the
skew arch, curved beam oblique to cross sling combination bridge-Tongtai bridge as the research
object, through wind tunnel tests to study corresponding characteristics of this kind of bridge wind
load.

ENGINEERING SURVEY

As the standard of construction of Zhangjiakou City, Tongtai bridge is located in Zhangjiakou City
Expressway north central line, across the Qingshui River, which is one of the connecting bridge of
East Central and West. The steel girder ,whose span is 190m and section is a flat box single room 5
steel box girder, height is 3m (center line), width is 34.144m, is located on the plane curve of 600m,
and longitudinal slope is not located on the bridge deck, and the cross slope of the bidirectional 2%
is provided. The main bridge are arranged at both ends of the limiting device, and a concrete coun-
terweight. Arch rib is single box single room steel box arch rib, width is 7.04m, height is 3.8m, and
the arch foot spacing is 180m, rise span ratio is 0.3451, arch rib oblique span steel girder.

The bridge uses 28 slings, which are high strength galvanized steel wire and whose standard
strength is 1670MPa. At home and abroad, only 2 similar structural systems are built, but the max-
imum span is not more than 130m. The picture of Tongtal bridge is shownin Fig.1.

© 2016. The authors - Published by Atlantis Press 646



MODEL DESIGN

MODEL DESIGN PRINCIPLES

In the design of the full bridge aeroelastic model, besides the similar condition of the geometrical
shape, the consistency condition of the elastic parameters, the inertia parameters, the gravity para
meters, the viscous parameters and the damping parameters are also required®” Similar require-
ments of each component of the model design of the Tongtai bridge are shown in Table 1.

Table 1. Similar requirements for each component in the aeroel astic model design

component shape Stiffness Aerodynamic
EA Elx Ely, GJ

ManBeam = E = = [ ]

Sling [ ] [ | [ |

Arch Rib [ = = [ ]

The main span of the bridge is 190m. Taking into account the actual conditions of the wind tun-
nel, the model scale factor is identified as C;=1/66, and considering the consistency condition of

Froude number in the design model, the wind velocity ratio is identified as C,=1: J66 =1:8.12, the

frequency ratio is identified as C, = /66 :1=8.12:1. Accordi ng to the above similarity principle, the
corresponding similarity coefficient can be deduced, which are derived from the scale similarity
coefficients.
COMPONENT AND BOUNDARY SIMULATION
To satisfy the similar requirements of the stiffening girder horizontal and vertical bending stiffness
and torsiona stiffness, slotted "U" - shaped spine beam is selected. Considering the bending of the
main girder plane, the box beam of rectangular section is made of auminum aloy. The stiffening
girder is fixed on the box beam, whose coat is made of ABS plate. In order to meet a constant |oad
mass and inertia moment requirements, the iron is placed in the outer side of the coat for counter-
weight. The deck system, such as the central separation belt, the edge of the crash barrier and the si-
dewalk railing are smulated. Because the torsion stiffness and torsional frequency of the arch rib
are very high, the torsional stiffness of the elastic model is not considered. The bending stiffness of
the arch rib is simulated by the rectangular section aluminum core beam, the aerodynamic shape is
simulated by ABS plate, and mass distribution is simulated by core beam, coat and counterweight,
asshowninFig. 2.

When designing the stay cable, the similarity of the mass and the stiffness is considered strictly.
The stiffness of stay cable is smulated by constantan wire and spring series, the distribution quality
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of stay cable is ssmulated by constantan wire, spring and plastic casing, and the frontal area of the
cable surface is ssmulated by bushing. The drag coefficient of stay cable is 0.8 under design wind
speed, which is 1.2 when the diameter of the model cable is in the millimeter range, then the exter-
nal diameter of the cable is equivalent calculated in the 1.1~1.4mm range. In order to avoid the ob-
vious error, the plastic casing whose outer diameter is 1.5mm is selected when the cable selection,
asshownin Fig. 3.

Arch rib and the ground are consolidated. The beam is basically similar to the state, vertical, ho-
rizontal and longitudinal freedom of whose end in western side, and vertical and horizontal freedom
of whose end in eastern side.

