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Abstract. The temperature induced response of long-span cable-stayed bridge in cantilever state is significant,
which is of great interest to study the temperature characteristics during construction period. A method of analyzing
the eigenvalue and its extremum of daily temperature based on cubic spline function (CSF) is proposed. By setting
the fixed time interval reasonably, introducing variable time interval and extracting nodes at the MinMax of daily
temperature, the obtained CSF can approach the measured temperature curve with high accuracy. Based on CSF, the
temperature characteristics at three levels of measuring point, section and component are analyzed in tum. The
temperature monitoring data of a cable-stayed bridge with main span of 938 m and side span of steel-concrete
composited box girder (CBG) during construction are analyzed. The results show that the temperature variation of
steel box girder is remarkable; the steel beam of CBG is similar to steel box girder before composited, and it turns
stable after composited; the influence of PE color on cable temperature is notable than that of the cable specification;
as blue PE cable, the temperature difference of cable vs pylon and cable vs CBG exceed 17°C and 13°C.

Keywords: cable-stayed bridge; temperature monitoring; construction period; cubic spline function;
composite box girder; steel box girder

1. Introduction

Environmental conditions such as solar radiation induce variable temperature field in structure
members through their layout and material thermal properties (Kelbek 1981), which is equivalent
to apply a set of time-varying initial strain to the structure, changing the unstressed length and
curvature of structure element (Yang et al. 2012), material elastic modulus (Yang et al. 2019),
structural boundary conditions (Wang et al. 2018), resulting in time-varying static and dynamic
response of the bridge structure (Montassar et al. 2015, Roberts et al. 2017). On the one hand, the
temperature induced internal force is an important load (Guo et al. 2016), and the temperature
effect in some bridge components even exceeds those by operating live load (Han et al. 2021); on
the other hand, it is necessary to eliminate the temperature induced structural response before
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condition assessment.

With the development of bridge health monitoring (BHM), many researches were carried out
on structural temperature field and temperature induced effection (Abid et al. 2018, Farrar and
Worden 2013, Kim 2017). Xu et al. (2010) studied ten-year monitoring data of Tsing Ma Bridge in
the manner of equivalent temperature, bringing insight in the temperature characteristic of
suspension bridge and the temperature induced response of structure displacement, maintaining the
temperature sampling interval at 14.3 s. The temperature data of a steel box girder bridge were
measured by Lee et al. (2016) for two years in a bridge specimen and the bridge in service nearby
in order to calculate the effective temperature for thermal loads and the results were compared
with Design Code. The impact of air temperature and solar radiation on temperature gradient
distributions in concrete-encased composite girders was investigated by Abid et al. (2018),
showing significant impact of the thickness of the girder’s concrete members on temperature
gradients and temperature distributions. Liu et al. (2019) investigated the vertical temperature
gradient of composite girder of cable-stayed bridge with a main span of 560m based on the
measured data and FEM analysis; it was found that the temperature gradient mode of the
composite girder with no overhanging side girder was quite different from the standard form; the
temperature sampling interval was 20 minutes. Tomé et al. (2018) used the thermal FEM to solve
the two-dimensional temperature field of typical sections of a concrete cable-stayed bridge with a
main span of 300 m and high piers; the equivalent temperature was used to formulate the structural
temperature, and the sampling interval was 1 hour. Zhou et al. (2010) built an optimally back-
propagation neural network (BPNN) to establish the relationship model between structural
temperature and modal frequency. The average temperature, effective temperature and principal
component temperature were used as input, and the measured modal frequency was taken as
output to study the fitting effect of BPNN model. The analysis interval of temperature was 1 hour.

