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Abstract : Sutong Bridge is a cable—stayed bridge with a main span of 1 088 m. 370 high-precision stress monitoring

measured data show that in the process of hoisting the steel box girders, the stress of the main girders is in the fluctuant

and complex state and many meteorological factors, such as sunshine radiation, temperature and wind, have important

influence on the change of stress of the steel box girders. According to the real4ime weather data, the stress data after

the process of wavelet denoising from representative measuring points in different weather conditions is picked to estab—

lish the stress response brought by meteorological factors with Layered Separation method, thereby basically eliminating

the influence of meteorological factors on the stress of main girders, so that accurate and reliable stress data can be got

for steel box girders adjustment and cable-tensioned construction control.
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1 Introduction

Sutong Bridge, which is the largest cable-stayed
bridge with a main span of 1 088 m, has double pylons
and double cable-planes. Streamlined orthotropic steel
box girder is adopted by main beam. The beam width
of bridge deck is 35.4 m, the beam height of centre
line is 4 m, and the length of standard beam is 16 m.
The cantilever assemblage method, of which the maxi—
mum length of single cantilever reaches to 540.8 m, is
adopted by the steel box girder erection and as me-—
chanical characteristics are complicated, stress monito—
ring is developed in the hoisting processing of steel box
girder. The monitoring work only focuses on the 23
standard beams of the main beam. For the 22 beams of
them, the stress measured points are laid as Fig. 1. In
order to tracking monitor the stress of the main beam in
the construction and provide basis for construction con—
trol, 370 high-precision stress monitoring points are
laid. All test components use model 4000 arc weldable
strain gauges of Geokon Incorporated that can be used
to measure the stress (or strain) and temperature of
different points at the same time and realize the real-
time online measuring in the construction. The starting
time of steel box girder stress monitoring is the March
28, 2007 and the on-line monitoring continues to the
traffic operation.

From the measured data, it can be seen that in

the hoisting construction process, the stress and its dis—
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Fig.1 Stress measuring points layout
of standard cross section of half
of steel box girder

tribution of the large cantilever beam are not only relat—
ed to dead weight and alignment, but also interfered by
sunshine radiation, temperature change , wind and oth—
er unsure factors. So the time history curve of stress of
the steel box girder fluctuates at different degrees. In
order to provide expediently applied stress data for con—
struction control and feedback analysis, it is necessary
to remove the stress response caused by environmental
factors and unsure factors from measured stress data by
using signal-noise separation technology.

Wavelet analysis, a timeHrequency domain analy—
of  multiresolution

sis, has the characteristics

analysis [ Making use of the different resolutions in
various positions of the timeHrequency plane, wave—
form characteristics are effectively got. So, signal-
noise separation to the measured data by using wavelet
transform has good applicability. However, in the de—
noising process for measured data, abrupt stress caused
by construction load would affect the de-noising level ,
so, firstly, stress increment caused by construction
load should be removed, making the stress data only

reflect the impact of environmental factors and unsure
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factors ; secondly, combined with the measured meteor—
ological data, Layered Separation method is used to ba—
sically separate the stress response caused by different
meteorological factors; thirdly, the time history curve
of stress change is drew after resuming the stress incre—
ment caused by construction load. It provides more ac—
curate stress data for steel box girders adjustment and

cable-tensioned construction control.

2 Wavelet transform and application

The wavelet transform gives the wavelet structure
of signals in different time and scales. Because the ac—
tual observation signals fl ;) are discrete signals, the
successive wavelet must be discrete too. Therefore, the

scale factor aand the displacement parameters T in the

1

wavelet basis function Ll;“[l] = =

la

taken the value on some discrete points. Supposed that

() )

are
a

a = ay,a0 > 0,m € Z , the corresponding wavelet
function is a(;]/zlli[ a'ly—),j=0,1,2,.... But
after taking the value of the uniform discrete displace—
ment parameters T , the wavelet function should be al-

tered as:
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it is defined as:
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The discrete wavelet transform is defined as:
o kr [ l] dt

wr,| @bk, | =f:fftj i,
j=0,12,... ke Z (2)

Where, a, is taken the value of two.

The most efficient calculation method is Rapid
Wavelet Arithmetic ( also known as the tower algo—
rithm) o proposed by S. Mallat, which is developed in
1988. According to the arithmetic, signal f{ ;) is multi—
resolution decomposed in different scales and the mixed
signals composed of various frequencies are decom-—
posed into the sub-signals in different frequency peri—
ods. So, the arithmetic has the ability to process the
signals according to the frequency.