Figure 3 Cable model

DYNAMIC CHARACTERISTIC ANALYSIS

The dynamic characteristics of the structure is the basis for analysis of wind-induced vibration of
bridge, of which Tongtai bridge in bare arch state and bridge state are calculated, considering the
boundary condition that arch angle is embedded in the pile cap and girder and pier are simply sup-
ported. Among them, the main beam, arch rib, bridge piers are smulated by BEAM4 element, and
the two phase is smulated by MASS21 element. The first order modal shapes of the bare arch and
the bridge model are shown in Fig. 4 and Fig. 5.

In order to study the dynamic characteristics of the aeroelastic model, the modal test and parame-
ter identification of the model are carried out. The error of the target frequency and the measured
frequency and the vibration characteristics of the first four orders are shown in Table 2.

It can be seen that the first four orders of the model of the bare arch and the arch bridge are in
good agreement with the target frequency, and the deviation is within 5%¥,conforming to the speci-
fication. Because the elastic modulus of the arch rib is less than the design value, the machining er-
ror exists, the arch foot can not meet the requirements of the ideal fully consolidated boundary con-
ditions and so on, the first four orders of the model of the bare arch and the arch bridge are lower
than the target frequency.

In addition, based on the random response data in the turbulent flow field, the frequency domain
identification method ' is used to calculate the modal damping ratios of the bare arch and the state
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of the bridge. Under the bare arch, the modal damping ratio of each mode is about 0.5%; under the
condition of the bridge, the moda damping ratio of each mode isin the range of 1%-1.7%. Visibly,
because of the material damping of girder and sling and the friction damping between pier and gird-
er, the modal damping ratio of each mode is higher than that of the bare arch, and the ideal damping
ratio is higher than 1%.

Figure 4 First order modal of bare arch structure

Figure 5 First order modal of bridge structure

Table 2. Analysis results of dynamic characteristics of bare arch state structure

Num Barearch Bare arch
Frequency(Hz) Vibration characteristics Error(%) Frequency(Hz) Vibration characteristics Error(%)

1 0.614 The first-order symmetric -0.60 0.860 Arch lateral bending, -2.19
lateral bending vibration mode torsion of beam

2 1.233 Thefirst-order anti symmetric  -1.00 1.130 Arch anti symmetric vertical -2.57
vertical bending vibration mode bending, torsion of beam

3 1.977 Thefirst-order anti symmetric  -1.93 1.249 Symmetrical vertical bending -3.26
lateral bending vibration mode of main beam

4 2531 The first-order symmetric -2.19 1.727 Beam anti symmetric vertical -2.86
vertical bending vibration mode bending

WIND TUNNEL TEST

Tongtal bridgeisin category B standard landscape site,where wind velocity changes with the height
and the exponential law, indexa = 0.16 .Design reference wind speed is 32.5m/s, flutter test wind
speed is 52m/s, and the critical wind velocity of static torsiona divergence is 65m/s. The results
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show that the turbulent characteristic simulation is more important than the Reynolds number in the
strong turbulent flow field in the atmospheric boundary Iayer[m].The wind characteristics of the at-
mospheric boundary layer are ssmulated according to the characteristics of the terrain at the bridge
site, and the turbulence intensity profile as shown in Fig. 6, in which the target value of wind resis-
tant design code for highway bridges is presented. Fig. 7 shows the wind power spectrum of simu-
lated wind field, which ssimulated the wind tunnel where the height is 40cm,and the corresponding
wind speed is 10m/s. At the same time, the Simiu spectrum is given. Most of the energy spectrum of
the simulated wind spectrum is concentrated at the low frequency end, including the main frequency
of the whole bridge model which is concerned in this experiment.
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Figure 6 The simulated wind field turbulence profile

