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Abstract: Taizhou Yangtze River Bridge as a long-span suspension bridge, the
finite element model (FEM) of it is established using the ANSYS Software.
The beam4 element is used to simulate the main beam to establish the “spine
beam” model of the Taizhou Yangtze River Bridge. The calculated low-order
vibration mode frequency of the FEM is in good agreement with the completion
test results. The model can simulate the overall dynamic response of the bridge.
Based on the vehicle load survey, the Monte Carlo method is applied to simulate
the traffic load flow. Then the overall dynamic response analysis of FEM is car-
ried out. Taking the bending moment of the main beam as the control index, the
fatigue sensitive section in the steel box girder of FEM is analyzed. Based on the
strain time history data of steel box girder recorded by the structural health mon-
itoring system (SHM), the true stress response of steel box girder under vehicle
load is extracted. Taking the cumulative fatigue damage increment as the evalua-
tion index, the fatigue performance evaluation of the steel box girders is con-
ducted based on the collected health monitoring data. The fatigue effect of the
beam section near the steel tower, especially the first section of the middle tower,
is the key section of the fatigue analysis by health morning system, which is con-
sistent with the calculation results of FEM.

Keywords: Steel box girder; fatigue; stress response; Monte Carlo method;
structural health monitoring system

1 Introduction

Due to the influence of natural factors such as climate and environment, and the increasing traffic
volume and the number of overpasses and overpasses, the safety and function of the bridge structure will
inevitably degenerate [1-3]. With the rapid development of China’s economy, the requirements for
transportation capacity are constantly improving, the safety, durability and normal use functions for long-
span bridges are paid more and more attention. Hence it is necessary to implement an economically
sound maintenance plan and establish a structural health monitoring (SHM) system for large-span bridges
[4-6].
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Bridge SHM requires simultaneous monitoring of multiple parameters affecting the bridge structure,
including environmental, stress, deflection, and dynamic characteristics [7-9]. Health monitoring
technology refers to the test components arranged in key sections and key parts of the bridge. The test
system is built by computer, and the network is used to remotely and real-time monitor the various
reactions of the bridge structure in the operation process.

In general, the SHM systems applied to engineering structures provide an immense amount of recorded
data. The data amount depends mainly on the monitoring frequency, data acquisition systems, and the
number of sensors [10, 11]. With enhanced realistic deterioration model with the wide application of
bridge structure health monitoring technology, the fatigue stress spectrum can be obtained from the strain
time history data collected by the SHM system.

In recent years, scholars at home and abroad have gradually realized the fatigue problem of orthotropic
steel bridge decks. Zhang et al. [12, 13] systematically sorted out the fatigue problem, fatigue characteristics
and evaluation method of the current orthotropic steel bridge deck, and analyzed the new structure of the
orthotropic steel bridge deck. Connor et al. [14] discussed the fatigue problem of the OSDs from the
aspects of manufacturing, testing, inspection, evaluation and maintenance. In order to accurately predict
the fatigue damage of steel box girder and establish a perfect anti-fatigue design analysis method, many
scholars have carried out plenty of research work [15-19].

Above all, with the wide application of bridge structure health monitoring technology, the fatigue stress
spectrum can be obtained from the strain time history data collected by the SHM system. Compared with the
stress spectrum calculated according to the norm or statistical vehicle load the actual working state of the
bridge structure is more truly and accurately reflected, and the accuracy and reliability of the structural
fatigue life assessment are realized [20]. Therefore, based on the strain time history data recorded by the
Taizhou Bridge Health Monitoring System, this paper studies the fatigue stress characteristics of steel box
girder under the action of the vehicle load and analyzes the fatigue critical section of the steel box girder,
the fatigue performance obtained by the SHM will be compared with the calculation results using the
ANSYS software. Authors are encouraged to use the Microsoft Word template when preparing the final
version of their manuscripts. Authors may elect to submit two versions of their manuscript, one for the
printed version of the journal, and the other for the on-line version. Illustrations in color are allowed only
in the on-line version of the journal.

2 Finite Element Model

2.1 Engineering Background

The Taizhou Yangtze River Bridge is located in the middle section of the Yangtze River in Jiangsu
Province. It is connected to Taizhou in the north and Zhenjiang and Changzhou in the south. The total
length of the route is 62 Km. The main bridge of Taizhou Bridge is a three-tower and two-span continuous
stiffening box -girder system suspension bridge, shown in Fig. 1. The side tower is a concrete structure.
The materials of the middle tower and stiffening beam are steels. The span ratio of the main span is 1/9,

Taizhou Yongzhong

<= =
| 390 1080 | 1080 390

|

Figure 1: The overall Layout of Taizhou Yangtze River Bridge (unit: m)
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and the span of the main cable is 390 m + 2 x 1080 m + 390 m. The vertical connection between the main beam
and the middle tower is selected such that the main beam does not have a vertical rigid constraint at the middle
tower, but a vertical limit stop is supported, a longitudinal elastic constraint is provided, and a wind-resistant
support is laterally disposed. A longitudinal damper is arranged at the side tower to connect the main beam and
main tower, and a vertical tension and compression support is arranged to restrain the vertical displacement of
the main beam end, and the joint of the upper and lower vertical supports restrains the torsion of the beam end;
A lateral wind-resistant bearing is provided at the beam end. The main beam of Taizhou Bridge adopts flat steel
box girder structure, the beam height is 3.5 m, the full width (including wind nozzle) is 39.10 m, and the aspect
ratio is 1:11.17. The steel box girder structure is made of Q345gD and Q235qD steel, all welded. A steel box
girder is provided with a diaphragm at 3.2 m.

2.2 Finite Element Model of Taizhou Yangtze River Bridge

The main beam of the Taizhou Yangtze River Bridge is simulated by the “spine beam” of the single main
beam using the ANSY'S software. The model established can truly reflects the force of the structure. And the
change of the vertical curve of the stiffening beam is considered.

2.2.1 The Simulation for the Deck System

Full welded streamlined flat steel box girder structure is applied in the main beam of the Taizhou Yangtze
River Bridge. The orthotropic steel bridge decks are used in the steel box-girders. The typical box-girder
segment of Taizhou Yangtze River Bridge is shown in Fig. 2. The girder, including wind fairing, is
39.1 mm x 3.5 mm, the roof width is 36.7 m, the floor width is 21.25 m, the transverse spacing of
straight webs is 33.2 m, the spacing of transverse diaphragm is 3.2 m, and the spacing of U-ribs is
600 mm. The outside of the middle lane roof within the range of 6 m is 16 mm thick, and the U-rib is
8 mm thick, the remaining area roof is 14 mm thick, and the U-rib is 6 mm thick. The main structure of
the box girder is made from Q345-D steel. The main parameters are roof thickness (¢,), U-rib thickness
(#), U-rib height (H) and U-rib opening size (a), respectively. The values of the parameters are as
following: On the ordinary lane, #;; = 14 mm, ¢#; = 6 mm, H; = 280 mm, a; = 300 mm. On the heavy
truck lane, ¢ = 16 mm, £, = 8 mm, H, = 280 mm, a, = 300.2 mm.
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Figure 2: Local cross section diagram of the typical box-girder segment

For the simulation of the deck system, the following equivalent principles should be followed: (1) The
cross-sectional area is equal; (2) The equivalence of structural stiffness, including the equivalent of
transverse, vertical, torsional stiffness and constrained torsional stiffness; (3) Equivalent of spatial
distribution of mass system.
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The main beam is simulated by the Beam4 element. The quality of the beam element shall be the mass
of the deck system, in addition to the quality of the stiffening beam itself, as well as the quality of the
transverse baffles, deck pavements, railings, sidewalks, etc. For the equivalent of the mass distribution,
the translational mass and the rotational mass of the bridge deck are equivalent by setting the mass unit
(Mass21 unit). For translational mass calculations, all masses of the unit length deck system can be
divided by the cross-sectional area of the stiffening beam to obtain a converted density as the mass
density of the beam elements in all directions. For the calculation of the rotational mass, the main
beam, the bridge deck pavement, the railing, etc. can be calculated respectively for the moment of
inertia around the longitudinal axis of the bridge, and then accumulated and distributed to each mass
element.

