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the remaining life of the whole bridge. The refined models are built for the small-scale segments
by using Shell 63 elements, and the models of the other segments were built by using Beam188
elements with large-scale. The material property of the model is steel, so the elastic model is
210 GPa, the density is 7800 kg/m? and the Poisson’s ratio is 0.3. The models of two scales are
connected at their interfaces by building constraint equations, and fixed constraint is applied to
the bottom of the main girder. As a result, the multi-scale finite element model of double pylon
cable-stayed bridge can be obtained.

/

Fig. 5. Multi-scale finite element model of double pylon cable-stayed bridge
4.2. Computation and verification of vibration impact coefficient

Based on the mentioned vehicle-bridge coupling vibration program, the change curve of
vibration impact coefficient under different vehicle speeds and bridge surfaces can be obtained.
Furthermore, influences brought by vehicles on the remaining life of bridges structures can be
researched.

In the vehicle-bridge coupling model, the vehicle was running on the bridge at the speed of
10 km/h-142 km/h. The increment of driving speeds is 4 km/h. A general road surface in Fig. 2
was taken as the bridge surface. At this moment, the damping of the bridge structure was 0.2.
Vehicles running on the bridge will inevitably cause the vibration of the bridge, and the vibration
acceleration responses of the bridge under different vehicle speeds can be obtained using the finite
element model and the coupling vibration program. Fig. 6 showed the vibration acceleration of a
certain point in the middle of the bridge when the vehicle speeds are 18 km/h and 118 km/h,
respectively. According to two figures, when the vehicle was running on the bridge at a constant
speed, the strong vibration was not transmitted to the middle of the bridge, thus the vibration
acceleration was small. When the vehicle moved away from the bridge, the vibration acceleration
has changed into small due to the effect of the bridge’s own damping. In addition, it can be seen
from the comparison of two figures that the vibration acceleration of the bridge when the vehicle
is at the speed of 118 km/h was significantly higher than that of 18 km/h. And the reason was that
a larger vehicle speed can result in a stronger impact on the bridge. Finally, based on the bridge
vibration acceleration, vibration impact coefficient of the vehicle to the bridge under different
speeds can be obtained, as shown in Fig. 7.
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Fig. 6. Vibration acceleration response of bridges
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Fig. 7. Change curve of vibration impact coefticient under different vehicle speeds

It is shown in Fig. 7 that vibration impact coefficient of the bridge has a large fluctuation with
changes of vehicle speeds. When vehicle speeds are 18 km/h and 118 km/h, respectively, vibration
impact coefficient has two obvious peaks. This is mainly because the vehicle is coupled with the
bridge when it is running at these speeds, and the impact effect of the vehicle to the bridge is
strengthened. Therefore, the bridge will be destroyed most seriously when the vehicle is running
at 18 km/h or 118 kim/h. Besides, the impact of 118 km/h on the bridge is significantly larger than
that of 18 km/h, which further verifies the results in Fig. 6.

The mentioned analysis is only based on simulation. However, vehicle-bridge coupling model
is very complex, and it is necessary to conduct the experimental verification. The experiment was
conducted in winter, as shown in Fig. 8. The experimental results obtained for a vehicle running
on a bridge were used for this research. The experimental schematic was shown in Fig. 9. The
main segment bridge is 200 m long. The Young’s modulus of material is 2.1¢° N/m?. The mass
density is 2300 kg/m?, and Poisson ratio is 0.3. A leading segment bridge for the vehicle was used
to pick up vehicle speeds and another segment bridge at the other end for receiving the vehicle
after it exited from the main segment bridge. Acceleration sensor was mounted at the bottom of
the main segment bridge to measure the dynamic response of the bridge. An 8-channel dynamic
testing and analysis system were used for data collection and analysis in the experiment. The
sampling frequency was 2000 Hz. The recorded length of each test lasted for 15 s, and the test for
each speed was repeated three times. During the experiment, the vehicle was running on the bridge
surface at the speed of 10 km/h-142 km/h, and the increment of driving speeds is 4 km/h. A total
of 34 sets of data were collected. Mass of the vehicle is 6,000 kg. After the experiment, the
averaging treatment was conducted to the bridge vibration accelerations obtained by three times
experiment under each speeds. Finally, we can obtain the bridge vibration acceleration which was
close to the actual value. The bridge vibration acceleration when the vehicle was at speed of
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118 km/h was shown in Fig. 10. Through comparing Fig. 10 and Fig. 6, it is clear that the
computational and experimental values of the bridge vibration acceleration in the same location
are very close, and that their change trends during the measurement are basically identical. This
shows that the numerical model in the paper is reliable. Then, vibration acceleration was
substituted into the mentioned equations to obtain vibration impact coefficient. As a result, the
experimental results were compared with the computational value of vibration impact coefficient,
as shown in Fig. 11.
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Fig. 9. The experimental diagram of vibration impact coefficient for bridges
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Fig. 10. Experimental vibration acceleration response of bridges at speed of 118 km/h