UNIFORM FLOW FIELD TEST ANALYSIS
For the wind tunnel test of the aeroelastic model, the main data collected are the vertical and lateral
wind load response of the main beam and the skew arch. The laser displacement meter isinstalled in
the main girder span, the 1/4 cross section, the arch crown and the 1/4 section of the arch rib. In the
experimental process, the uniform flow field test for the bridge is found to be stable. Fig. 8 shows
the change of results of the real bridge with the wind speed change,which is converted from the ver-
tical displacement standard deviation and average value of arch crown section, under bare arch state
0 degree angle, 0 degrees and + 3 degrees angle of attack condition.
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Figure 7 ssmulation of wind field fluctuation wind power spectrum
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Figure 8 Vertical displacement standard deviation and mean value of arch crown under different an-
gles of attack

As shown in Fig.8(a), when the wind speed is greater than 90m/s, the standard deviation of the
vertical displacement of the arch crown section under the three conditions increases with the wind
speed increasing, and there is afirst order symmetric vertical bending vortex at the bare arch. And
the trend can be seen from the graph that when the angle of attack is 0, the first order symmetric ver-
tical bending vortex vibration of the bare arch is widest, and the maximum eddy amplitude of the
vault is about 20cm; when the angle of attack is -3, the maximum eddy amplitude is about 14cm;
when the angle of attack is +3, wind speed locked area is narrowest, and the maximum eddy ampli-
tudeis about 7cm.

As shown in Fig.8(b), when the wind speed is greater than 80m/s, mean value of vertical dis-
placement of the 1/4 section of arch rib increases sharply with wind speed increases, which indicat-
ing that the bare arch has been in the static instability or close to the critical state of the static insta-
bility. Under the condition of O degree angle of attack and +3 degree angle of attack, the vertical
displacement of arch crown section has no obvious change with the increase of wind speed, so it is
not stable under the two conditions.

When the declination is O degrees and attack angle is O degree, the vortex vibration critical wind
speed is about 78m/s; When the declination is O degree and attack angle is plus or minus 3 degrees,
vortex vibration critical wind speed is about 93m/s and 90m/s, which are much higher than the de-
sign speed.

Fig. 9 shows the change of results of the real bridge with the wind speed change,which is con-
verted from the vertical displacement standard deviation and average value of arch rib 1/4 section,
for different conditions that attack angle is O degree and angle is different.
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Figure 9 Change of the standard deviation of the vertical displacement and the mean value of the
arch rib 1/4 section with wind speed at different attack angles

As shown in Fig.9(a), when angle is O degree and wind speed is greater than 50m/s, vertical dis-
placement standard deviation of 1/4 cross section of arch rib changes sharply with wind speed
changing, and afirst order anti symmetric vertical bending vortex is appeared in the bare arch. Wind
speed locking area is 48m/s-57m/s, and the maximum vault vortex amplitude value is about 1.6cm;
When declination is 5 degree and the wind speed is greater than 43m/s, vertical displacement stan-
dard deviation of 1/4 cross section of arch rib changes sharply with wind speed changing, and a first
order anti symmetric vertical bending vortex is appeared in the bare arch. Wind speed locking area
is 43m/s-53m/s, the maximum vault vortex amplitude value is about 0.8cm; Obvious changes have
not occurred under 15 degree declination, that under this condition the naked arch did not occur vor-
tex vibration phenomenon.

As shown in Fig.9(b), when declination is 5 degree and wind speed is greater than 80 m/s, the
average vertical displacement with wind speed increased sharply, which indicates this naked arch
has static instability or close to the static buckling critical state. When declination is O degree and
under 15 degree, mean vertical displacement of 1/4 section of arch rib increases with wind speed,
which did not show significant changes, so there is no instability of the inclined arch under the two
conditions.

It can be found in Fig.8 and Fig.9 that the first order anti symmetric vertical bending vibration
amplitudeis very small, and the wind speed locked areais narrow; the first order symmetric vertical
bending vortex amplitude is relatively large, and the wind speed lock is very wide. However, locked
wind speed is higher than the design wind speed, that won't happen in reality basically. Under the
three attack and a variety of angles and the wind speed is below 81.2m/s, the bridge will not happen
aerodynamic instability, and critical wind speed is higher than flutter test wind speed and static tor-
sional divergence wind speed.