2.2.2 Cable System Simulation

The main cable and the suspension rod of the suspension bridge are simulated by the Link10 element.
The main cable is separated according to the lifting point of the suspension rod, and the single suspension
rod is used as an element. The main cable will have a certain sag under its own weight, and the Link10
unit itself cannot automatically consider this sag effect. In order to consider this effect, the bridge is
modified in the modeling process by using the Ernst formula (Eq. (1)) to adjust the elastic modulus of
the material.

Eoy=—t—y ()
1263

The suspension bridge is a nonlinear large-displacement cable structure system. Under the action of
external load, the main cable structure will form a certain tension. The existence of this tension makes the
cable’s resistance to deformation under external load enhanced. In the state of bridge formation, due to
the self-weight of the dead load, the main cable will form a strong pulling force. Therefore, this gravity
stiffness effect should be considered in the calculation, which can be achieved by setting the initial strain
of the rod unit. The initial strain can be obtained by using the suspension bridge calculation theory under
the dead state of the bridge.

2.2.3 The Tower Simulation

The middle tower of the Taizhou Yangtze River Bridge is a vertical herringbone steel tower with a gantry
frame structure in the horizontal direction; the two side towers are reinforced concrete structures, and the
tower columns are single-box multi-chamber sections. When simulating the tower, it can be simplified
into a three-dimensional solid beam element, which is simulated by Beam4 element. The moment of
inertia and torsional moment of inertia are still the actual size of the box section.

2.2.4 Boundary Conditions
Column: Consolidation at the bottom of the tower.

Main box-girder: The main beam can be vertically rotated, laterally rotated and horizontally moved at
the crossbeams of the two towers, and the main direction is constrained by other directions; The main box
girder can be vertically moved, vertically rotated, laterally rotated and twisted and rotated at the middle tower
beam. The lateral movement freedom adopts the master-slave constraint, and the longitudinal horizontal
movement freedom is restrained by the longitudinal elastic cable.

Main cable: The main cable is consolidated at the anchorage point, and the main cable and the pylon are
consolidated at the top of the bridge tower. The model of the Taizhou Yangtze River Bridge is shown in
Fig. 3.
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Figure 3: The finite element model

2.3 Dynamic Characteristics

In order to consider the influence of large deformation effect and gravity stiffness effect in finite element
calculation analysis, the modal analysis of suspension bridge is carried out by using prestressed analysis
method. The solution process is as follows: (1) Solving the nonlinear static equilibrium position; (2)
Performing structural static analysis with cable tension at the equilibrium position sought; (3) Modal
analysis with cable tension.

The self-vibration characteristics of the Taizhou Bridge calculated by the above analysis method
are compared with the test results of the self-vibration characteristics of the completion test, as shown in
Tab. 1. It can be seen from Tab. 1 that the low-order vibration mode frequency obtained by the modal
analysis method with the prestressed structure agrees well with the completion test results, indicating that
the established “spine beam” model can accurately simulate the overall dynamics response of the
suspension bridge response.

Table 1: Dynamic characteristics parameters for the main beam

Number Mode Finite element Completion Rate of
simulation test change (%)

1 First-order anti-symmetric lateral bending 0.08443 0.0915 7.7

2 First-order anti-symmetric vertical bending 0.08491 0.0808 =5.1

3 First-order positive symmetric lateral bending 0.10678 0.1053 -1.4

4 Second-order anti-symmetric vertical bending 0.11435 0.1190 3.9

5 Second-order positive symmetric vertical bending 0.11719 0.1202 2.5

The fundamental frequency is 0.08443 Hz, which has a long structural period and has obvious large-
span flexible structural features. The first-order mode is dominated by the anti-symmetric lateral bending,
rather than the first-order positive symmetric vertical bending of the conventional long-span suspension
bridge with two towers. Because the restraining action of the middle tower makes the main beam lateral
bending mode forms an inflection point at the middle tower. The 1st-order anti-symmetric side-bend
mode of the Taizhou Bridge is equivalent to the 1st-order positive symmetric lateral bending mode of the
single-span suspension bridge with two towers in any of its main spans.



56 SDHM, 2020, vol.14, no.1

3 Monte Carlo Method for Simulating Traffic Load Flow

The Jiangyin River Bridge is the most important bridge in the main highway of China from the
Tongjiang to Sanya Expressway. It is the throat part of the traffic artery between the north and south of
the country. As a bridge to ease the traffic pressure in the east, the traffic flow characteristics for Taizhou
Yangtze River Bridge are similar with those for the Jiangyin River Bridge. Therefore, the traffic flow
survey data of the Jiangyin Bridge can be approximated for the Taizhou Yangtze River Bridge,
representing the traffic flow characteristics of the Taizhou Yangtze River Bridge after it is opened. The
vehicle traffic flow, vehicle type, vehicle weight and axle spacing are statistically analyzed, and a
probability and statistical model is established. The Monte Carlo method [21] is also known as a
stochastic simulation method and is sometimes referred to as a random sampling technique or a statistical
test method. The Monte Carlo method is used to simulate the traffic load flow.

3.1 Basic Principle of Monte Carlo Method

Monte Carlo methods a class of computational algorithms that rely on repeated random sampling to compute
their results. Monte Carlo methods are ofen used when simulating physical and mathematical systems. Because of
their reliance on repeated computation and random or pseudo—random numbers, Monte Carlo methods are most
suited to calculation by a computer.

The main idea behind this method is that the results are computed based on repeated random sampling and
statistical analysis. The Monte Carlo simulation is, in fact, random experimentations, in the case that, the results
of these experiments are not well known. Monte Carlo simulations are typically characterized by many
unknown parameters, many of which are difficult to obtain experimentally. Monte Carlo simulation
methods do not always require truly random numbers to be useful (although, for some applications such as
primality testing, unpredictability is vital). Many of the most useful techniques use deterministic,
pseudorandom sequences, making it easy to test and re-run simulations. The only quality usually necessary
to make good simulations is for the pseudo-random sequence to appear “random enough” in a certain sense.

What this means depends on the application, but typically they should pass a series of statistical tests.
Testing that the numbers are uniformly distributed or follow another desired distribution when a large enough
number of elements of the sequence are considered is one of the simplest and most common ones. Weak
correlations between successive samples are also often desirable/necessary.

3.2 Vehicle Load Parameter Probability Model

The amount of data in the traffic flow fitting analysis is generally large, and if too many factors are
considered, it will cause a huge computational load on the computer. The vehicle load problem is
simulated by three units of vehicle model, vehicle weight and vehicle spacing. The following gives the
formula parameters of the vehicle flow:

3.2.1 Vehicle Type

Under normal circumstances, the proportion of different models does not satisfy the uniform
distribution. In order to more accurately fit the traffic flow, firstly, according to the existing survey results,
the distribution function is fitted, and then the distribution function is fitted by Monte Carlo method.

3.2.2 Vehicle Weight
The vehicle weight data satisfies the extreme value I distribution, and its distribution function is:

F(x) = exp{—exp[—a(x — u)[} )

In the formula: a, u - extreme value I type distribution parameters;
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x—a random number that satisfies the extreme value I distribution; Available from (2):

-1
X = lln [ln(%)} +u 3)

a

In the formula: » - a uniformly distributed random number over the interval (0, 1).