The above investigation claims importance of structural temperature for both bearing capacity
evaluation and condition assessment. However, there are few research focus on temperature
analysis of long-span cable-stayed bridge during construction stage. Actually, data acquisition and
processing during construction period is more difficult than BHM during operation period for the
following reasons. Firstly, wireless data transmission unit (DTU) (Harms et al. 2010) based on
GPRS is often used. The poor 4G signal on the bridge site leads to weak DTU signal, discontinous
data transmission and even packet loss (Liu et al. 2020). Secondly, frequent power failure during
construction period cause data record interruption; the power failure may be external which spread
to the whole construction site; more likely, it is the fault of certain power distribution cabinet
which only affects certain sensors. Lastly, there are many outliers of monitored data due to the
impact of large construction equipment on voltage in the power grid and fault of acquisition
equipment. Observations show good quality of raw temperature data of SBG at night, while most
of the abnormal values appear in the working hours. The above problems lead to both low quality
and quantity of monitoring data for further data analysis, the data volume of some measuring
points is only 1/3 of the expected one. A good data processing method should be able to make full
use of the data mixed with missing and abnormal value.

According to the heat conduction equation, the temperature of a certain point in the structural
temperature field has a continuous smooth solution, so a small amount of missing data can be
filled by continuous function fitting. Although sinusoidal curves were used on certain conditions
(Montassar et al. 2015, Xia et al. 2018), it is difficult to fit the daily structural temperature
precisely by any single elementary function. Therefore, suitable fitting method is needed to extract
the thermal characteristics and to integrate with other structural response parameters, such as the
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correlation analysis between girder deflection and temperature.

The solution of the above problems depends on a targeted data processing method. The finite
element method (FEM) uses shape function defined on single element to fit the whole physical
field (Zienkiewicz et al. 2008). Bearing this idea in mind, this study uses cubic spline function
(CSF) to fit daily structural temperature curve. The nodes of CSF are set by union of fixed time
interval and variable time interval. In the following discussion, it can be seen that much fewer
nodes than the raw data are needed for CSF, which can approach the original temperature curve
precisely.

2. Methodology
2.1 CSF construction of origin measuring point

The objective of daily temperature curve fitting is to get the CSF with as few nodes as possible,
and the fitting error should be less than 1°C. The specific time is converted into a real number,
whose integer part represents the cumulative number of days since AD and the decimal part
represents the very moment. The expression of CSF of daily temperature is shown in Eq. (1).

T=f®),te[01] (M

2.1.1 Division of time interval

The method of combining fixed time interval (FTI) with variable time interval (VTI) is adopted.
The so-called FTI is to divide 24 hours duration a day into n + 1 intervals, as shown in expression
(2). The duration of the intervals is not fixed, which are shorter in the afternoon than in other time.
The adjacent endpoints of each FTI coincide. In order to ensure the accuracy and completeness of
temperature data within the first and the last FTI, the endpoints of the corresponding FTI can be
moved forward one day or the next day for a certain time, such as 1 hour.

[0, 1] -+ [tro trian)] -+ [tpn 11,0 < £ < 1 ()

The so-called VTI is to divide 24 hours a day into several intervals automatically, as shown in
expression (3), according to the duration of missing data, which is determined by statistical results.
The length of missing data affects the fitting error of CSF. When the temperature changes sharply,
the missing time should be short, such as 1 hour; other periods are long, like two hours. The
adjacent endpoints between VTI do not coincide. VTI is not considered when there is no missing
data, which is the most common case in fact.

[0, tvl] [tvi: tv(i+1)] [tvr' 1]'0 <t; <1 3)

The combination of FTI and VTI may produce some intervals with very short duration. When
these very small intervals have contiguous adjacent interval at their endpoints, these cells are
combined again; if not, the cells are discarded. The combined time intervals are shown in
expression (4), and there are s + 1 intervals settled in total.

[0: tml] [tmi: tm(i+1)] [tms: 1]:0 <tm <1 “)
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FTI can ensure good approximation of the original data with a few nodes, and VTI can separate
the missing data period. The combination of the two makes full use of temperature data with a
small amount of data missing.