EXPERIMENTAL ANALYSISOF TURBULENT FLOW FIELD
The mean values of the bare arch and the bridge, the standard deviation and the maximum response
of the wind speed under the 65m/s are listed in table 3 and table 4. Due to the test error and other
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reasons, the maximum value provided in the table is not necessarily the most unfavorable condi-
tions, there may be dlightly smaller than its corresponding operating conditions are the most unfa-
vorable.

Table 3 The average, standard deviation and maximum response of bare arch (cm) in the bare arch
when the wind speed is 65m/s

Bare arch verticd |ateral

va 214 34 14 24 34

Average 342 135 365 1254 20.00 14.67
SD 395 200 389 282 481 280
Maximum 1725 835 17.18 2241 36.84 24.47

Table 3 shows that the average vertical displacement and the standard deviation of the arch
crown are less than that of 1/4 section under bare arch state, and skew symmetric vertical bending
stiffness and modal frequency of arch rib are lower than symmetrical vertical bending is the main
reason, The average vertical displacement in arch rib elevation is lower than the latera displace-
ment, which shows that the lateral stiffness of the bare arch is lower than that of the vertical; The
vertical displacement standard deviation in al arch rib sections is larger than average, which shows
that the influence of fluctuating wind on the arch rib in the natural flow field is obvious.

Table 4 The average, standard deviation and maximum response of 65m/s wind velocity in turbulent
flow field

Bridge mid-span Cross-quarter vault  latera

vertical torsionvertical torsionlateral 1/4 arch

Average 346 014 3.68 012 13.74 10.35
SD 271 006 251 005 436 312
Maximum 12.95 0.35 1247 0.30 29.00 21.27

Table 4 shows that the mean values of vertical and torsional displacements of the bridge’s main
beam are small, which is secure enough; arch rib lateral displacement is relatively large, but values
of each section are less than that in bare arch state, indicating that a portion of the wind load by a
sling by the girder transfer to the pier, so that the arch rib lateral stiffnessisimproved.

In 65m/s natural flow field of bridge deck height, the vertical displacement of cross and 1/4 cross
section of is the bridge’s main beam about 13cm, the torsiona displacement is about 0.35 degrees,
and the maximum lateral displacement of the rib arch is about 30cm, which can be considered to
have sufficient security. There is no obvious phenomenon of vortex induced vibration in the struc-
ture, under the turbulent flow field test under different incidence angles and different angle.

CONCLUSIONS

Through the wind tunnel test of Tongtal bridge, conclusion as follow:

1. The results of dynamic characteristic test of bare arch and bridge show that due to the arch rib
sandwich beam material elastic modulus actual value is less than the design value, processing er-
rors, arch foot can not meet the ideal fully consolidated boundary conditions and other reasons, the
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actual value of the model and the stiffness and frequency with respect to the target value is low, but
deviation are within 5%, which meet the requirements of the specification. The simulation result of
the bare arch state is more ideal, but the full bridge moda damping is slightly higher.

2.In the uniform flow field, the first order anti symmetric vertical bending vibration amplitude is
small, and the wind speed locking region is narrow; the first order symmetric vertical bending vor-
tex vibration frequency is very high, the amplitude is very large, and the wind speed locked areais
very wide. However, the critical wind speed of vortex induced vibration is higher than that of design
wind speed under two conditions.

3.In turbulent flow field, the mean and standard deviation of the vertical displacement of the arch
rib vault are less than that of the 1/4 section, which indicates that the lateral stiffness of the bare
arch is lower than the vertical stiffness. The numerical value of the lateral displacement of the arch
rib in the bridge is smaller than that of the bare arch, indicating that part of the wind load by a sling
by the girder transfer to the pier, so that the arch rib lateral stiffnessisimproved.

4.When wind speed is lower than 81.2m/s, the bridge is not aerodynamic instability under differ-
ent angle and attack angle. In 65m/s natural flow field of bridge deck height, the vertical displace-
ment of cross and 1/4 cross section of is the bridge’s main beam about 13cm, the torsional dis-
placement is about 0.35 degrees, and the maximum lateral displacement of the rib arch is about
30cm, so we can think that the Tongtal bridge has enough safety.
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