The uniformly distributed random number sequence in the (0, 1) interval is converted into an extreme
value I type random number sequence by Eq. (3).

3.2.3 Vehicle Distance

When a certain section of the bridge is only affected by the single load of the vehicle or the vehicle load
on the same section is a non-negative stationary stochastic process, the single-lane vehicle operating state
vehicle load stochastic process can be expressed by the Poisson process. When the random process of
vehicle load is filtered through the composite Poisson process, the time interval ¢ of the vehicle obeys the
exponential distribution, and the probability density distribution function is:

0 t<0
Fo={, % 150 @
In the formula: parameter A > 0, A = 1/y,, i, is the mean of ¢.

The probability expression of the time interval 7 is
t=-X""In[l — F(t)] = —p,In[1 — F(¢)] 5)

Assuming that & = F(¢) is a uniformly distributed random variable in the interval (0, 1), a random
sample of the time interval ¢ obeying the exponential distribution can be obtained by:

t=-X2"In(1 - & = —u In(1 = &) (6)
Assuming the vehicle speed is ¥, the vehicle spacing x expression can be:
x =~V In(1 - ¢) ©

3.3 Vehicle Load Statistics and Simulation
3.3.1 Number of Vehicles and Vehicles

The two-way daily average traffic flow from 2002 to 2007 is shown in Fig. 4. It can be seen that the
traffic flow increased from 2002 to 2007 year by year. In 2002, the average daily traffic volume was
20,000 vehicles. In 2007, the average daily traffic volume reached 39,568 vehicles, with an average
growth rate of about 6%. Considering the growth of traffic flow in the future, the daily average traffic
volume of Taizhou Bridge will change. Assuming that the average daily traffic volume of the Taizhou
Yangtze River Bridge is 50,000 vehicles, the daily traffic volume per lane is 8.

The vehicle type is classified according to the number of the vehicle axles, and it is divided into two
types: two-axle and nine-axle, and the two-axle is subdivided into three or less and three or more.
Therefore the models can be divided into 9 types, shown in Tab. 2. Fig. 5 shows the proportion of
various types of vehicles from June 2006 to June 2007. It can be seen that the three types of vehicles,
Model 2, Model 4, and Model 5 account for 84.5% of the traffic volume, which is the main vehicle type
on the bridge.
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Figure 4: Daily average traffic flow statistics
Table 2: Classification of vehicle types
Vehicle types Number of axes Vehicle weight
Vehicle-1 2 <3t
Vehicle-2 2 > 3t
Vehicle-3 3
Vehicle-4 4
Vehicle-5 5
Vehicle-6 6
Vehicle-7 7
Vehicle-8 8
Vehicle-9 9
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Figure 5: Flow ratio of each vehicle type
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Vechicles 7, 8 and 9 are rare in statistics. In order to simplify the calculation, Vehicles 7, 8, and 9 are not
simulated. According to the proportion of the models surveyed, the proportion of the fitted models is shown
in Fig. 6.

3.3.2 Statistical Analysis and Simulation of Vehicle Weights of Different Vehicle types

The vehicle statistics from June 2006 to June 2007 are analyzed. Tab. 3 shows the distribution of vehicle
weights for different vehicle types. According to the statistical characteristics of the vehicle weight, the
vehicle weight distribution of the first six models fitted according to the extreme value-I distribution are
shown in Fig. 7.

3.3.3 Vehicle Distance Simulation

After comprehensive survey data, the vehicle speed is approximately 100 km/h. The average time
interval of the vehicle is 17 seconds, that is, ut = 0.7 s and V = 27.78 m/s in formula (7).

The corresponding vehicle spacing samples can be obtained by the Monte Carlo method. The results of
vehicle spacing fitting and vehicle spacing cumulative probability distribution are shown in Figs. § and 9,
respectively.
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Figure 6: Distribution of each vehicle type fitted by statistical results

Table 3: Statistical characteristics of vehicle weight

Vehicle types Average vehicle weight Vehicle weight variance
Vehicle-1 2.28 0.54

Vehicle-2 8.89 4.92

Vehicle-3 21.54 6.93

Vehicle-4 32.25 8.85

Vehicle-5 39.87 10.42

Vehicle-6 38.71 12.87
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Figure 7: Fitting results for different vehicle types. (a) Vehicle-1 weight distribution, (b) Vehicle-2 weight
distribution, (c¢) Vehicle-3 weight distribution, (d) Vehicle-4 weight distribution, (¢) Vehicle-5 weight
distribution, and (f) Vehicle-6 weight distribution

3.4 Monte Carlo Method to Generate Random Traffic

In the process of generating random traffic, the three parameters of vehicle type, vehicle weight and
vehicle spacing are regarded as independent unrelated and variables. The Monte Carlo method is used to
generate the simulated traffic flow. The specific process is as following:

1. Generate a corresponding vehicle type code by uniformly distributing random numbers.
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Figure 9: Vehicle spacing cumulative probability distribution

2. Generating a vehicle type data sequence according to the number of vehicles.

3. According to different vehicle types, input the front and rear axle bearing ratios. wheelbases and vehicle
weight parameters of different vehicle types, and convert the uniformly distributed random numbers into
extreme value I-type random variables through function relations to obtain vehicle weight data.

4. Calculate the car spacing by transforming the uniformly distributed random number into a lognormal
distribution random variable through a functional relationship.

5. Mix the vehicle weight data with the vehicle spacing data and write the data file.

3.5 Dynamic Response Analysis Under Random Traffic

The generated random traffic flow is loaded on the FEM. Under the vehicle load, different parts of the
main beam will produce different degrees of dynamic response. In order to determine the stress-sensitive
beam section of the main beam under the action of random traffic flow, the displacement and bending
moment dynamic response of the main beam are analyzed. The reference position of the coordinate
system and the position of the main beam are divided, shown in Fig. 10, where L(R)-20 indicates the
position of the first boom of the left (right) middle tower.

3.5.1 Displacement Response Analysis of FEM

The displacement response of the main beam at each control section under simulated traffic flow is
shown in Fig. 11. The curve is calculated with a time duration of 500 seconds and a sampling frequency
of 10 Hz. It can be seen that under the action of random traffic flow, the maximum vertical displacement
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values of the left and right sides of the steel box girder are 1.01 m and 0.95 m, respectively. The displacement
values are close to each other. The maximum vertical displacement values at L-1/4 and R-1/4 are 0.58 m and
0.87 m respectively; the maximum vertical displacement values at .3/4 and R-3/4 are 0.86 m and 0.65 m
respectively. The calculation results show that the vertical displacement response of the steel box girder at
the corresponding section position is almost the same, but the vertical displacement response of the same
main span at the corresponding section position is different, and the displacement near the section of the
steel tower is different. The displacement response of the section near the steel tower is larger than that of
the section near the side tower due to the different constraints of the middle flexible steel tower to the
main beam.

3.5.2 Analysis of Bending Moment Response of FEM

The main force-receiving members of the suspension bridge are the main cable and the pylon. The main
beam is mainly subjected to bend, which can be equivalent to the bending member. At the same time, the
change of bending moment of steel box girder during dynamic analysis is the main factor affecting
the stress amplitude. Therefore, this section analyzes the fatigue sensitive parts of steel box girder with
the main beam bending moment as the evaluation standard.

