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Study on temperature characteristics of multi-tower
cable-stayed bridge
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Abstract: Temperature effects have a great influence on the mechanical behavior of cable-stayed bridges,
especially for long-span bridges, which have significant time-varying and spatial effects. In this paper,
the temperature characteristics of multi-tower cable-stayed bridge are obtained by data acquisition
with wireless acquisition module. The test results show that: the daily temperature-time curves of atmo-
spheric temperature and structural temperature are similar to sine waves with obvious peaks and troughs;
structure temperature and atmospheric temperature have obvious hysteresis; longitudinal displacement,
transverse displacement and vertical of mid-span beam are negatively correlated with atmospheric tem-
perature; the temperature distribution of the cable tower is not uniform, and the maximum temperature
difference of the section is 23.7°C considering 98% of the upper limit value; the longitudinal, transverse
and vertical displacement of cable tower and the cable force is negatively correlated with atmospheric
temperature, and the relationship between cable force and atmospheric temperature is a cubic function
rather than linear function.
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1. Introduction

Bridge structures are inevitably affected by various natural environmental factors [1].
The change of solar radiation and atmospheric temperature will cause the temperature
of internal structure changed, resulting in a large non-uniform temperature gradient and
considerable temperature stress in bridge structure [2, 3]. It is significant to study the
influence of temperature change on bridge characteristics.

Finite element analysis and field monitoring are the main methods to study the temper-
ature effect of bridge structures [4—6]. Lee et al. [7] carried out a long-term experimental
and analysis research on prestressed concrete beam segments, evaluated the transverse
temperature gradient which are not provided in AASHTO specifications, and proposed
a second-order curve. Xia et al. [8] established the finite element model of Tsing Ma
Bridge, by comparing the field monitoring data with the numerical calculation results, the
accurate temperature distribution and associated responses of the bridge structure were ob-
tained. Xu et al. [9] based on numerical simulation, analyzed the influence of temperature
effects on the dynamic characteristics of bridge, pointed out that, for dynamic characteris-
tics of bridge, the influence of temperature changes may greater than damage in girders or
cables. Kuryowic et al. [10] considered laboratory tests, field measurements and numerical
calculations for all research stages of bridge construction, established a maturity method
to predict the temperature distribution of bridge structure. Liu et al. [11] based on a long-
term bridge temperature monitoring database, proposed two positive vertical temperature
gradient profiles and one negative vertical temperature gradient profile.

The temperature characteristics of different bridge structures are not consistent. Yang
et al. [12] based on temperature monitoring and displacement data, studied the temperature
field distribution of steel girder cable-stayed bridge and analyzed the relationship between
tower displacement and temperature variation. As the stiffness of concrete girder cable-
stayed bridge is significantly higher than steel girder cable-stayed bridge, the sensitivity
of these two types of bridges to temperature variation is different [13, 14]. Some related
researches indicate that the bridge monitoring model based on data-driven model can
accurately evaluate the environmental impact of bridges [15—17]. Different from previous
evaluation method of bridge environmental impact based on modified finite element model,
the method based on data-driven model will be more direct and effective. Currently,
there are few studies on temperature characteristics of multi-tower concrete girder cable-
stayed bridge. This paper based on a large number of temperature monitoring data of
bridge, established a data-driven model of bridge temperature, analyzed the influence of
temperature variation on cable tower displacement and cable force.

2. Bridge structure and monitoring system

2.1. Monitoring system

Based on the analysis of monitoring data of Bridge, the thermal field characteristics,
time variability of structural quasi-static displacement and the correlation between struc-
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tural temperature and displacement are studied. The monitoring items mainly include five
parts, temperature, wind speed, solar radiation, structural deformation and cable force. All
measured data are collected and saved by automatic test system.

2.1.1. Environmental factor monitoring

JMT-36C thermistor temperature sensor is used in the bridge, which has the advantages
of high accuracy, high stability, high reliability, moisture resistance and good insulation. It
can accurately measure the temperature value inside the concrete structure. Wind speed,
wind direction and solar radiation are collected by JMFY-1F wind speed and direction
sensor and JMFY-1G solar radiation sensor. The sensor is made of metal and has strong
anti-interference ability. It has the advantages of fast acquisition speed and good long-term
stability, suitable for long-term monitoring. All the environmental monitoring equipment
is shown in Fig. 1.

(a)

Fig. 1. Environmental monitoring equipment: a) temperature test instrument, b) wind speed test
instrument, ¢) solar radiation test instrument

In order to obtain a more comprehensive temperature field distribution of the cable-
stayed bridge, a total of 100 temperature sensors are arranged to monitor the temperature
of the cable tower and girder.

2.1.2. Cable force monitoring

The variation method is used to measure the cable force by measuring the variation
frequency of the cable. The acceleration sensors is fixed on the cable with special fixture
to measure the variation of the cable and transforms the random variation signal into
electrical signal, which is amplified by amplifier and sent to FFT signal analyzer for
spectrum analysis to obtain the lateral variation frequency of the cable, by analyzing, the
cable force is obtained, subsequently.