It is shown in Fig. 11 that the experimental results are more than the computational values,
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which is mainly because only effects of the vehicle to bridges are taken into account during
simulation. However, the bridge will also be influenced by air to a certain extent in the practical
process. The influence brought by air will be ignored when the vehicle is running on the bridge.
Therefore, the final experimental results are only slightly higher than the computational values
and they do not much differ from each other. It is shown that the simulation model is reliable and
it can be used to predict vibration impact coefficient of bridges.
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Fig. 11. Comparison of vibration impact Fig. 12. Change curve of vibration impact
coefficient between experiment and simulation coefficient under different damping

5. Analysis of influence factors for vibration impact coefficient

A bridge is similar to a simple-support structure, so that its dynamic response will surely be
influenced by a lot of factors. Therefore, it is necessary to comprehensively research the changes
of vibration impact coefficient from different factors to design a bridge structure with better
performance when a vehicle is running on the bridge.

5.1. Damping of bridges

Damping of a bridge structure is an important factor which can influence dynamic response of
the bridge. In general, the dynamic response is correspondingly big when the bridge structure
damping is small, and the dynamic response is small when the bridge structure damping is big.
The bridge structure damping is very difficult to be determined and it can be only obtained through
experiment in general. It is shown by many experiments and researches that the damping of a
concrete bridge is generally 0.02-0.06. In order to research influences brought by the bridge
damping to vibration impact coefficient, bridge damping was respectively set to be 0.0, 0.02 and
0.04 to compute vibration impact coefficient, and the corresponding results were shown in Fig. 12.

It is shown in Fig. 12 that the change tendency of vibration impact coefficient is same under
different damping. Vibration impact coefficient decreases with increasing of damping. Bridge
damping will bring an obvious influence to vibration impact coefficient in resonance area. The
vehicle speed at bridge resonance is not influenced by damping. There are two obvious resonance
peaks under different damping. The first resonance speed is 18 km/h and the second resonance
speed is 118 km/h. Although bridge damping will not influence the vehicle speed of resonance,
but it will influence the value of vibration impact coefficient. The peak of vibration impact
coefficient with a big damping is obviously smaller than the peak with a small damping. This is
mainly because damping can reduce vibration and vehicle impact to the bridge.

5.2. Mass of vehicles

In the vehicle-bridge coupling system, vibration impact coefficient may much differ due to
that the different vehicles have the different masses. In order to research influences brought by
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this factor to vibration impact coefficient, vibration impact coefficient of four kinds of vehicles
with different masses were computed at the speed of 10 km/h-142 km/h, and the corresponding
results were shown in Fig. 13.

It is shown in Fig. 13 that the change tendency of vibration impact coefficient is same under
different vehicle mass. Vibration impact coefficient of truck vehicle is the maximum in resonance
area, and it is mainly because truck vehicle has a maximum mass and the coupling effect will be
strongest. As a result, truck vehicle is taken as the vehicle model in the other analyzes. In order
words, if the bridge is not damaged under truck vehicle, the other vehicles will not bring any
serious damage to the bridge.
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Fig. 13. Change curves of vibration impact Fig. 14. Change curve of vibration impact
coefficient under different vehicle mass coefficient under different road surfaces

5.3. Bridge surfaces

As shown in Fig. 2, there were five kinds of bridge surfaces in general. There will be different
vibration impact under different bridge surfaces. Therefore, vibration impact coefficient was
computed under five kinds of bridge surfaces when the other parameters were unchanged, and the
corresponding results were shown in Fig. 14.

It is shown in Fig. 14 that the change tendency of vibration impact coefficient is same under
different bridge surfaces. In addition, the poorer bridge surface will bring a bigger vibration impact
coefficient, and it is mainly because the interaction coupling between the vehicle and bridges is
bigger when bridge surfaces are poorer. Therefore, bridge surfaces shall be well built as much as
possible to reduce vibration impact coefficient. However, such method will make a higher cost.
As a result, bridge surfaces are always built into a general state, as shown in Fig. 2. Therefore,
vibration impact coefficient is mainly researched on a general bridge surface.

5.4. Stiffness of bridges

Changes of stiffness will cause the change of the natural vibration frequency for bridges and
then influence dynamic response of bridges. In order to research influences of stiffness on
vibration impact coefficient, the stiffness was changed to conduct dynamic analysis of
vehicle-bridge coupling system. The elastic modulus of concrete material which was used to build
bridges was reduced to 1/2 and 1/4 of the original value, respectively. As a result, the overall
stiffness of the bridge was also reduced to 0.5 and 0.25 times of the original value, respectively.
During the computation, truck vehicle was taken as the vehicle model. Change curves of vibration
impact coefficient under three kinds of stiffness were shown in Fig. 15.