Fig. 12 shows the time-reaction curve of the moment response at the section of the main beam. The
calculation time is 250 seconds and the sampling frequency is 10 Hz. It can be seen from that under the
action of random traffic, the bending moment of the main beam is constantly changing and consists of
several cycles.
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Figure 12: The bending moment response at each control section. (a) L-1/4, (b) L-1/2, (c) at L-3/4, and
(d) The first boom position on the left side
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The variation range of the bending moment at each control section is shown in Tab. 4. It can be seen
from that the bending moment of the main beam is the largest at the cross-section position of the first
suspension point around the middle tower, where the positive bending moment of the main beam is much
larger than the other sections, and the bending moment range at eight points varies approximately the same.

The peak envelope of the bending moment response of Taizhou Bridge under random traffic flow is shown
in Fig. 13. It can be seen from that the peak value of the bending moment response of the steel box girder on
both sides of the Taizhou Yangtze River Bridge is approximately the same at the corresponding section
position. The maximum bending moment response value of the main beam is 7.02 x 107 N*m, which is
located on the left side of the middle tower. At the position of the root boom, the minimum bending
moment response of the main beam is —6.15 x 107 N*m, which is located at the middle tower position.

Table 4: Variation range of bending moment of each control section of main beam

Control section Bending moment variation range Control section Bending moment variation range

MAX MIN MAX MIN
L-1/8 3.19 -5.37 R-20 6.78 -5.00
L-2/8 3.35 -5.38 R-1/8 3.39 -5.31
L-3/8 3.15 -5.72 R-2/8 3.05 ~5.90
L-4/8 3.38 -5.28 R-3/8 3.40 -5.58
L-5/8 3.01 -5.06 R-4/8 3.23 -5.39
L-6/8 3.33 ~5.58 R-5/8 3.13 -5.32
L-7/8 3.64 -5.78 R-6/8 3.02 -5.09
L-20 7.00 -5.02 R-7/8 2.88 -5.41
s 5.94 -6.15

Note: L indicates the left span, R indicates the right span, X/8 indicates the position of the eight points, and L(R)-20 indicates the position of the first
boom to the left (right) of the middle tower.
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Figure 13: Peak envelope diagram of the bending moment response
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The bending moment variation range of the main beam near the middle tower is larger than that of other
sections, especially in the range of the bending moment of the first boom position around the middle tower
due to the different constraints of the tower on the main beam in the flexible steel.

The change of the bending moment of the steel box girder directly leads to the change of the stress,
which is the main reason for the stress amplitude. The fatigue of the steel box girder is not only related to
the stress amplitude, but also to the number of stress cycles. In order to truly reflect the stress variation of
steel box girder and quantify the degree of bending moment vibration at each control section, the bending
moment comprehensive coefficient My is proposed in this paper.

First, the index m with the dimension is calculated according to the formula (8):
m= |4 — A/t ®)

where 4; is the i-th extreme value in the moment history curve, A; 1 is the (i+1)-th extreme, and ¢ is time.

m reflects the degree of the bending moment change per unit time, the dimension is KN*m/s, which is
reasonable consideration of the influence of each amplitude, less affected by the irregularity of the response
curve.

In order to eliminate the influence of the dimension, the m is processed by a standardized method, that is,
the bending moment synthesis coefficient M is obtained. The standardization formula is:

MRi = (I’l’l,‘ - ﬁ)/s (9)

In formula (9),

m=— m; (10)

The numerical sequence of the time-history curve of the bending moment response of the main beam is
derived, and the bending moment synthesis coefficient is obtained according to the above process, shown in
Fig. 14. It can be seen from that the composite coefficient of the bending moment of the main beam at the
side tower is the smallest, which is caused by the simple constraint of the steel box girder at the side tower.
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Figure 14: Distribution of bending moment synthesis coefficient
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The composite moment coefficient of the main beam near the middle tower is the largest, which is caused by the
different constraints of the middle flexible steel tower to the main beam. The bending moment synthesis
coefficients of other beam sections are basically the same. The bending moment comprehensive coefficient
reflects the severity of the bending moment variation, which indirectly reflects the degree of stress variation
of the steel box girder. That is to say, the stress variation of the beam section near the steel tower is more
severe, and the fatigue effect is more obvious. Therefore, the beam section near the steel tower, especially
the beam section at the first boom position around the middle tower is the key section of the fatigue analysis.

3.6 Health Monitoring System of Taizhou Yangtze River Bridge
The Taizhou Yangtze River Bridge Health Monitoring System consists of a sensor subsystem, a data
acquisition and transmission subsystem, a data processing and control subsystem.

The sensor subsystem mainly consists of various sensors and transmission cables for test parameters
such as bridge natural environment, vehicle load and speed, temperature and humidity, strain, vibration
and deflection. It mainly completes the transmission and transmission functions of the bridge structure
environmental state and load signals as well as various dynamic and static response signals.

The data acquisition and transmission subsystem of Taizhou Yantze River Bridge adopts the
combination of centralized acquisition and distributed acquisition based on board. For the first time, the
combination of wired acquisition transmission and wireless acquisition transmission is adopted. The main
method of the wired acquisition system is to set up a workstation at the appropriate part of the bridge,
select the industrial computer as the collection terminal, introduce various types of sensor signals into the
collection terminal through the wires, and use the relevant software for data acquisition and processing.
The wireless acquisition system adopts the distributed network and network node peer-to-peer working
mode, and has the characteristics of convenient installation and strong mobility, which can effectively
compensate for the lack of flexibility and short transmission distance of the wired collection system.

The data processing and control subsystem is the core of the Taizhou Yangtze River Bridge SHM
system. The main function is to process and analyze the data transmitted by the acquisition system,
including data preprocessing, secondary processing, data storage and data display and other data
management control.

The monitoring project of the large-span bridge SHM system usually includes three aspects: bridge
working environment monitoring, bridge structure condition monitoring and structural response behavior
monitoring. According to the structural characteristics of the three-tower and two-span suspension bridge,
the structural health monitoring system of Taizhou Yangtze River Bridge will focus on monitoring the
middle tower, taking into account the main beam and the main cable, and through various technical
means, the overall linear shape, stress strain, vibration and wind load of the bridge structure.
Corresponding sensors mainly include GPS systems, strain sensors, acceleration sensors, anemometers,
temperature sensors, humidity sensors, and the like. The types and quantities of sensors are shown in Tab. 5.

Table 5: Sensor types and quantity

Name  Wind speed Air temperature GPS system Accelerometer  Fiber optic cable
and direction and humidity sensor
instrument sensor .. .

Reference Receiving Two- Three- strain temperature
station station way  way

Number 1 1 1 11 39 12 168 42

Total 275
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Based on the strain and temperature time history data recorded by the fiber optic cable sensor on the box
girder structure, the fatigue stress characteristics of the steel box girder under the operational load is analyzed.
Therefore, the fiber optic cable sensor disposed on the steel box girder needs to be introduced in detail.

The layout of the fiber grating sensor on the steel box girder is shown in Fig. 15. It can be seen that the
sensor is arranged on 11 sections of the main beam, where the Sections 1 and 11 are located at the side tower
and the Section 6 is located at the middle tower. 2, 3, 4, 8, 9, 10 are located at the four-point position of the
main beam, and the Sections 5 and 7 are located at the position of the first boom on the left and right sides of
the middle tower. As can be seen from the equipment diagram, 8 strain sensors (represented by SS, bridged to
the top plate) and 2 temperature sensors (represented by TS) are arranged for each section.

SS-L-A SS-L-B SS-L-C TS-L-A SS-L-D SS-L-E

J UTUUUUUUUUUUUWT

G o

\SS-L-F

Figure 15: Schematic diagram of the main beam FBG sensor layout. Note: where L = 1, 2...11,
corresponding to 11 steel box girder sections

3.7 Raw Data Analysis

The development of health monitoring technology ensures the accuracy and reliability of fatigue life
assessment of bridge structures. The strain time history data collected by the health monitoring system
can reflect the actual stress and strain state of the steel box girder, which is an important basis for the
fatigue sensitivity analysis of the steel box girder. For the massive data collected by the health monitoring
system, how to carry out effective identification and analysis is an important prerequisite for the study of
fatigue stress characteristics and health status assessment of bridge structures. This section first analyzes
the raw data and finds the general rule of stress on the steel box girder, which lays the foundation for
fatigue sensitivity analysis.