2.1.2 Elimination of abnormal value

The abnormal value refers to the prominent values mixed among the normal one but obviously
deviated from the overall trend, which are handled in each interval of expression (4), and the
following skills are mainly used. First, if the variance of all data in one interval is 0, this interval is
discarded; that’s to say, it is likely to be the fault of acquisition equipment if the temperature does
not fluctuate for a long time. Second, the outlier elimination method based on temperature slope is
adopted, which means that the temperature change per unit time cannot be too large. Last, cubic
polynomial fitting is used within each interval, and the fitting error indicates outlier existence if it
is greater than statistical value from normal data. After the outliers were rejected, cubic
polynomial fitting is carried out again, and the vacancy caused by outliers are filled with fitting
values.

2.1.3 Determination of nodes and boundary conditions

The cubic polynomial is used again on both endpoints and midpoint within each interval of
expression (3) to get three node coordinates (t;,T;). The maximum temperature node and
minimum temperature node in the day are acquired by traversing all s + 1 intervals. Then, the
coordinates of all nodes are sorted in ascending order by time and the repeated nodes are
eliminated. In addition, the temperature changing rate at moment 0 and 1 are calculated. So far, all
the necessary conditions for CSF fitting including node coordinates and boundary conditions have
been met.

2.1.4 Generation of CSF

Parameters of CSF are generated by using general algorithm and stored as cell array. Just only
one cell array is needed for storing the CSF parameters of all original measuring point (OMP),
where the row represents each day, and the column represents every single OMP.

2.2 CSF construction of virtual measuring point

Generated by linear combination of OMP, virtual measuring point (VMP) represents the
temperature of structure component which can meet the requirement for structure analysis with
FEM, data analysis, condition assessment, etc (Celik et al. 2018, Hall and McMullen 2004,
Khaleghi et al. 2013). The generation of VMP is similar to the construction process of OMP.
Firstly, the node coordinates are resampled according to the CSF of each OMP item; then these
node coordinates are linearly combined to obtain node and boundary conditions; and finally, the
CSF of VMP is fitted. According to the different data source and integration degree, there are first
level virtual measuring point (VMP-I) and second level virtual measuring point (VMP-II).

2.2.1 VMP-|

VMP-I is defined within section of structure member, including the equivalent uniform
temperature T, (Xu et al. 2010, Huang et al. 2018), and the equivalent gradient temperature T,
(Tomé et al. 2018), as shown in Egs. (5) and (6), where T represents the temperature field in
cross-section, A is area of cross-section, y is the distance relative to centroid axis, I, is moment
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of inertia. T, is the temperature difference per unit length of cross-section, which can also be
expressed by temperature difference on both sides of the section.

1

Tg = Z tdA (5)
1

T, = —tydA (6)
Ic

The temperature field within section of bridge component is continuous, which can be
equivalently equationed as follow based on finite discrete monitoring points.

A
T, = 2 T;a;, where a; = ZL (7
4

T, = Z T;k;, where k;= % (®)
l

c

In Egs. (7) and (8), A; is the area represented by T; of OMP i, y; is the distance from OMP §
to the centroid axis, a; and k; are linear combination coefficients, which are related to the
location of OMP and section geometric properties. The combination coefficient should satisfy Eq.
(9), which could be used for checking accuracy of the combination coefficients.

2ai:1; ZkiIO )

i

2.2.2 VMP-II

VMP-II is generated by linear combination of VMP-I and defined as synchronous temperature
difference between structural components, such as cable vs girder and cable vs tower, in which
only T, is considered.

2.3 Eigenvalue of daily temperature
The highest temperature Ty, lowest temperature T; and temperature difference AT in a day

are usually taken as eigenvalue to reflect the fluctuation of structural temperature, which are
extracted from each measuring point by CSF, as shown in Egs. (10)-(12).

