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Abstract: To extract the cable forces due to dead load in cable-
stayed bridges from the monitoring data, the effects of various
factors are eliminated step by step by different statistical
methods. The information of cable tension sensors recorded by
the health monitoring system of Nanjing No. 3 Yangtze River
Bridge is taken as an example. Temperature effects are
eliminated by linear fitting analysis; a 5-level wavelet de-
noising method is applied to eliminate the noise signal by the
wavelet basis function of DB8. The rest cable force data is
tested by the method of extreme-value type-Ill distribution,
and the fitted location parameter is selected as the cable force
due to dead load. The results show that the cable force has a
linear relationship with temperature. Sometimes, the
temperature effect is significant. Noise effect accounts for a
small percentage, and the vehicle loads effect has twice the
temperature effect on the traffic volume in 2007. The
calculation results of other stay cables verify the reliability and
validity of the proposed method.
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temperature

ong-span cable-stayed bridges usually play an im-
L portant and crucial role in traffic. Nevertheless, en-
vironmental erosion and vehicle loads lead to impaction
and then cause deterioration of structural behavior. Once
the bridge structure collapses, it will cause enormous loss
of life and economic losses.
stayed bridges are equipped with a health monitoring sys-
tem ( HMS) " As a new inspection method, the HMS
has been further highlighted by the bridge managers due
to its important performance in diagnosis and maintenance
since the 1930s'” .

The HMS is often equipped with hundreds, even thou-
sands of sensors to monitor various indices information.

At present, many cable-
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Continuous operation of these sensors will inevitably gen-
erate numerous data"”'. Meanwhile, monitoring data con-
sists of effect of noise, temperatures and vehicles, etc. It
is necessary to know how to separate them and obtain a u-
niform standard for effective assessment™™®. However,
data processing technology has not developed so far. Ac-
cumulation of massive data may restrict the development
of the HMS.

In this paper, the monitoring data of cable force recor-
ded in the HMS of the Nanjing No. 3 Yangtze River
Bridge during its closure was taken as an example. First,
the correlation between temperature and cable force was
analyzed. Data of stay cables was unified to the tempera-
ture during the closure of the bridge. Afterwards, the
wavelet de-noising method was used to eliminate the
noise signal. In this way, the vehicle load-induced cable
force was obtained. Finally, the extreme-value type- Il
distribution was analyzed to obtain the cable force due to

dead load.
1 Sensor Information

The Nanjing No. 3 Yangtze River Bridge is a double
pylon cable-stayed bridge with a steel box girder and tow-
ers. Its main span is 648 m. It was opened to traffic in
2005. The HMS was put into use in the next year'”. By
installing various types of sensors, many items such as
temperature, cable force, deflection of the main girder,
vibration and stress can be monitored.

First, the information of temperature and stay cable
sensors was focused on. Six temperature sensors in total
were installed in the HMS of the bridge. Some of them
failed, and only the sensor located in 0* girder at the
south pylon was available. Its measurement precision is
+0.3 C. The bridge consists of 168 cables, each of
which is equipped with a pressure ring sensor. Its meas-
urement precision is 1% . The sampling frequency of the
temperature and the stay cable sensors is 10 Hz. There-
fore, 42 upstream cables located at both sides of the south
pylon were taken as examples. The cable sensor numbers
were set as follows: The numbers of stay cables on the
bank side were set from Al to A21 according to the cable
length, and the numbers of stay cables on the river side
were set from J1 to J21. The layout of the two kinds of
sensors is shown in Fig. 1. According to the analysis re-
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sults of the finite element model under temperature load,
the cable force of 15% cable at the south pylon near the
bank was deeply influenced by temperature. Therefore,
A15 cable was selected for further analysis.
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Fig.1 The layout of the temperature and the stay cable sensors

2 Elimination of Temperature Effect

Three days’ data obtained from March 24 to 26, 2007
was analyzed. It is worth mentioning that the closure of
the bridge from 5 to 9 o’clock on March 25 due to fog
weather provided the reference line for the subsequent anal-
ysis. The temperature during the three days and the cable
force of the AlS5 cable monitoring data are shown in Fig.2.
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Fig.2 Three days’ data of temperature and the cable force. (a)
Temperature data; (b) Cable force of Al5 cable

Due to the lack in temperature data of section distribu-
tion, similar data from the steel box girder is taken from
Ref. [8]. It is assumed that the girder temperature and air
temperature have the same trends except at different
depths. Therefore, the girder temperature can be used as
the same reference. The correlation results between the
cable force and the temperature are still reliable.