3.7.1 Stress Time History Analysis

The stress level of the steel box girder of Taizhou Yangtze River Bridge is low, so the strain time history
obtained by the health monitoring system can be converted into the stress time course according to Hooke’s
law. Taking the five points of the section on January 1 and May 1 of 2013 as an example, the stress time
history and the temperature time history curve are listed, as shown in Figs. 16 and 17.

It can be seen from Figs. 16 and 17 that:

1. The temperature of the top plate of the steel box girder is constantly changing. It consists of a large cycle.
The temperature is the lowest at 5:00-7:00 in the morning and the highest at 15:00-17:00 at noon. The
temperature change of the steel box girder roof is not only related to the temperature but also to the solar
radiation. The temperature change on January 1 is relatively small (—=8°C—1°C), and the temperature
change on May 1 is relatively large (12°C-36°C).

2. As the temperature changes, the longitudinal bridge-to-average stress of the steel box girder also consists
of a large cycle. When the temperature rises, the average stress is small, and when the temperature
is lowered, the average stress is large, showing a significant negative correlation. This is caused by
the thermal expansion and contraction effect of the steel box girder. When the temperature is lowered,
the steel shrinks and the various parts of the steel box girder are mutually constrained, showing a
large tensile stress. In the same way, the temperature rises, the average stress of the steel box
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beam becomes smaller, and even the compressive stress is exhibited. At the same time, it can be seen
that the magnitude of the stress change has a positive correlation with the temperature change range.
Taking the measuring point SS-5-C as an example, the stress variation on January 1 is small (80
MPa—-140 MPa), and the stress on May 1st The range of change is large (—40 MPa—70 MPa).

3. The average stress of the measuring point SS-5-A is the largest, the average stress of the measuring
point SS-5-B is second at the same temperature, and the average stress of the measuring point SS-5-C
is the smallest. This is due to the non-uniform distribution of the shear deformation of the steel box
girder along the flange plate. When the box girder is bent and deformed, the longitudinal
displacement of the flange plate away from the web lags behind the longitudinal displacement of
the flange plate of the near web. Therefore, the longitudinal stress generated by the bending is
distributed along the width of the flange plate, the stress near the web is large, and the stress away
from the web is small.

4. Comparing the three strain points, there are many small mutations on the SS-5-B stress curve. This is that
the SS-5-B is placed on the roof of the traffic lane and directly bears the load of the vehicle. The small
sudden change is caused by the wheel pressure of the vehicle. The measuring point SS-5-A is
arranged on the roof of the emergency stop belt, and the SS-5-C is arranged in the middle part of the
box beam section. Generally, it is not directly affected by the wheel load, and there is almost no
sudden change.
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Figure 16: Partial measurement point stress and temperature time history curve on 2013/01/01. (a) SS-5-A
stress time history curve, (b) SS-5-B stress time history curve, (c) SS-5-C stress time history curve, and
(d) TS-5-A temperature time history curve
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Figure 17: Partial measurement point stress and temperature time history curve on 2013/05/01. (a) SS-5-A
stress time history curve, (b) SS-5-B stress time history curve, (c) SS-5-C stress time history curve, and
(d) TS-5-A temperature time history curve

The typical stress abrupt curve of the measuring point SS-5-B is shown in Fig. 18. This mutation is
caused by the direct action of the vehicle load. Each group of mutations consists of two peaks, which are
caused respectively the front and rear axles of the vehicle. The front axle weight of the vehicle is less
than the rear axle weight, so the stress of the first peak is less than the stress of the latter peak. The
distance between the two peaks is 0.2 S in time. If the vehicle passes the bridge at 60—100 Km/h, the
front and rear wheelbase of the vehicle is 3.3-5.5 m, which is consistent with the shaft spacing of most
vehicles. The average width of each peak is 0.2—0.3 S, which indicates that the stress influence line of the
longitudinal bridge is relatively short when the wheel load acts, so there will be multiple stress cycles
when a car passes.

3.7.2 Stress Time History Analysis

Frequency domain processing, also called spectrum analysis, is a time-frequency transform process
based on the Fourier transform. The result is a frequency-variable function called spectral function. The
modulus of the spectral function is called the amplitude and is used to describe the distribution of the
magnitude of the vibration with frequency.

The main statistical parameter of the frequency domain characteristics of random vibration signals is the
power spectral density function. The power spectral density function of a single random vibration signal is
called the self-power spectral density function. The self-power spectral density function reflects the
distribution of power at each frequency of the vibration signal, allowing us to know which frequencies
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Figure 18: Typical stress abrupt curve

are dominant. Self-power spectra are often used to determine the natural vibration characteristics of structures
or mechanical devices. In the equipment fault monitoring, the fault spectrum can be judged according to the
change of the power spectrum in different time periods and the cause of the possible fault can be found. Its
expression formula is:

1 M
Sxx(k) = X (k)X (k 12
(k) = o > KX () (12)
where: the Fourier transform of the i-th data segment of the X;(k)random vibration signal, X; (k) is the
conjugate complex number of X;(k), M is the average number of times, and N7 is the data length.

Taking the measurement points TS-5-A and SS-5-B on May 1, 2013 as an example, frequency domain
analysis of temperature vibration signals and stress vibration signals is performed. The spectrum diagram is
shown in Figs. 19 and 20. It can be seen from Fig. 19 that most of the energy of the temperature time history
is distributed below 0.001 Hz. This is because the temperature changes slowly and the period is long, so the
frequency is relatively low. It can be seen from Fig. 20a that most of the energy distribution of the stress time
history is below 0.03 Hz. Comparing the results of temperature domain time domain frequency domain
analysis, it is known that this part of energy is caused by temperature effect, sensor’s own characteristics
and other factors, and plays a controlling role in bridge stress and vibration data. It can be seen from
Fig. 20b that there is also a partial energy distribution in the frequency domain range of 0.03—0.5 Hz. The
first five-order vibration frequency of the Taizhou Bridge is located in this frequency range.The structural
natural frequency component dominates the energy in this frequency band. When the frequency is greater
than 0.5 Hz, the energy distribution is small, showing the characteristics of noise. Based on the structural
monitoring data of the cable-stayed bridge obtained by the Donghai Bridge Health Monitoring System
under the action of “Rosa” typhoon, the frequency domain analysis of the main beam was carried out
with or without typhoon [22]. The analysis shows that the structural energy between 2.5 and 4.5 Hz
during operation is mainly caused by traffic loads. Therefore, it can be considered that the response of the
frequency range greater than 4.5 Hz is caused by noise, and the response of the frequency range between
2.5 and 4.5 Hz is caused by the vehicle crossing the bridge.
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3.7.3 Extraction of Structural True Stress Response

The bridge structure will be affected by environmental factors such as temperature and wind and various
vehicle loads during operation, and the sampling data will be interfered by the noise signal. Therefore, the
stress response collected by the bridge health monitoring system is composed of the real response of
the structure, temperature deformation and random disturbance of the environment. The true response
of the structure is caused by vehicle loads, which is the main cause of structural fatigue damage and the
focus of structural health monitoring and condition assessment. In order to evaluate the fatigue damage
of the steel box girder under the vehicle load, it is necessary to extract the stress time history data caused
by the vehicle load for processing analysis.