Ty = max{f(t)}, t€[0,1] (10)
T, = min{f(¢t)}, te€][0,1] (11)
AT =Ty —T, (12)

In addition, the temperature change rate can reflect variation of ambient factors and the thermal
properties of structural members, which can be derived from Eq. (1), see Eq. (13).
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K= f'(t),t € [0,1] (13)

Similaly, the daily temperature eigenvalue of maximum heating rate Kp, maximum cooling
rate K; and changing rate difference AK can be obtained, as shown in Eq. (14)-(16).

Ky = max{f'(t)}, te[01] (14)
K, = min{f'(t)}, te€[01] (15)
AK = Ky — K, (16)

2.4 Statistical characteristic of eigenvalue

The set of temperature eigenvalues of each measuring point during the whole construction
period constitutes one sample, whose probability density function (PDF) p(x) is estimated by
kernel smoothing function. PDF of eigenvalue can be used to understand the temperature
distribution characteristics of the same measuring point and the comparison of different measuring
points.

It is helpful to further investigate the thermal properties of bridge structure by studying the
daily temperature time history under extreme weather condition. In this paper, the MinMax of
measured samples is directly selected as extremum. The maximum value of Ty during the whole
construction period is noted as Ty 4y, the minimum value of T} as T}, and the maximum
value of AT as ATy,,4y-

2.5 Analysis flow chart

The main analysis process of temperature data is shown in Fig. 1, according to which the
temperature characteristics of main girder, stay cable and pylon of a cable-stayed bridge during
construction period are carried out. Obviously, the CSF construction becomes the keystone of the
subsequent analysis.

Daily temperature
data preparation

Outliers handling

CSF construction
of OMP

CSF construction

of VMP-I
CSF construction . HN Extreme
of VMP-II )| Eigenvalue | PDF =) temperature

Fig. 1 Analysis flow chart
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Fig. 2 Elevation layout of Wuhan Qingshan Yangtze River Bridge (unit: meter)

3. Engineering background and data source
3.1 Engineering background

Wuhan Qingshan Yangtze River Bridge is the passage across Yangtze River of the Fourth Ring
Road in Wuhan City, China, whose main bridge is a cable-stayed bridge (Hu ef al. 2018), as shown
in Fig. 2, with steel box girder (SBG) in the mid span and steel-concrete composited box girder
(CBQG) in the side span. The azimuth of the bridge axis is 22° NBW. Wuhan Qingshan bridge has
remarkable structural features such as long span (938 m), large girder width (10 lanes available),
steel-concrete composited beam for side span and full floating structure system. Temperature
monitoring during construction period helps to understand temperature induced response and
improve the construction quality of the bridge structure. Based on the idea of life-cycle monitoring,
an automatic monitoring system was gradually installed with the construction process. The
sampled data were sent to the remote database by GPRS module. The sampling interval of
temperature data was set as 1 minute.

3.2 Arrangement of measuring points

The arrangement of temperature measuring points of Qingshan Bridge is shown in Fig. 3. Fig.
3(a) shows the monitoring section of pylon, which is about 8.4 m above the bridge deck. Three
measuring points are arranged in each pylon wall. The outer measuring points are 1 cm away from
the surface, and the rest are 10 cm and 20 cm apart. Fig. 3(b) shows the section of steel girder of
CBG (SG-CBG) with 14 measuring points evenly arranged, located in segment NB12. Fig. 3(c)
shows the section of concrete slab of CBG (CS-CBG) with three measuring points right above the
middle web. The top measuring point is lcm away from the surface, and the rest are S5cm and
10cm apart. Fig. 3(d) displays the site photo about three temperature measuring cables, whose
specification and PE sheath color are 127 wires in white (continued from other project), 187 wires
in blue and 301 wires in blue, and their sectional arrangement of measuring points is shown in Fig.
3(e). Fig. 3(f) gives the section of SBG located in segment NA15 with 18 measuring points evenly
arranged. There are 83 measuring points in total.