From 5 to 9 o’clock on March 25, it was assumed that
the cable force is only influenced by temperature. The
linear fitting result is shown in Fig. 3.

As shown in Fig. 3, the temperature and the cable force
of Al5 cable have a significantly linear relationship. The
adjusted coefficient of determination is 0. 94. The linear
fitting equation is ¥ =3 219. 6 +2. 76X, where Y is the
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Fig.3 Linear fitting between the cable force and temperature
of AlS cable

monitoring value of cable force; X is the temperature mo-
nitoring value.

Meanwhile, based on the numerical analysis results,
the linear fitting equation was still valid when the temper-
ature exceeded 20 C. In the linear fitting equation, the
cable force of Al5 cable was unified to the temperature of
the complete bridge, namely 20 C. The cable force due
to dead load during the closure of the bridge of Al5 cable
was obtained, that is, 3 219.6 +2.76 x20 =3 274. 8 kN,
which is approximately equal to the cable force due to the
dead load of the complete bridge (3 295 kN). It is thus
clear that the sensor of Al5 cable worked well and the ca-
ble force extracted from the closure of bridge was reliable.

After the temperature effect was obtained via the data
collected during the closure of bridge, two days’ data of
A15 cable from March 23 to 24, 2007 under the random
vehicle loads was selected for further analysis.

3 Elimination of Noise

The data of Al5 cable is composed of three parts: im-
pact from vehicle loads, temperature effect and noise.
Temperature effect can be obtained by the above linear
fitting. Hence, the temperature-induced change values
were 2. 76 x (X —20). Noise can be eliminated by the
wavelet de-noising method. By the wavelet method, the
multi-level decomposition of the original data can be real-
ized; and one or more layers of high frequency compo-
nents can also be filtered out. The detailed approach has
proved to be effective. The de-noising effect of DBS
plays the most significant role”’. Hence, it is selected as
the wavelet basis function. The rest impact came from ve-
hicle loads. Fig.4 shows the monitoring data of Al5 ca-
ble.

According to the linear fitting equation, the calculated
temperature-induced change rate of Al5 cable was 2.76
kN/C. The variation of the two days’ temperature was
6.5 C. Hence, the temperature-induced change value of
cable force was 17.9 kN. The noise-induced change val-
ue of cable force was 4 kN. Therefore, the noise effect
accounted for a small percentage. The maximum vehicle
loads induced change value of cable force was 107.4 kN
under the traffic volume during those two days.
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Fig.4 The monitoring data for Al5 cable. (a) Temperature-in-
duced change values; (b) Noise signal; (¢) Vehicle and dead loads-in-
duced change values

4 Extraction of Cable Forces due to Dead Load

First, the data of the stay cable with a uniform temper-
ature of 20 C during the completion of the bridge was
obtained. Secondly, the data of the stay cable without a
noise signal was obtained. Finally, the rest cable force
involving vehicle loads and the dead loads was obtained.
Therefore, it was essential to separate them. A method
was proposed for the extraction of cable forces due to
dead load under random vehicle loads.

4.1 Distribution fitting

A distribution fitting method was proposed to find the
cable force due to dead load. Under the random vehicle
loads, the data fluctuated around the cable force due to
dead load. It can be inferred that the maximum probabili-
ty density value obtained from the fitted distribution func-
tion was the cable force due to dead load.

Through the distribution fitting analysis of the cable
forces, it can be concluded that the cable force monito-

ring data obeys an extreme-value type-Ill distribution!'” .