In vibration signal analysis, digital filtering is a processing method that selects a part of the signals of
interest from the collected discrete signals by mathematical operations. Its main role is to filter out noise
and spurious components in the test signal, improve signal-to-noise ratio, smooth analysis data, suppress
interference signals, and separate frequency components. The frequency-domain method of digital
filtering is to use the FFT fast algorithm to perform discrete Fourier transform on the input signal
sampling data, and analyze its spectrum. According to the filtering requirements, the frequency part that
needs to be filtered is directly set to zero or the gradient transition band is set. After zeroing, the IFFT
fast algorithm is used to perform the discrete Fourier transform on the filtered data to recover the time
domain signal. After the signal enters the filter, some of the frequencies pass and some are blocked. The
frequency range through the filter is called the pass band, and the range of frequencies that are blocked or
attenuated into a small frequency band is called the stop band, and the boundary point between the pass
band and the stop band is called the cutoff frequency.

In order to filter out the temperature deformation signal and noise interference in the stress time history
data, and extract the true response of the structure, it is necessary to determine the cutoff frequency suitable
for the monitoring data of the bridge based on the frequency domain analysis result of the stress time history
data.

Since the temperature changes very slowly, it only affects the average stress of the structural members,
and the average stress of the steel box girder is lower when the suspension bridge is in the bridge state, and
the influence of the average stress can be neglected during the fatigue analysis, so it can be used in the fatigue
analysis. The effect of the temperature effect is filtered out, that is, the data portion with a frequency less than
0.03 Hz is filtered out. Environmental noise has a great influence on fatigue assessment. Smaller disturbances
may also lead to complete failure of fatigue assessment. Therefore, it is necessary to strictly control
the influence of environmental noise, and directly filter out the data portion with frequency greater than
4.5 Hz. Therefore, in order to filter out the effect of temperature effect, a high-pass filter with a cutoff
frequency of 0.03 Hz is designed. To filter out the interference of environmental noise, a low-pass filter
with a cutoff frequency of 4.5 Hz is designed.

The stress time history data of the SS-5-B measuring point on May 1, 2013 is selected for filtering
analysis, and the stress time history in various states is obtained as shown in Fig. 21. It can be seen that
after the temperature stress is filtered out, the stress of the steel box girder fluctuates around 0 MPa, and
the average stress is 0 MPa. After the noise is filtered out, the burr of the steel box beam is reduced, and
the vibration caused by the vehicle is not significantly reduced. The bandpass filter with a minimum
cutoff frequency of 0.03 Hz and a maximum cutoff frequency of 4.5 Hz can accurately extract the true
response of the bridge.
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Figure 21: Measuring point SS-5-B filter processing. (a) Raw stress data, (b) Only filter out, (c) Only filter
out noise, (d) Filter out temperature stress, (¢) Temperature stress time history, and (f) Residual noise

4 Fatigue State Analysis and Evaluation

4.1 Fatigue Life Assessment Method

The fatigue strength curve (S-N curve) is a curve representing the relationship between fatigue life and
load stress, and is the basis for the fatigue design and fatigue evaluation of steel bridge welding details. The
fatigue life assessment method based on the S-N curve first obtains the fatigue stress spectrum based on the
stress data. On this basis, the S-N curve is used to obtain the damage under different stress amplitudes, and
then the total damage is calculated according to a certain damage accumulation criterion, and finally the
fatigue life of the detail is predicted.

In order to accurately assess the fatigue life of the bridge structure, it is necessary to fully consider the
contribution of the low stress amplitude to the cumulative fatigue damage. The British BS5400 specification
gives a method for dealing with low stress cycles and can relatively accurately assess the effects of low stress
cycles on fatigue damage. Therefore, this paper uses the fatigue strength curve given by the specification to
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evaluate the fatigue life of steel box girder. The fatigue strength curves specified in the BS5400 specification
are briefly described below.

The BS5400 specification classifies the fatigue details of steel bridges into nine categories, as shown in
Tab. 6. The S-N curve is:

NxS"=K, (N<10") (13)
N x §"2 = K,82 (N > 107) (14)
K> = Ky x A? (15)

In the formula, m represents the inverse slope of the Ig N and Ig S, curves, and generally takes a value of
3. S, represents the stress amplitude, and N represents the number of cycles corresponding thereto. S
represents the corresponding stress amplitude when the fatigue life is 1 x 107 times. It can be seen that
the curve considers the effect of all stress cycles on the fatigue life assessment, but the slope of the S-N
curve exceeding the stress cycle of 1 x 107 times should change from m to m + 2. K, represents the
fatigue strength coefficient when the probability of surpass is 2.3%.

Table 6: Fatigue details of BS5400 specification S-N curve parameters

Classification W G F2 F E D C B S
Ko 037x 057x 132x 173 x 3.29x 399 x  1.08x 234x 213 x
A 0.654 0.662 0.592 0.605 0.561 0.617 0.625 0.657 0.313
m 3 3 3 3 3 3 35 4 4

4.2 Fatigue Damage Accumulation Calculation Method

The fatigue problem of steel bridge structure has the characteristics of variable amplitude and long life. It
is necessary to study the fatigue performance of steel bridge under variable amplitude fatigue load, so the
theory of fatigue damage accumulation is introduced. The most widely used method is the Miner linear
damage accumulation theory. It is considered that fatigue damage is a linear superposition of fatigue
damage caused by each variable amplitude stress cycle S;. The expression is as follows:

n

D=— 424 . +5=) = (16)

In the formula, #; is the number of times of stress cycle §;, and ; is the fatigue life of stress cycle §; in the
constant amplitude S-N curve. The Miner criterion states that the fatigue damage condition is D > 1.

Based on the fatigue strength curve of BS5400 specification, considering the effects of high stress cycle
and low stress cycle, the fatigue damage caused by stress cycle S is:

n nS?
D =— =" S > S 17
SSNT K 825 (17)
n nS?
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According to the Miner linear damage accumulation theory, the fatigue damage of the detail under the
variable amplitude load is:

5

D=y 19
B Z K> +ZK2S§ (19)

S/'<S0

In formula n; and n;, respectively, denote the number of stress cycles greater than or equal to S or less than S,

4.3 Stress Amplitude Spectrum Analysis

Fatigue analysis was carried out on the stress time-history data obtained from the SS-5-B and SS-5-C
measuring points on May 1, 2013. The stress time-history data under the vehicle load was extracted and
the rain flow analysis was performed to obtain the stress amplitude. The values are shown in Tabs. 7
and 8. Since the Taizhou Yangtze River Bridge is in the open-air phase, the stress amplitude on the
bridge is very small, the maximum value is 34 MPa, and the fatigue limit is not reached. However, the
contribution of these smaller stress amplitudes smaller than the fatigue limit to fatigue damage cannot be
ignored.

Table 7: SS-5-B stress amplitude spectrum

Stress amplitude <4 4- 6- 8- 10- 12- 14- 16- 18- 20- 22- 24- 26- 28- 30- 32-
(MPa) 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Cycle Number 1900 286 72 45 25 19 17 12 7 3 32 0 1 0 1

Table 8: SS-5-C stress amplitude spectrum

Stress amplitude <4 4- 6- 8- 10- 12- 14- 16- 18- 20- 22- 24- 26- 28- 30- 32-
(MPa) 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Cycle Number 23103110 0 0 O O O O O O O O O O O

Since the steel box girder at the measuring point SS-5-C is not directly subjected to the direct load of the
vehicle load, the stress amplitude is within 6 MPa. These stress cycles are caused by the self-vibration of the
bridge. The steel box girder at the measuring point SS-5-B is located in the fast lane and directly bears the
load of the vehicle. The number of cycles of the stress amplitude in the range of 6 MPa—34 MPa reaches
207 times. These stress cycles are caused by the vehicle load. At the same time, the number of cycles
with a stress amplitude of less than 6 MPa has reached 2,186 times, occupying most of the stress cycle.
This part of the stress cycle is not caused by the direct action of the vehicle load, so it can be ignored.