3.3 Data source

The work of temperature monitoring during the construction period of Wuhan Qingshan bridge
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Fig. 3 Arrangement of temperature measuring points of Qingshan Bridge

is gradually carried out with the project promotion. The raw data of pylon, measuring cable, SG-
CBG and CS-CBG were obtained in April 15, June 29, June 30 and September 20, 2018
respectively; and monitoring of SBG started from February 1, 2019. Several months after the
closure of the main span, the construction power supply was interrupted, and all the monitoring
above terminated in November 2019. The temperature data used in this paper came from these
monitoring stages, during which time construction of the bridge deck pavement did not start.

4. Result
4.1 Temperature characteristic of OMP

4.1.1 SBG in mid span

The measuring points u2, wl and b2 on different parts of SBG like the top plate, the side web
plate and the bottom plate are taken respectively, their PDF of eigenvalues are shown in Fig. 4,
their extreme temperature are listed in Table 1, while their extreme temperature changing rate is
omitted. Both Fig. 4 and Table 1 reveal that in terms of temperature changing range and rate, the
top plate proves to be the largest, the side web in the middle, and the bottom plate is the smallest.
Actually, the top plate of SBG acts as the main path for heat exchange through directly affection
by ambient factors such as solar radiation and rain fall, while these ambient factors are irrelevant
to the bottom plate. As one of the main components bearing the cable force of stay cables, the side
web plate is surrounded by steel plates from the wind fairing, the roof and the floor of SBG. The
narrow space with dense steel plates arrangement tends to be affected by the complex temperature
field of the surrounding steel plate, and the side web is thus affected.
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Fig. 4 PDF of eigenvalues of SBG

Table 1 Extreme temperature of SBG (unit: °C)

Measuring points AT ax T max T}, min
u2 (Top plate) 42.78 62.09 1.31
w1 (Side web plate) 24.10 49.09 1.92
b2 (Bottom plate) 16.29 39.31 2.54

The daily temperature curve of SBG when the extreme temperature happened is shown in Fig.
5, including the measured value and the fitting value by CSF. The AT, of the top plate of SBG
was 42.8°C, occured in May 22, 2019, with Tx equal to 57.3°C and 77, equal to 14.5°C. It was in
the early summer of Wuhan city, weather changed from cool night to sunny day resulting in
obvious heating of SBG, as shown in Fig. 5(a). The AK,,,, of the top plate was 29.33°C/h,
occured in July 31, 2019, with Ky equal to 9.6°C/h and K; equal to -19.73°C/h. It was in
midsummer, weather like sunny, cloudy and shower may appear alternately within the same day
resulting in a complex temperature time history, as shown in Fig. 5(b). It can be seen that the
fitting value of CSF is very close to the measured one.

4.1.2 Stay cable

Indigo-blue stay cable is the striking landscape of this bridge. Measuring point at the center
wire of each cable are taken, their PDF of eigenvalues are shown in Fig. 6, their extreme
temperatures are listed in Table 2, from which we can see that the color rather than the
specification of PE sheath proves to be the main factor affecting thermal characteristic of stay
cable. What’s more, the thickness of PE sheath also affects the temperature changing rate. The PE
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Fig. 5 Daily temperature curves of SBG under extreme weather
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Fig. 6 PDF of eigenvalues measuring cable

Table 2 Extreme temperature of cable (unit: °C)

Measuring cable AT Tt max T min
white-127 19.10 41.84 -4.75
blue-187 23.93 46.85 -4.55
blue-301 23.27 47.53 -4.59

sheath thickness of blue-187 is 2 mm thinner than blue-301 resulting in more sensitive to
temperature changing.

