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[T I N R

Abstract: An optimization method of temperature measurement point layout for steel-concrete
composite bridges based on the total least squares improved piecewise Douglas—Peucker (TLS-IPDP)
algorithm was proposed to solve the problem that the traditional temperature measurement data
cannot reflect the actual temperature gradient (TG) due to the position of measurement points on
different paths is not reasonable. The characteristic curves of TG for the most unfavorable period
and annual period are extracted from the finite element model. The rationality of the proposed
method is illustrated by two typical steel-concrete composite beams with steel plates and steel boxes.
By improving the classical Douglas—-Peucker (DP) algorithm, the TLS-IPDP algorithm proposed in
this paper has a better approximation effect on the original data. Compared with the traditional
temperature measuring point arrangement method, the TLS-IPDP algorithm optimized arrangement
in this paper realized the measuring point arrangement with different variable spacing under different
paths; the temperature gradient curve obtained was closer to the real temperature distribution, and
had higher accuracy in the region with a large gradient. In addition, the proposed method has the
function of manually specifying the location of feature points and reserving the required number. The
optimized arrangement of measuring points can meet the requirements of measuring points number
and measurement accuracy. The method presented in this paper can provide a useful reference for
temperature data acquisition and sensor layout for health monitoring of steel-composite bridges.

Keywords: steel-concrete composite bridge; temperature measuring points; TLS; DP; temperature gradient

1. Introduction

Steel-concrete composite structures are composed of steel and concrete with consid-
erable differences in thermal performance, and their thermal conductivity is often tens
of times different. The annual and daily temperature cycles have remarkable effects on
the bridge temperature field [1,2]. If the additional deformation caused by temperature is
constrained by boundary conditions, additional stresses will be generated [3-5], which can
reach 20% to 30% of the allowable stress in serious cases [6]. The latter will lead to serious
problems such as concrete cracking, support disengagement, steel structure buckling, fa-
tigue damage, and even bridge failure [7-11]. To control the structural deformation and
stress caused by temperature in the construction, control, and structural health monitoring
(SHM) of steel-concrete composite beam bridges, temperature measuring points are often
arranged in the key section to collect temperature data [12]. However, no consensus exists
on how to reasonably select the location and number of measuring points according to the
features of vertical temperature gradient (VTG) and transverse temperature gradient (TTG)
distribution curves of the structure.

In the 21st century, steel-concrete composite beams have been widely used. Scholars in
different countries have also carried out a lot of temperature measurements related to such
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beams. Subramaniam et al. [13] tested the structural temperature and temperature stress
of simply supported steel-concrete composite beams under the action of hydration heat
and found that the steel beam TG had a strong influence on the tensile stress of the bridge
deck in the heating state. Chang et al. [14] collected the temperature data of a steel-concrete
composite box girder in Seoul for 20 months and studied the law of self-equilibrium thermal
stress of the structure. Wang et al. [15] used SHM data to analyze the coupling effect of 2D
and 3D TG on the steel-concrete composite deck system of the Aizhai suspension bridge
and compared it with the 1D approximate gradient of the Chinese code. Liu et al. [16]
established a temperature database of composite beams by considering factors such as
uniform temperature, linear temperature difference, and self-equilibrium thermal stress
based on the measured data of composite beams; this study used the extremum analysis
method to give the extreme temperature difference of each section in the 100-year return
period. Zhang et al. [17] developed a steel-concrete composite beam model considering
shadow recognition and verified the accuracy of the model calculation results by using
15-month temperature data.

Apart from the research on the temperature field of steel-concrete composite beams,
some scholars have studied the arrangement of optical fiber, piezoelectric and thick film
ceramic sensors in the bridge SHM system and provided the corresponding theoretical
basis [18-21]. However, no consensus exists still on the arrangement of temperature
measuring points and there is almost no relevant research. Accurate measured temperature
data are the cornerstone of the research on the temperature field and temperature effect.
The reasonable arrangement of temperature measuring points strongly influences the
correctness of the research conclusion. At present, the following are problems in the
measured temperature of structures:

(1) The temperature measuring points’ number and distances are unreasonable in a large
amount of actual bridge temperature experiments. In most studies, the measuring
points are arranged at equal distances, whereas in a few studies, the measuring points
are arranged with variable distance. However, the distance of the measuring points is
relatively random, lacks theoretical support, and the location of the measuring points
often cannot cover the local extreme temperature points of the structure. Consequently,
capturing the maximum TG of the structure is difficult.

(2) The distribution of measuring points on different paths is the same, and the difference
in the distribution modes of TTG at different depths and VTG at different offset
distances are not considered. Thus, the TG data collected in the test cannot truly
reflect the actual TG at different positions of the structure.