The wavelet denoisingm is that setting the thresh—
old value, discrete wavelet transform of signals, calcu—
lating all the wavelet coefficients, eliminating the ones
considered noise—elated, and getting the useful signals
by inverse transform of wavelet transforms. The keys of
the threshould setting are threshould choice and mode.
On the threshould choice, wavelet coefficients of all the
scales can choose not only the same threshold, but also
the different ones. On threshold modes, there are main—
ly two kinds: soft threshold and hard threshold " .

Hard threshold method; it can be expressed as;
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d, =2
‘j,k‘ (3)

A d;
d,,a = { o
0

Soft threshold method: it can be expressed as:

ﬁl ={Sign[ dj.k]' [ ‘dm‘_/” ‘dﬂf‘al
0 [d, | < 4

‘dj,k‘ < A'

(4)

Where, d;, is the wavelet coefficient of signal including
A

noises after wavelet transform, d;, is the estimated val-
ue of wavelet coefficients of signals having been pro—
cessed with threshold function and 4 is threshold value.

Hard-threshold function only retains the absolute
values of the wavelet coefficients that are greater than
threshold A and the reserved wavelet coefficients are simi—
lar to the original ones. While for soft-threshold function
in the formula, the absolute values of wavelet coefficients
which are less than threshold 4 would be covered for ze—
ro, and the absolute values of the ones which are greater
than threshold 4 would be contracted with A. Generally
speaking, soft threshold method has a more smoothing
and filtering effect than hard threshold method.

3 Application of Layered Separation meth—
od based on wavelet de-noising

3.1 The advancement of Layered Separation

method

From the measured data, it reflects that stress re—
sponse of the main beam of Sutong Bridge is very com—
plicated. The stress response caused by the meteoro—
logical factors such as sunshine radiation, temperature
change and wind and the on-site construction environ—
ment is piled up, which leads that the main beam
stress in different conditions can’t be properly given.
So, some methods and strategies should be adopted to
separate the influence of these interference factors on
measured stress. It is regrettable that there isn’t any
mature method to determine the influence degree.
Therefore, measured data are separated by level-divi—
sion and time—division by combining the conditions and
meteorological data. In view of the Layered Separation
method based on wavelet de-noising algorithm proposed
by this article, practices and steps are as follows

1) Remove the stress increment caused by con—
struction load of steel box girder. That means, remo-—
ving the stress increment caused in the process of steel
box girders hoisted, firstly tensioned and the crane of
bridge deck moved forward from the measured data to
make the measured data only reflect the influence of
environmental factors.

2) Combine the meteorological measured data and
analyze the influence degree of different meteorological

factors. Based on these, the time periods of data pro—



cessing are divided, and the types of time periods are
cloudy days, strong wind, strong solar radiation, and
great temperature changes.

3) By using wavelet threshold de-noising method,
layered processing is done to separate the influence of
different interference factors on main beam stress.

4) Resume the stress increment caused by con—
struction load which is removed. The time history curve
of stress change including little noise of the steel box
girder in the construction process is got.

3.2 The application of Layered Separation method

The monitoring content of steel box girders

includes the stress of the upper plate, the bottom
plate, u—rib slab and welding lines. The data are taken
from the measured result of points S1 and S2 (Fig. 1)
on the upper plate of beam No. 23 of the northern main
span from 0: 00 on May 10, 2007 to 3:00 on May 18,
2007. The time history curve of stress change meas—
ured in above period is shown as Fig.2 (S1 and S2 in
the figure represent the corresponding stress of them re—
spectively). Meanwhile, in order to analyze the stress
changes in this period, times of different construction

links are given in Table 1.
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Fig.2 The time history curve of stress change of the upper plate of steel box girder
Table 1 Main condition schedule in analyzing period
Beam Hoisting Welding Tentioned 1 The crane moved forward Tentioned 2
NJ31 12:00 - 15:00 the 11th 8:00 the 12th = 19:00 the 13th  19:00 thel3th —9:00 the 14th 13:00 = 15:30 thel5th 1:00 =3:00 the 16th

NJ32 10:30 —13:30 the 17th 8:00 the 18th —18:00 the 19th

19:00 thel9th —9:00 the 20th

7:30 - 10:00 the 20th 20:00 —22:30 the 20th

Combined with the Table 1, the Fig. 2 shows that
stress changes of steel box girder hoisting and firstly
tensioned are big and regular, while the stress response
caused in the process of welding, the crane of bridge
deck moved forward and secondary tensioned is not ob—
vious. That is because construction position is far from
the observed beam, the influence of little load on main
beam stress is small, and stress changes can’t be di-
rectly distinguished as the environmental factors are

mixed. In order to separate the influence of environ—

mental factors on stress, the stress increment caused in
the construction load such as hoisting steel box girders,
firstly tensioned and the crane of bridge deck moved