Fig. 7 shows the daily temperature curve of cable when the extreme temperature emerged. The
AT,qx of cable during construction period was 23.9°C, occurred in October 30, 2018, with Ty
equal to 37.3°C and 7}, equal to 13.4°C. It was in midautumn, with clear weather and major
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Fig. 7 Daily temperature curves of cable under extreme weather

temperature difference between day and night, about 17°C in this day, as shown in Fig. 7(a). The
AKppq, of cable was 10.4°C/h, occurred in July 22, 2019, with K equal to 4.91°C/h and K;, equal
to -5.49°C/h, as shown in Fig. 7(b). It was in midsummer, the same season of AK,,,, of SBG,
while the amount of AK,,,, is about 1/3.6 of the latter, which due to the heat preservation effect
of PE sheath. Again, the fitting value of CSF approach to the measured one very well.

4.1.3 CBG of side span

SG-CBG

Wuhan Qingshan bridge features steel-concrete composited beam. The measuring points ul,
w1 and b2 on different parts of the SG-CBG like the top plate, the side web plate and the bottom
plate are taken respectively, their PDF of eigenvalues are shown in Fig. 8. Since the period before
composition is short, the PDF curve of AT extends widely with low probability.

Two daily temperature curves of the measuring points ul on the top plate of SG-CBG under
extreme temperature condition is shown in Fig. 9. The AT,,,, at the pure steel grider stage was
30.8°C, occurred in July 21, 2018, with Ty equal to 60.8°C and T; equal to 30.0°C. The AT,qy
at the composited beam stage was 8.5°C, occurred in April 9, 2019, with Ty equal to 35.5°C and
T, equal to 27.0°C. Obviously, the daily temperature difference of top plate of SG-CBG becomes
very small after composited.

The result of a further investigation on the temperature characteristic of SG-CBG after
composited is shown in Table 3, from which comprehensive difference is found by comparing
with the corresponding item in Table 1. The differences of both ATy, 4, and Ty g, claim the
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Table 3 Extreme temperature of SG-CBG after composited (unit: °C)

Measuring points AT ax Ttmax TL min
u2 (Top plate) 8.49 40.14 -0.03
w1 (Side web plate) 14.60 43.23 -1.95
b2 (Bottom plate) 15.65 37.60 -2.39

diverse structural feature between CBG and SBG, while the difference of T} p,;,, is related to the
quantity of statistical samples. Temperature monitoring of SBG started too late to cover the

complete winter.

CS-CBG

Taking the measuring points ucl, uc2, and uc3 as example, their PDF of eigenvalues of daily
temperature are shown in Fig. 10, and the extreme temperature are listed in Table 4. It is obvious

Table 4 Extreme temperature of CS-CBG (unit: °C)

Measuring points AT Tt max T min
ucl (Surface) 23.46 48.67 -1.90
uc2 (Middle) 14.78 42.62 -0.42
uc3 (Inner) 11.38 38.26 -0.27
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Table 5 Extreme temperature of pylon (unit: °C)

Measuring points AT ax TH.max Ttrmin
ucl (Surface) 14.81 41.75 -0.74
uc2 (Middle) 9.58 37.66 0.04

uc3 (Inner) 4.97 34.40 1.13

that as the measuring point going deeper, ATy,,, decreases rapidly, ATy 4, also decreases,
while AT} i, increases slightly.

4.1.4 Pylon

The PDF of eigenvalue is omitted for similarity to that of CS-CBG. The extreme temperature of
measuring points on the west side wall of the upstream pylon column are listed in Table 5,
showing a more stable temperature variation of the column than that of CS-CBG due to the much
thicker wall, and the AT,,,, reach up to 5°C at the depth of 30 cm inside.

4.2 Temperature characteristic of VMP-I

According to the structural feature of Wuhan Qingshan Bridge, nine of VMP-I are set up as
shown in Table 6. The top five are the equivalent uniform temperature T, and the last four are the
equivalent gradient temperature Ty. T) is defined as temperature difference over the opposite
edge in corresponding direction of a section. Only the period after composited is concerned for
both SG-CBG and CS-CBG. A wealth of temperature information on the structure section level of
Wuhan Qingshan Bridge revealed by Table 6, just named a few. The temperature variation of SBG
is the most active, followed by stay cable, and pylon comes the least. The variation of vertical
temperature gradient of SBG (T,) is much larger than that of horizontal direction (Tygy), and
both of them have negative values. The extreme value of the daily lowest temperature of vertical
temperature difference of the pylon (Ty,y) is still positive, which is related to the azimuth of the

bridge axis, temperature of the south side pylon wall is always higher than that of the north side.