The data of Al5 cable without impacts of temperature
and noise was analyzed to fit the extreme-value type- Il
distribution. The fitted probability density function is
shown in Fig.5. From Fig. 5, it can be seen that the ve-
hicle and dead loads-induced cable forces of Al5 cable
obey an extreme-value type-Ill distribution. The low and
the high cable forces are relatively small. The cable force
values mainly concentrate around the cable force due to
dead load.
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Fig.5 Distribution fitting of the monitoring data for Al5 cable

According to the fitting result, the corresponding val-
ues of the fitted distribution can be calculated. r, b and a
were —0.05, 3278.5 and 12. 98, respectively. The val-
ue of the location parameter reflected the cable force with
the maximum probability density, which is located at the
dotted line as shown in Fig. 5. The location parameter (b
=3 278.5 kN) is regarded as the cable force under dead
load. It is approximately equal to the cable force due to
the dead load, which was obtained during the closure of
the bridge (3 274.8 kN). Therefore, it can be used as
the unified evaluation index. It also provided a more ac-
curate data base for condition assessments of the bridge.

Through the analysis of the generalized extreme-value
cumulative distribution function, the maximum vehicle
loads-induced change value of the Al5 cable with the
guarantee rate of 95% was 35. 8 kN under traffic volume
from March 23 to 24, 2007. According to the statistical
results, the ratio of vehicle load to temperature for AlS
cable was about 2: 1. This conclusion indicates that the
temperature effect is half of the vehicle load under the
traffic conditions in 2007. Therefore, the temperature has
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a significant effect.
4.2 Verification

To validate the method, the cable forces of 42 up-
stream cables located at both sides of the south pylon
were calculated by the method above. The calculation
steps are as follows:

1) Linear fitting between the cable force and the tem-
perature was realized via the data obtained during the clo-
sure of the bridge. The temperature-induced cable force
change rate was stored for uniform temperature effect.
The theoretical cable force due to dead load was obtained
after the elimination of the temperature effect and then
was verified by the cable force due to the dead load of the
completed bridge.

2) The wavelet de-noising method was applied to elim-
inate the noise signal for the monitoring data under ran-
dom vehicle loads through the application of the wavelet
basis function of DBS.

3) The rest cable force data was tested by the extreme-
value type-Ill distribution. The location parameter of the
fitted curve was stored to represent the cable force due to
dead load.

Tab. 1 shows the calculated and theoretical values and
relevant errors of the typical stay cables. The calculated
values indicate that the cable force is due to dead load,
which was obtained from the distribution fitting of the
monitoring data under random vehicle loads. The theoret-
ical value indicates that the cable force is due to dead load
obtained from the closure of bridge. Some deficient sen-
sors are not represented in the table. As shown in Tab. 1,

Tab.1 Typical calculated and theoretical values and their

errors of the cable force kN
Cable number  Calculated value  Theoretical value Error
Al 2 050. 6 2 058.7 -8.1
A2 1276.9 1277.7 -0.8
AS 1739.5 1736.0 3.5
A6 2091.5 2 092.0 -0.5
Al2 2599.7 2 593.9 5.8
Al5 3278.5 3274.8 3.7
Al6 3056.2 3057.1 -0.9
Al7 3 580.1 3584.8 -4.7
Al9 3500.3 3 505.4 -5.1
A20 3873.0 3877.3 -4.4
A21 4159.2 4159.3 -0.1
J4 1 640.7 1642.7 -2.0
J5 1914.2 1914.3 -0.1
J6 1931.6 1934.7 -3.2
J10 2451.7 2448.3 3.3
J13 2 826.6 2 819.4 7.2
J14 2 985.9 2981.7 4.2
J15 2949.3 2942.2 7.1
7 3381.2 3377.2 4.0
J19 3813.5 3821.3 -7.8
120 3 663.6 3 680.9 -17.3
121 3 864.4 3901.7 -37.4

the calculated values are approximately equal to the cable
force due to dead load, which was obtained from the clo-
sure of the bridge. The calculation results verify the ac-
curacy and high efficiency of the proposed method. Fur-
thermore, the approach explains the physical meaning of
the cable force due to dead load under random vehicle
loads.

5 Conclusions

1) A significant linear correlation exists between cable
force and temperature. Sometimes, temperature shows
significant effect.

2) Through the linear fitting and the wavelet de-noi-
sing, the composition of the monitoring data can be
obtained. The noise effect accounts for a small percent-
age. The temperature effect is half of the vehicle load
effect under the traffic volume from March 23 to 24,
2007.

3) The vehicle load-induced cable force obeys an ex-
treme-value type-Ill distribution. The value of the loca-
tion parameter is approximately equal to the cable force
due to dead load, and it can be used as a unified evalua-
tion index.
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