In order to visually display the fatigue state of the steel box girder under different vehicle loads under
different vehicle sections, the stress time-history data collected by the fast track position measuring point
(SS-LB) of each section on May 1, 2013 is filtered to carry out the rain flow analysis. The calculation
results are shown in Tab. 9. It can be seen from that the low amplitude stress cycle of each measuring
point occupies most of the stress cycle, and the number of stress cycles less than 6 MPa is about
2000 times. These small stress cycles are caused by the self-vibration of the bridge and are not the result
of the vehicle load. They are negligible in the fatigue analysis under vehicle load. As the stress amplitude
increases, the number of stress cycles decreases. These relatively high stress cycles are caused by the
direct action of vehicle loads and are the direct cause of fatigue damage of steel box girder.



76 SDHM, 2020, vol.14, no.1

Table 9: Stress amplitude spectrum of each section

Cycle number Stress amplitude (MPa)
0-6 6-10 10-15 15-20 20-25 25-30 30-35 35-40

SS-1-B 2394 143 21 9 8 0 0 0
SS-2-B 2008 123 37 13 2 3 0 0
SS-3-B 1998 133 15 9 2 2 2 0
SS-4-B 2359 189 34 20 7 3 1 0
SS-5-B 2186 185 53 27 7 2 1 0
SS-6-B 2456 88 22 7 3 0 1 0
SS-7-B 1938 169 18 14 11 0 0 3
SS-8-B 2101 348 81 30 13 3 1 0
SS-9-B 2053 114 17 13 1 1 0 0
SS-10-B 2374 190 56 18 11 2 3 1
SS-11-B 2462 279 46 18 7 3 3 0

4.4 Incremental Analysis of Fatigue Damage

For large-span bridges, there are many kinds of vehicles operating on the bridge deck. The landing area
and wheel load weight of different wheels are also different. Therefore, the magnitude of fatigue stress caused
by different vehicles crossing bridges is also different. At the same time, the Taizhou Yangtze Bridge is in the
open-air phase, and the stress amplitude obtained by the sensor has not reached the threshold value of fatigue
damage. The fatigue damage value itself is very small, and it is impossible to accurately measure the fatigue
state of the bridge. Therefore, this paper uses the daily fatigue damage increment to measure the fatigue
sensitivity of each section.

The foregoing analysis shows that the ambient temperature directly determines the average stress of the
steel box girder. Therefore, this section uses the ambient temperature as a reference for representative multi-
days (2013-1-1, 2013-4-1, 2013-5-1, 2013-5-7, 2013-8-1, 2013-10- 1, 2013-10-7) Investigate the stress time
history, and use the method described in Section 3.4.1 to obtain the fatigue damage increments of each daily
measurement point (SS-LB) as shown in Tab. 10. It can be seen that the fatigue damage increments of each

Table 10: Multi-day damage increment of each measuring point

Date Test section

1 2 3 4 5 6 7 8 9 10 11
2013-1-1 1.02 643 476 389 7.11 382 720 6.23 1.25 881 3.25
2013-4-1 276 298 166 224 630 720 393 257 917 2.09 145
2013-5-1 387 3.60 294 499 346 137 3.23 1.37 738 576 4.85
2013-5-7 208 569 825 203 672 773 952 216 149 337 123
2013-8-1 510 246 217 7.10 955 501  3.05 .21 235 7.69 751
2013-10-1 436 211 234 448 634 565 686 287 850 235 3.64
2013-10-7 358 236 209 248 620 731 736 563 994 331 2.66
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measuring point are different in the same day, so the stress response of the steel box girder under the load of
the vehicle is different at each measuring point. The fatigue damage increment can accurately estimate the
fatigue state of the structure and can be used as an evaluation index for fatigue sensitivity analysis.

The same measurement points have different increments of fatigue damage on each day, and there is a
large dispersion, which is caused by the difference in daily traffic load flow. In previous studies, the traffic
flow spectrum survey based on one day was generally used as a traffic flow for a period of time, or by
investigating the strain data collected by the health monitoring system for one day as a representative
stress time period. Fatigue analysis with only one day or one week of data does not accurately reflect the
true fatigue state of the bridge. Therefore, it is necessary to investigate the stress time-history data of
many days, and obtain the daily average cumulative damage increment value of different sections of the
steel box girder structure to determine the fatigue critical section of the steel box girder.

A sample of 122 days of health monitoring data for the Taizhou Bridge for 4 months (April 2013-July
2013) was investigated. After filtering the daily stress time history, the rain flow counting process is
performed to obtain the daily stress amplitude, and then the daily fatigue damage increment is calculated.
After averaging, the daily average fatigue damage increment can be obtained, as shown in Tab. 11. It can
be seen that the daily average fatigue damage increment of steel box girder with different sections under
vehicle load is about the same, with an average of 3.1 x 10”". Since the Taizhou Bridge is in the open-air
phase, the stress amplitude obtained by the sensor has not reached the threshold of fatigue damage, so the
fatigue damage value is very small. The daily average fatigue damage increment of Section 5 and Section
7 (as shown in Fig. 15) is relatively large, more than 10% above the average. Under the same operating
traffic flow, these two parts will be damaged before other parts. That is to say, the beam section near the
steel tower, especially the beam section at the position of the first boom around the middle tower is
relatively obvious, which is the key section for fatigue analysis, which is consistent with the calculation
results of FEM.

Table 11: Daily average fatigue damage increment of each measuring point

Test section 1 2 3 4 5 6 7 8 9 10 11

Fatigue damage 302 2.69 318 322 354 315 343 285 3.10 3.12 278
increment (x1077)

Rate of change (%) —2.52 —-13.1 2.64 393 1423 167 107 —-8.01 0.06 0.70 -10.3

5 Conclusions

1. Using the beam4 element to simulate the main beam to establish the “spine beam” model of the Taizhou
Yangtze River Bridge, the calculated low-order vibration mode frequency of the structure is in good
agreement with the completion test results. The model can simulate the overall dynamic response of
the bridge.

2. The fundamental frequency of Taizhou Yangtze River Bridge is 0.08443 Hz, which has a long structural
period and has obvious large-span flexible structural features. However, due to the restraint of the middle
tower, the vibration mode is quite different from that of the two tower suspension bridge.

3. Under the action of random traffic flow, the vertical displacement response of the Taizhou Yangtze River
Bridge is the largest, the maximum value is 1.01 m, and the vertical displacement response of the steel box
girder at the corresponding section position is approximately the same. However, the vertical displacement
response of the same main span at the corresponding section position is different, and the displacement
response of the tower beam section near the steel is larger than that of the side tower section.
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4. The stress amplitude on the bridge is mainly caused by the vehicle load. The temperature only affects the
average stress of the structure, and the noise will have a greater impact on the fatigue assessment. In the
fatigue analysis under vehicle load, the effects of temperature and noise should be filtered out to extract
the true response of the structure under vehicle load.

5. Most of the energy of the stress time history is distributed in the frequency range below 0.03 Hz. This part
of the energy is caused by temperature effects and the characteristics of the sensor itself. The structural
energy in the frequency range between 2.5 and 4.5 Hz during operation is mainly caused by traffic
loads. A bandpass filter with a minimum cutoff frequency of 0.03 Hz and a maximum cutoff
frequency of 4.5 Hz can relatively accurately extract the true response of the bridge.