Table 6 Extreme temperature of VMP-I (unit: °C)

No. Symbol Parameter AT ax Tt max T min
1 Tes Axial of SBG 26.51 49.44 2.11
2 Tem Axial of cable 23.94 46.85 -4.55
3 Tep Axial of pylon 2.51 32.38 2.33
4 Tecs Axial of SG-CBG 13.77 39.24 -1.77
5 Tece Axial of CS-CBG 12.25 39.27 0.01
6 Tisv Vertical of SBG 27.26 26.14 -2.32
7 Tesh, Horizontal of SBG 5.29 4.45 -1.93
8 Tipw Vertical of pylon 2.51 5.88 0.83
9 Tipn Horizontal of pylon 1.76 3.69 0.65
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Table 7 Extreme temperature of VMP-II (unit: °C)

No. Parameter AT Tt max T}, min
1 Cable vs SBG 11.55 5.58 -8.92
2 Cable vs SG-CBG 18.65 13.40 -9.65
3 Cable vs CS-CBG 19.23 13.19 -13.29
4 Cable vs pylon 22.08 17.03 -11.44
5 SBG vs pylon 25.02 20.56 -8.79

4.3 Temperature characteristic of VMP-II

The recommended value of temperature difference between structure components is given in
the Chinese design specification of cable-stayed bridge (JTG/T 3365-01-2020, 2020), in which the
temperature difference of cable vs steel girder is £10°C, of cable vs concrete pylon is £10~£15°C,
lacking of consideration on concrete-steel composited beam and the color of PE sheath. The
extreme temperature of VMP-II of Wuhan Qingshan Bridge are shown in Table 7. As blue PE
sheathed stay cable, it can be seen that the value of the temperature difference of cable vs SBG is
the smallest, the value of cable vs pylon exceeds the maximum recommended value, the value of
both cable vs SG-CBG and cable vs CS-CBG approach the maximum value recommended. From
the monitoring results of the white PE sheathed cable, the PE color of stay cable should be
considered when determining relevant temperature difference.

5. Discussion
5.1 The setting of FTI

In order to approach the measured daily temperature curve with CSF precisely by less nodes,
the key is to set up the FTI reasonably. The following techniques are used. Firstly, unequal spacing
of node distribution is adopted, which is dense at noon and sparse at other times, as shown in
expression (17). Secondly, the nodes at Ty and T; are extracted for CSF to ensure the accuracy
of eigenvalue of daily temperature. Finally, the midpoint of each interval is extracted as nodes.
Under the above measures, 29 nodes are generated. After the VTI processing, the nodes number
will change to 36 at most. There are 4 polynomial coefficients for each node of CSF, and there are
116~144 coefficients to be stored. When the sampling interval is 1 minute, there are 1440 pieces of
raw data per day, which means about 90% of storage space can be saved and more space saved
when the sampling interval is shorter. It can be seen from Figs. 5 and 7 that the fitted value by CSF
can effectively approach to the measured value of complex time history curve, and the fitting error
is less than 0.3°C.