A total of 9 acceleration sensors are arranged to monitor the cable force of cables in
real-time dynamic monitoring. The cable force monitoring equipment is shown in Fig. 2.
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(b)

Fig. 2. Cable force monitoring equipment: a) acceleration sensors, b) field arrangement

2.1.3. Displacement monitoring

The bridge displacement monitoring equipment adopted JMBD-1050 Beidou remote
displacement acquisition module, which can accurately measure the three-dimensional

displacement value of a point on the bridge. A total of 4 displacement monitoring points
are arranged along the longitudinal of the bridge.

3. Temperature characteristics of mid-span beam

3.1. Correlation between girder temperature and atmospheric
temperature

Compared with atmospheric temperature, structure temperature is the critical factor
which caused structure response, so it is necessary to analyze the correlation between

structure temperature and atmospheric temperature. The temperature-time curve is shown
in Fig. 3.
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Fig. 3. Monthly atmospheric temperature and structural temperature of mid-span beam
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As shown in Fig. 4. The upper limit of atmospheric temperature and structure temper-
ature are almost consistent, while the lower limit of structural temperature is significantly
higher than the lower limit of atmospheric temperature. There is a large difference between
atmospheric temperature and structural temperature. In order to study the daily variation
of atmospheric temperature and structure temperature, the monitoring data were analyzed.
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Fig. 4. Daily atmospheric temperature and structural temperature of mid-span beam

It can be seen from Fig. 4 that the daily temperature-time curves of atmospheric
temperature and structural temperature are similar to sine waves, with obvious peaks
and troughs. Compared with the atmospheric temperature, the structural temperature has
obvious hysteresis.

3.2. Correlation between girder displacement and atmospheric
temperature

The longitudinal and transverse displacement obtained by GPS are not the actual
displacement of the bridge. The positive direction of the displacement measured by GPS is
as follows: the longitudinal displacement is positive in the east, the transverse displacement
is positive in the north and the vertical is positive in the upward direction, so the actual
displacement of the bridge can be calculated by Eq. (3.1) and (3.2).

3.1 Xyg = Xwe cos 20° + Yns sin 20°
(3.2) Y{s = Xwe sin20° — Ys cos 20°

where: Xwg — displacement in the east-west direction measured by GPS, Xy, — displace-
ment of the actual bridge in the east-west direction, Yns — displacement in the north-south
direction measured by GPS, Yy — displacement of the actual bridge in the east-west
direction.

A total of 3 measuring points are arranged for monitoring the displacement of the mid-
span beam. The correlation between bridge displacement and atmospheric temperature is
analyzed by the monitoring data. Fig. 5 shows the correlation between three-dimensional
displacement of the bridge and atmospheric temperature.
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Fig. 5. Correlation between displacement and atmospheric temperature of mid-span beam.
Measuring point: a) 1, b) 2, ¢) 3

Taking measuring point 1 as an example. It can be seen from Fig. 6. that the longi-
tudinal, transversal and vertical displacement of the bridge are negatively correlated with
atmospheric temperature, and the correlation coefficient R? are 0.87, 0.89 and 0.86, respec-
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Fig. 6. Three-dimensional displacement-temperature curve of measuring point 1. a) longitudinal
displacement, b) transversal displacement, c) vertical displacement

tively. It shows that with the increase of temperature, the three-dimensional displacement
of the bridge will decrease.

4. Temperature characteristics of cable tower

4.1. Correlation between tower temperature and atmospheric
temperature

The monitoring positions of cable tower temperature are at the same height. Three
measuring points are arranged on each side and a total of 12 measuring points are arranged.
The distributions of daily maximum temperature, minimum temperature and maximum
temperature difference for each side are shown in Fig. 7.

As can be seen from Fig. 7, due to direct sunlight, the highest temperature side of the
cable tower appears to the south side (sunny side). Since all measuring points are at the
same height, the convection speed on all sides of the cable tower are identical. Except for
the north side (back side), the temperature of the cable tower varied greatly in a single day.
Take the three days with the largest temperature difference in a single day as an example,
the temperature-time curve of each measuring point are plotted.

It can be seen from Fig. 8 that the temperature variation trend of each measuring point
of the tower is different. Since the east side of the tower is exposed to solar radiation earlier,
the temperature peak appears first, while the west side of the tower is exposed to solar
radiation later, with the peak occurring around 4 p.m.

As shown in Fig. 9, The maximum temperature variation of the tower follows the
Weibull distribution with parameter W (1.61, 10.14). The recurrence period of represen-
tative value of temperature effect is 50 years, and the design reference period of bridge
specified in the General Code for Design Highway Bridges and Culverts (JTG D60-2015)
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of China [18] is 100 years. The number of times that the representative value of temperature
effect is exceeded in the design reference period is 2, and the probability of exceeding is
98%, from which the maximum temperature variation was calculated to be 23.7°C.