It is shown in Fig. 15 that the change tendency of vibration impact coefficient is same under
three kinds of stiffness. In addition, the natural frequency of bridges will be reduced when stiffness
reduced. As a result, resonance area of vehicle-bridge coupling system moves forward and it is
reflected in Fig. 15.
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Fig. 15. Change curve of vibration impact Fig. 16. Change curve of vibration impact
coefficient under three kinds of stiffness coefficient under different mass of bridges

5.5. Mass of bridges

Mass of bridges is also one of factors which can influence vibration impact coefficient.
Increase or decrease of mass will directly influence modals of a bridge and thus influence dynamic
response of the bridge. In order to observe influences brought by this factor on vibration impact
coefficient, mass of bridges was changed into 2, 3 and 4 times of the original mass. Vibration
impact coefficient was computed, as shown in Fig. 16.

It is shown in Fig. 16 that the change tendency of vibration impact coefficient is same under
different mass of bridges. With increasing of mass, the natural frequency of bridges will be
reduced. As a result, resonance area of vehicle-bridge coupling system moves forward.

6. Fatigue fracture computation based on vibration impact coefficient

By using the vehicle-bridge coupling vibration program of the long-span bridge, factors that
influence the fatigue life of the bridge, such as the selection of fatigue standard vehicle models,
the evenness of bridge surfaces, vehicle speeds, vehicle mass and traffic situation, can be
comprehensively considered, and a more accurately vibration impact coefficient for each part can
be obtained. After considering the vehicle-bridge coupling vibration, the fatigue life of a steel
bridge can be estimated based on the fracture mechanics. Among all the current researches of the
fatigue crack propagation process, the most classic one is the crack propagation rate formula [11]
as follows, which was proposed based on the linear elastic fracture mechanics by Paris:

da

— m
oy = C@nm, ©)
where a is the crack depth. N is the number of stress cycles. C and m are material constants, and
can be measured in experiment. AK is the amplitude of intensity factor, and can be obtained from
the bridge vibration impact coefficient.

By integrating Eq. (9), the number of cyclic loads on the structure when the initial crack depth
a, is expanded to the failure crack depth af, and the computation formula for the steel-bridge
fatigue crack propagation life is as follows:

=] v_1_,
= - aa, 10
o CRIO™ (19

wherein, a, is the initial crack depth, and a; is the final failure crack depth.
Based on the mentioned method, two common cracks in the orthotropic steel bridge deck slab
were studied, as shown in Fig. 17. Crack A where the longitudinal rib and the diaphragm plate
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were welded and crack B where the top plate and the longitudinal stiffener were welded. Analysis

was carried out on the fatigue cracks at A and B to obtain the remaining life at A and B, as shown
in Fig. 18.

B-Cracks
A-Connection of U
7 rib and crossbeam +  Top plate T
=— U rib

Fig. 17. Positions of two fatigue cracks on the bridge

According to the slope of the curve of remaining life in Fig. 18, the propagation rates of the
details are slow at the early stage of crack propagation, but the propagation rates will become
faster in middle and later stages. The remaining life of the detail at crack A is almost 50 % less
than that at crack B, which indicates that the remaining life at different parts in the same cross
section of bridges may be also different. And it also reflects the difference of stress concentration
degree at each part. The difference between the remaining life at crack A and B reflects the
advantages of the method for estimating the remaining life of the long-span bridge by considering

the effect of vehicle-bridge coupling vibration, and the proposed computation method can analyze
remaining life on each selected detail part.
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Fig. 18. Remaining life at crack A and B of the double pylon cable-stayed bridge

7. Conclusions

1) The amplification effect of vehicle-bridge coupling on the stress of each detail part can’t be
ignored when we conduct dynamic response analysis on the long-span bridge.

2) The proposed computation method of vibration impact coefficient for the long-span bridge
can take into account these factors including vehicle-bridge coupling, vehicle model, bridge
surface evenness and vehicle speed etc. Moreover, based on the multi-scale finite element model
of the bridge, the stress history at each detail part can be randomly selected to carry out analysis.
As a result, more accurately results from vibration and fatigue analysis on the bridge can be
obtained.

3) The proposed computation method of vibration impact coefficient based on vehicle-bridge
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coupling vibration is verified by the corresponding experiment. They are consistent with each
other, and the computational method is reliable. Based on the verified method, a lot of influence
factors on vibration impact coefficient are analyzed. As a result, we can obtain a bridge with the
smallest vibration impact coefficient.

4) According to the smallest vibration impact coefficient, the bridge with the relative bigger
remaining life can be obtained. The results show that remaining life at each detail part of the bridge
is different, when the evenness of the bridge surface deteriorates to “poor” and “very poor”,
vibration impact coefficient will increase to a great extent, and the remaining life will reduce to a
great extent.
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