[0, 0.1, 0.2, 0.3, 0.4, 0.4667, 0.5332, 0.6, 0.6664, 0.7333, 0.8, 0.9, 1] a7

5.2 The way for determination of extreme temperature

The cumulative distribution function (CDF) P(x) is obtained by integral of PDF, and the
extreme temperature can be estimated theoretically according to CDF at a certain probability
quantile, which is a common way for data analysis in BHM during operation period (Xu ef al.
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2021). The essence of kernel smoothing estimation method used to calculate PDF is weighted
average method, with changing weight coefficients according to the density of sample points.
However, the application of this method in construction stage implies the following problems.
First of all, the number of eigenvalue samples is limited due to the short monitoring time and the
missing of raw data, resulting in deviation of extreme value. Secondly, objectively asynchronous
monitoring of structure components leads to uneven sample size which conceals dissimilar
credibility among the extreme values. Finally, from the perspective of the whole bridge life, the
extreme weather in a short construction period is improper to be called a small probability event;
in other words, the MinMax is the extremum for the temperature population of construction period.

5.3 Arrangement of OMP on temperature induced structural response

VMP is deduced from OMP and can be used to study the temperature induced structural
response. The girder of main span of Qingshan bridge was erected by single cantilever method,
during which time the displacement of the cantilever frontend of girder and the deviation of the
pylon top induced by temperature was concerned. Taking the structure under erecting of segment
NA29 as an example, the sensitivity analysis of the above displacement to VMP-I in Table 6 is
carried out, in which Tyg, of No. 7 and T,y of No.9 are not considered, Tgp, of No.2 is divided
into Tgpy, of the main span and Ty, of the side span. Results are shown in Table 8. It can be
seen that T, is the only notable factor on the displacement of mileage direction (DX) of
cantilever frontend, while all VMP-I items have significant influence on the vertical displacement
(DZ) of cantilever frontend. According to the measured value of AT,,,, in Table 6, the main
influencing factors of DZ include Ty, and Tgps of stay cable, Tog and Tyg, of SBG,
followed by T..s and T, of CBG. It is worth noting that the influence of Ty, on DZ of the
cantilever frontend is equivalent to that of T, while it is harder to obtain the former accurately
based on temperature monitoring from the perspective of practice. The main influence factor of
deviation of the pylon top (DX) is Tg,,s of side span cable, with none of T,,,, of mid span cable.

The analysis above demonstrates the necessity of arrangement optimization of temperature
measurement points for calculating the temperature induced response accurately, and the goal
should be that VMP can represent the temperature distribution of structural components closely.
The following improvements can be introduced. First, thermometric cables should also be

Table 8 Sensitivity analysis result (units: mm/°C)

Cantilever frontend Pylon top
No. VMP-1

DX Dz DX
1 T -3.4 9.2 0
2 Temm -0.1 -12 0
3 Tems -0.2 -10 -5.8
4 Tep 0.1 7.1 2.6
5 Tecs 0 3.1 1.7
6 Tece 0 2.6 1.5
7 Tysv 0.1 -7.7 -0.2
8 Tpw 0.7 6.3 5.2
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equipped with for the side span. Second, the monitoring of temperature gradient of SBG should be
strengthened, and measuring points should be increased along the vertical direction of the section.
Last, increase several measuring points in the wall thickness direction of pylon, and arrange a
measuring point on the inner wall surface.

6. Conclusions

A method for fitting daily structural temperature with CSF is proposed, which is used to study
the temperature features of Wuhan Qingshan bridge during construction period. Conclusions are
summarized as follows.

(1) Through skills such as the reasonable setting of FTI, the adoption of VTI, the nodes at Ta
and Ti, the obtained CSF can well adapt to the temperature data with a small amount of
missing and abnormal value monitored during construction period, and the fitting error is
generally less than 0.3°C.

(2) Temperature variation of SBG is active, which is characterized by large daily temperature
difference, high maximum daily temperature and remarkable vertical gradient. Temperature
characteristic of SG-CBG before composited is similar to that of SBG, and it becomes
stable after composited.

(3) The color of stay cable affects the temperature difference between cable and other
components. For blue PE sheathed stay cable, the maximum temperature difference of
cable vs pylon is 17°C; of cable vs CBG is more than 13°C, while of cable vs SBG is
within 10°C.
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