Frequency

00 45 90 135 180 25 270
Maximum temperature variation/°C

Fig. 9. Maximum temperature variation distribution of cable tower

4.2. Correlation between tower displacement and atmospheric
temperature

The actual displacement of the cable tower can be calculated according to Eq. (3.1) and
Eq. (3.2). In order to display the relationship between tower displacement and temperature
more intuitively, the monitoring data which has the largest variation in atmospheric tem-
perature during the test is selected to statistical analysis. As can be seen from Fig. 10, the
longitudinal, transverse and vertical displacement of the tower are negatively correlated
with temperature, and the correlation coefficient R? are 0.84, 0.89 and 0.86, respectively.
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Fig. 10. Correlation between displacement and temperature of cable tower: a) longitudinal
displacement, b) transversal displacement, c) vertical displacement

5. Temperature characteristics of stay cables

5.1. Testing principle of cable force

The cable force can be calculated according to Eq. (5.1) and Eq. (5.2).

5.1)
(5.2)

T =KF?
K =4WL?/1000

where: T — tensile force of stay cable, K — proportional coefficient, which calibrated by the
test, F — basic frequency of stay cable, W — mass of unit length of stay cable, L — length

between two embedded points of stay cable.

The parameters of the stay cable are shown in Table 1.

Table 1. Parameters of the stay cable

Cable number Linear density (kg/m) Length (m) Working length (m)
1 47.343 45.768 43.768
2 47.343 49915 47915
4 47.343 58.208 56.208
6 47.343 66.501 64.501
8 47.343 74.793 72.793
10 47.343 83.084 81.084
12 47.343 91.376 89.376
14 47.343 99.671 97.671
15 47.343 101.818 101.818
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5.2. Correlation between cable force and atmospheric temperature

It can be seen from Fig. 11 that all cable forces are negatively correlated with tempera-
ture, and with the increase of temperature, the cable force will descend. Due to the obvious
fluctuation of cable force monitoring data, Savitzky-Golay filter [19] is used to smooth the
data, that is, to improve the accuracy of the data without changing the signal trend. The
data processed by the filter can be fitted by Eq. (5.3).

(5.3) T=at +bt+c

where: T — tensile force of stay cable, r+ — atmospheric temperature, a, b, ¢ — fitting
coeflicient.

A

Temperature

Leilin®: .
|||.!. b

(2) cais
Fig. 11. Correlation between temperature and cable force.
Cable: a) 1,b) 2,¢) 4,d) 6,¢e) 8, 1) 10, g) 12, h) 14, i) 15

The values of parameter a, b, ¢ and correlation coeflicient R? of each test cable are
shown in Table 2.
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Table 2. Parameter values of Eq. (5.3)
Parameter Cable | Cable | Cable | Cable | Cable | Cable | Cable | Cable | Cable
1 2 4 6 8 10 12 14 15

a 3451.90|4475.74|4976.83 | 5277.29| 5661.35|5740.13 | 5502.58 | 5640.69 | 6159.70
b —15.94 | -18.05 | —-14.16 | —-18.66 | —22.66 | —20.61 | —-17.61 | -13.64 | —19.52
c 0.005 | 0.004 | 0.002 | 0.004 | 0.006 | 0.006 | 0.003 | 0.002 | 0.004
R? 0.94 0.93 0.88 0.86 0.88 0.85 0.89 0.77 0.86

According to Eq. (5.3) and Table 2, the comparison curves of theoretical and measured
values of each cable force are plotted in Fig. 12. It can be seen that Eq. (5.3) can accurately
predict the cable force. With the increase of temperature, the cable force gradually descend,
and the relationship between cable force and atmospheric temperature is a cubic function
rather than a linear function.
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6. Conclusions

In this paper, the temperature characteristics of multi-tower cable-stayed bridge is

studied:
1. The longitudinal, transverse and vertical displacement of the mid-span beam are neg-

atively correlated with atmospheric temperature. With the increase of temperature, the
three-dimensional displacement of the bridge will decrease, and the correlation coeffi-
cient R? are 0.87, 0.89 and 0.86, respectively.

. The temperature distribution of the cable tower is not uniform. The temperature on the
sunny side changes significantly, the daily temperature variation can reach to 29.1°C,
while the temperature on the back side changes slightly. The maximum temperature
difference of the section considering 98% upper limit value is 23.7°C.

. The longitudinal, transverse and vertical displacement of the cable tower are negatively
correlated with temperature. With the increase of temperature, the three-dimensional
displacement of the tower will decrease.

. The cable force is negatively correlated with atmospheric temperature, and the relation-
ship between cable force and atmospheric temperature is a cubic function rather than

a linear function.
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