The
Fig. 3. In the figure, Sland S2 are the stress of moni—

forward is removed respectively. result is as
toring point, (the unit of stress is MPa) , 7. is the en—
vironmental temperature for the bridge deck , (the unit
is C), and V, is the wind speed across the bridge

deck, (the unit is m/s).
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Fig.3 Corresponding relation among stress, wind and environment temperature
The time history curve of stress change in Fig. 3 mainly reflects the correlation among environmental tem—
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perature, wind and stress changes of measuring points.
It can be seen that the main beam stress has obvious
fluctuation and is negative related to environmental tem—
perature changes. But the relationship between wind
and stress changes is not obvious, which has brought to
the analysis difficulty. Therefore, the data measured in
the days having small changes in temperature (such as
cloudy) are considered. The data that don’ t conclude
the stress response caused by sunshine radiation basical—
ly are considered to mainly reflect the impact of wind
speed on stress. According to this rule, observed results
of the measured points Sland S2 from 13:20 on June
13, 2007 to 9: 20 on June 14, 2007 are chosen.

(Fig.4.) (During this period, the environmental tem—
perature change is only 1.3 “C, but the maximum wind
speed across bridge deck reaches to 7.04 m/s and the
total wind speed is 10. 09 m/s). The figure shows that
in these meteorological conditions, the stress changes of
points S1 and S2 are 1.4 MPa and 1.3 MPa respective—
ly. Using above method, the stress changes of the dif-
ferent wind speed can be got, the relationship between
wind speed and the stress can be established and finally
the stress response of wind speed on steel box girders
can be rudely eliminated. Based on this, the tempera—

ture effect can be separated.
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Fig.4 Corresponding relation between stress changes and wind on cloudy days

In order to analyze the impact of sunshine radiation,
the comparison result of the temperature on the upper
plate and the bottom plate of steel box girder and the en—

vironmental temperature of bridge deck are given in

Fig.5. It should be stated that, because a number of sen—
sors are laid on the upper plate and the bottom plate, the
weighted averages for the temperatures of these sensors

. . [7,8]
are processed based on data fusion algorithm ™.
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Fig.5 Corresponding relation between the temperature of steel box girder and environment

Fig. 5 shows that the steel box girders are affected
by solar radiation in the day, which makes the beam
temperature rising. While, in the night, they are af-
fected by inverse radiation, atmospheric flows and oth—
er factors, which makes the beam cool and shows a pe—
riodic distribution. As the upper plate of steel box gird—
er is directly affected by sunshine radiation, the tem-
perature is high and rises fast. The temperature differ—
ence between the upper plate and the bottom plate of
the steel box girder is up to 18.0 °C and the large tem-
perature difference on the same section leads to the dis—
tinct stress response caused by the steel box girder. In
addition, although the bottom plate is not directly af-
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fected by sunshine radiation, the average temperature
of the bottom plate is higher than the environmental
temperature of bridge deck by 4.5 “C as the thermal
conductivity of the steel box girder is good. The sensi—
tivity of the steel box girder on temperature is also a
reason of the very strong stress response. It can be eas—
ily seen that in the analysis period, the sunshine radia—
tion on the 14" is the strongest and the daily tempera—
ture difference between the upper plate and the bottom
plate of the steel box girder is the largest. The result of
Fig. 3 show that the intraday stress change is the lar—
gest.

When using the Wavelet Threshold method"’ for



de-noising, the de-noising effect depends on the selec—
tion of wavelet basis and scale. Through numerous
comparisons and tries db4""" is selected to separate
signals and noise. After choosing the wavelet basis
function, selection of threshold function and threshold
quantization are the keys to eliminate noise. Soft—
threshold function is selected here and the threshold
value is achieved by empirical formula. Because of the
complexity of environmental factors, the influence of
different factors can’ t be separated by only once de-
noise. So, according to the analysis of the effects of
wind and sunshine radiation, noises caused by wind

and other occasional factors are separated by selecting

the decomposition scale at three. The result is shown
in Fig. 6, where S1d1 and S2d1 are the stress of meas—
ured points S1 and S2 after eliminating the random noi—
ses (the unit is MPa). Because the meteorological da—
ta show that the maximum wind speed across the bridge
deck during this time reaches to 9.1 m/s, the variable
quantity of stress is no more than 1.5 MPa. Based on

analysis above, scale 6 is used for separating signals

and noise at the first step de—noising. The result is in
Fig. 6, where S1d2and S2d2 are the stress of measured
points S1 and S2 after eliminating sunshine radiation

(the unit is MPa).
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The stress curve after Layed de-noising

In fact, the influence of temperature on the steel
box girder stress is expressed not only on the high-fre—
quency response caused by daily temperature differ—
ence, but also on the lowHrequency response caused
by seasonal temperature difference. In the above-men—
tioned period, the overall temperature shows an in-
creasing tendency. S1d2 and S2d2 in Fig. 6 reflect that
the compressive stress of the upper plate of the steel
box girder grows slowly with the increased temperature.
If the steel box girder erection lasts longer and the tem—
perature changes a lot, similar methods can also be
used to separate the impacts.