6. The fatigue effect of the beam section near the steel tower, especially the first section of the middle tower,
is the key section of the fatigue analysis by health morning system, which is consistent with the
calculation results of FEM.

Funding Statement: This research has been supported by the National Natural Science Foundation of China
(Grant No. 51778135), the National Key R&D Program Foundation of China (Grant No. 2017YFCO0806001),
the Natural Science Foundation of Jiangsu Province, China (Grant No. BK20160207), and Aeronautical
Science Foundation of China (Grant No. 20130969010), the Fundamental Research Funds for the Central
Universities and Postgraduate Research & Practice Innovation Program of Jiangsu Province, China (Grant
No. KYCX18 0113 and KYLX16 0253). This research also has been supported by China Scholarship
Council.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Wu, C,, Yuan, Y., Jiang, X. (2016). Fatigue behavior assessment method of the orthotropic steel deck for a self-
anchored suspension railway bridge. Procedia Engineering, 161, 91-96. DOI 10.1016/j.proeng.2016.08.503.
2. Yang, M. Y., Kainuma, S., Jeong, Y. S. (2018). Structural behavior of orthotropic steel decks with artificial cracks
in longitudinal ribs. Journal of Constructional Steel Research, 141, 132—144. DOI 10.1016/j.jcsr.2017.11.007.
3. Deng, Y, Li, A. Q., Feng, D. M. (2018). Fatigue reliability assessment for orthotropic steel decks based on long
term strain monitoring. Sensors, 18(1), 181. DOI 10.3390/s18010181.

4. Farrar, C. R., James, G. H. (1997). System identification from ambient vibration measurements on bridges. Journal
of Sound and Vibration, 205(1), 1-18. DOI 10.1006/jsvi.1997.0977.

5. Seo, J., Hu, J., Lee, J. (2016). Summary review of structural health monitoring applications for highway bridges.
Journal of Performance of Constructed Facilities, 30(4), 4015072. DOI 10.1061/(ASCE)CF.1943-5509.0000824.

6. Wenzel, H. (2009). Health monitoring of bridges. New York: John Wiley & Sons, Inc.

7. Sousa, H., Félix, C., Bento, J., Figueiras, J. (2011). Design and implementation of a monitoring system applied to a
long-span prestressed concrete bridge. Structural Concrete, 12(2), 82-93. DOI 10.1002/suc0.201000014.

8. Sousa, H., Cavadas, F., Henriques, A., Bento, J., Figueiras, J. (2013). Bridge deflection evaluation using strain and
rotation measurements. Smart Structures and Systems, 11(4), 365-386. DOI 10.12989/sss.2013.11.4.365.

9. Sousa, H., Costa, B., Henriques, A., Bento, J., Figueiras, J. (2016). Assessment of traffic load events and structural
effects on road bridges based on strain measurements. Journal of Civil Engineering and Management, 22(4), 457—
469. DOI 10.3846/13923730.2014.897991.

10. Hodgson, 1. (2007). Personal discussion for the acquisition of the real data from the monitoring of the I-39
Northbound Bridge over the Wisconsin River. lan Hodgson, Senior Research Engineer. Department of Civil and
Environmental Engineering. ATLSS Center. Lehigh University 117 ATLSS Dr. Bethlehem.

11. Frangopol, D. M., Strauss, A., Kim, S. (2008). Use of monitoring extreme data for the performance prediction of
structures: general approach. Engineering Structures, 30(12), 3644-3653.


http://dx.doi.org/10.1016/j.proeng.2016.08.503
http://dx.doi.org/10.1016/j.jcsr.2017.11.007
http://dx.doi.org/10.3390/s18010181
http://dx.doi.org/10.1006/jsvi.1997.0977
http://dx.doi.org/10.1061/(ASCE)CF.1943-5509.0000824
http://dx.doi.org/10.1002/suco.201000014
http://dx.doi.org/10.12989/sss.2013.11.4.365
http://dx.doi.org/10.3846/13923730.2014.897991

SDHM, 2020, vol.14, no.1 79

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kainuma, S., Yang, M., Jeong, Y. S., Inokuchi, S., Kawabata, A. et al. (2016). Experiment on fatigue behavior of
rib-to-deck weld root in orthotropic steel decks. Journal of Constructional Steel Research, 119, 113—-122. DOI
10.1016/j.jcsr.2015.11.014.

Zhang, Q. H.,, Bu, Y. Z., Qiao, L. I. (2017). Review on fatigue problems of orthotropic steel bridge deck. China
Journal of Highway & Transport, 30(3), 14-30 and 39.

Connor, R., Fisher, J., Gatti, W., Gopalaratnam, V., Kozy, B. et al. (2012). Manual for Design, Construction, and
Maintenance of Orthotropic Steel Deck Bridges. Report No. FHWA-IF-12-027, Washington, DC: Federal
Highway Administration.

Wang, G., Ding, Y., Song, Y., Wei, Z. (2016). Influence of temperature action on the fatigue effect of steel deck
with pavement. Engineering Mechanics, 33(5), 115-123.

Heng, J., Zheng, K., Gou, C., Zhang, Y., Bao, Y. (2017). Fatigue performance of rib-to-deck joints in orthotropic
steel decks with thickened edge u-ribs. Journal of Bridge Engineering, 22(9), 04017059. DOI 10.1061/(ASCE)
BE.1943-5592.0001095.

Fu, Z., Ji, B., Zhang, C., Wang, Q. (2017). Fatigue performance of roof and U-rib weld of orthotropic steel bridge
deck with different penetration rates. Journal of Bridge Engineering, 22(6), 04017016. DOI 10.1061/(ASCE)
BE.1943-5592.0001036.

Fu, Z., Ji, B., Zhang, C., Li, D. (2018). Experimental study on the fatigue performance of roof and U-rib welds of
orthotropic steel bridge decks. KSCE Journal of Civil Engineering, 22(1), 270-278. DOI 10.1007/s12205-017-1725-0.
Lu, N. W,, Liu, Y., Deng, Y. (2019). Fatigue reliability evaluation of orthotropic steel bridge decks based on site-
specific weigh-in-motion measurements. International Journal of Steel Structures, 19(1), 181-192. DOI 10.1007/
s13296-018-0109-8.

Alamdar, M. M., Rakotoarivelo, T., Khoa, N. L. D. (2017). A spectral-based clustering for structural health
monitoring of the Sydney Harbour Bridge. Mechanical Systems and Signal Processing, 87, 384—400. DOI
10.1016/j.ymssp.2016.10.033.

Rubinstein, R. Y., Kroese, D. P. (1981). Simulation and the Monte Carlo Method. Wiley Series in Probability and
Mathematical Statistics. New York: John Wiley & Sons, Inc.

Min, Z. H., Sun, Z. H., Dan, D. H. (2009). Analysis of wind-induced response and dynamic properties of cable-
stayed bridge under typhoon. Journal of Tongji University (Natural Science), 37(9), 1139-1145,1173. DOI
10.3969/j.issn.0253-374x.2009.09.001.


http://dx.doi.org/10.1016/j.jcsr.2015.11.014
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001095
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001095
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001036
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001036
http://dx.doi.org/10.1007/s12205-017-1725-0
http://dx.doi.org/10.1007/s13296-018-0109-8
http://dx.doi.org/10.1007/s13296-018-0109-8
http://dx.doi.org/10.1016/j.ymssp.2016.10.033
http://dx.doi.org/10.3969/j.issn.0253-374x.2009.09.001

	Fatigue Performance Analysis and Evaluation for Steel Box Girder Based on Structural Health Monitoring System
	Introduction
	Finite Element Model
	Monte Carlo Method for Simulating Traffic Load Flow
	Fatigue State Analysis and Evaluation
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