On this basis, for the time period curve of S1d2
and S2d2, stress increments which are caused by the

construction links such as hoisting steel box girders,

cable-tensioned and eliminated before are resumed, by
which, the time period curve of stress change of the
large cantilever beam during hoisting steel box girders,
welding, firstly tensioned, the crane of bridge deck
moved forward and secondary tensioned is got. The re—
sults are shown in Fig. 7, where S1r and S2r are the
stress of measured points SI and S2 after resuming
stress increment ( the unit is MPa). The outcome is
helpful for instructing the cable-tensioned, especially
for the construction of cable-tensioned adjustment
(secondary tensioned ). Under the premise that linear
control of the large cantilever beam is basically met,
the force of the steel box girder will be more reasonable

by adjusting stretching quantity of cable.
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Fig.7 The time history curve of stress after resuming stress increment caused by construction
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3.3 Stress and analysis of steel box
girders in Sutong Bridge

Typically, the data of stress analysis on steel box
girder are still fetched from the measured point S1 of
the Beam No.23 of the northern main span ( the posi—

tion is in Fig. 1). Fig. 8 is the time history curve of

stress change from the hoisting of Beam No.23 (10:00
on Mar.29, 2007 ) to the closure of main span (Jun.
9, 2007). Fig. 9 is the time history curve of stress
change after opening to traffic (the time of testing traf—
fic is about May 11, 2008 and the time of formal traffic
is Jun. 30, 2008).
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Fig.8 Contrast diagram of measured stress and processed stress
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Fig.9 The measured time history curve of stress before and after opening to traffic

The results in Fig. 8 show that for Beam No. 23,
the hoisting of beams from No. 24 to No. 28 makes the
upper plate in tension, but with the increasing length
of cantilever, the tension tend gradually decreases.
Until the hoisting of Beam No. 29, the upper plate of
Beam No. 23 is in pressured state, but with the in-
creasing length of cantilever, the pressured tend gradu-—
ally increases. However, because of the proper con—
struction control, the stress of steel box girder is always
in the safety range. Furthermore, as the Sutong Bridge
adopts the optimal scheme of temperature natural clo—
sure of auxiliary incremental launching. So, before and
after the closure of main span, the stress of steel box
girder hasn’ t obvious changes. After completing the
bridge, the stress is mainly affected by sunshine radia—
tion (the maxim stress fluctuation in summer reaches to
about 26 MPa). And before opening to traffic, the

stress changes less.
4 Conclusions

1) The steel box girder of main span of the long—
span cable-stayed bridge is erected by using the canti—

lever assemblage method in Sutong Bridge. The maxi-
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mum length of single cantilever reaches to 540. 8 m,
and in the course of erection, the stress level of the
main beam is high. Obviously, reasonable adjustment
for cable-tensioned can improve the force distribution,
so that the security of the steel box girder can be sure.
But the measured stress of the steel box girder includes
strong noise which disturbs the judgment of the safety
trend of stress of the large cantilever beam. In order to
provide reliable stress data for feedback analysis and
construction control, it is necessary to separate the im—
pact of noise.

2) In the erection process of the steel box girder
of main span in Sutong Bridge, the main source of
noise caused by meteorological factors is sunshine radi-
ation, while the influence of wind loads on the stress of
the large cantilever beam is not obvious. According to
the characteristics of the noise, noise is separated from
other factors by using Layered Separation method. The
noises caused by occasional factors including wind
loads are separated firstly, and then the ones caused by
sunshine radiation having strong regularity are separa—
ted. In order to provide reliable stress data for feed-

back analysis, noises caused by seasonal temperature



difference, which is a kind of low-requency noises,
are further separated

3) Based on the foundation of wavelet de-noising
technology, Layered Separation method is combined
with the synchronous meteorological information, which
has been done the filter processing. Different with the
wavelet de-noising technology, Layered Separation
method doesn’ t directly separate the noise from the
measured stress data in accordance with the principle
of smoothness and similarity. By this method, stress
increment caused in the construction link such as hoist—
ing the steel box girder is eliminated firstly, and then
different decomposition scales are selected to separate
noise combining the characteristics of noise according
to a detailed and accurate timetable for the construc—

tion.
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