(3) The method of arranging measuring points according to the statistical rule of mea-
sured temperature data has the problems of the long measuring period, high cost,
and sparse arrangement of measuring points. Moreover, after a more reasonable
arrangement is obtained through long-term statistical analysis, no more temperature
measuring points can be added inside the concrete or closed steel beam.

To overcome the above problems, this paper proposes a total least squares improved
piecewise Douglas—Peucker algorithm (TLS-IPDP) for the temperature measuring point
arrangement of steel-concrete composite beams. The finite element (FE) model verified by
experiments is used as a supplement to the long-term structural temperature measurement
data. Based on the earlier numerical calculation, the most adverse TG curves and annual
hourly TG curves under different paths are given for the following two typical steel-
concrete composite beams (steel plate and steel box composite beams). Then, by thinning
the curve and extracting feature points with the TLS-IPDP algorithm, the arrangement of
temperature measuring points with a reasonable variation of distance in the longitudinal
and transverse direction is optimized. The research results can provide a reference for
the optimized arrangement of temperature measuring points in the design, construction
control, and SHM of steel-concrete composite beams. They will also lay a foundation for
the fine analysis of the structural temperature field and temperature effect.
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2. Basic Theory of TLS-IPDP Algorithm

In the actual structure temperature test, if the temperature sensor size is sufficiently
small and can be densely arranged on the path without considering space limitations and
economic cost, then an accurate TG curve can be obtained by connecting the temperature
measurement point data in straight lines as shown in Figure 1. However, the actual layout
of temperature sensors is often sparse, and the TG curve obtained by connecting the
data of measurement points in straight lines may not contain local peak values, resulting
in a large deviation between the gradient of measured data and the real gradient. The
key problem to be solved in this paper is how to convert the dense measurement points
into sparse measurement points while preserving the feature points, to obtain a practical
measurement point arrangement scheme while ensuring the accuracy of the measured
TG curve. TTG and VTG are two important forms of temperature distribution, and the
current national specifications for the structure temperature field, also take the vertical,
and horizontal gradient as main indicators. The purpose of this paper is to obtain the
temperature measurement point arrangement scheme which can reasonably collect the
structure’s temperatures and reflect the overall temperature distribution characteristics of
the structure. Therefore, both the induction of FEM calculation results and the data basis of
the TLS-IPDP algorithm in the following are carried out in the form of TTG and VTG.
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Figure 1. Comparison of TG curves.

2.1. Douglas—Peucker Algorithm

On the premise of ensuring the key local features of the curve, the transformation
from dense measurement points to sparse measurement points requires curve thinning
while retaining the key features of the curve. Douglas and Peucker proposed the 2D curve
morphological simplification method which uses global recursive operations to screen the
main feature points that can reflect the local morphology of the curve in the complex curve
point series [22,23]. The basic flow of the classic DP algorithm is shown in Figure 2, and
if the floating-point is not adjacent to the anchor point at this time, the 2D point series is
divided into 2 parts with the split point as the boundary, repeating the process until no new
split points are generated.
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Figure 2. DP algorithm theory.
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As alossy compression algorithm, the DP algorithm still has some defects:

The loss of important feature points could easily occur in parts with large curvature;
meanwhile, the retention of non-feature points could easily happen in parts with
small curvature, thus affecting the compression effect.

Steel-concrete composite beams have a specific material boundary, and measuring
points need to be arranged in specific locations as required; the feature points to be
preserved cannot be specified artificially in the DP algorithm.

Considering the constraints of structural size and economic cost, the optimal number
of sensors in steel-concrete composite beams should be calculated. However, in the DP
algorithm, the number of feature points to be retained cannot be manually specified
but can only be controlled by the threshold .

2.2. Design of TLS-IPDP Algorithm

Aiming at the above three defects, this paper proposes a TLS-IPDP algorithm, which

can be applied to optimize the temperature feature point series. Its main improvements are
as follows:

@

@)

®)

The total least square method is introduced. If dy < ¢, the total least square linear
fitting is performed for all intermediate points between baselines. Otherwise, the split
point ny, is selected and inserted into the feature point series to be retained.

Before the search for the first split point, the retention points of the curve were
manually specified according to the actual situation, and the feature point series was
divided into multiple segments by the retention points. Then, the split points were
searched for multi-segments.

The random search method is used to automatically search the appropriate threshold
value according to the artificially specified retention feature point number n. The
algorithm automatically updates the number of retention points to a value in the
range of [n — 5,1 + 5] and recalculates until the threshold e; meets the requirements
so that the original feature point series is thinned and the updated retention feature
point number is closest to 7.
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Different from the conventional least-squares method, the basic principle of the total
least squares method is as follows: For point series P = {p1, p2, p3,- - - , pi}, its coordinates
are {(x1,11), (x2,¥2), (x3,y3),- -+, (x;, ;) }; then, its geometric center coordinate can be
expressed as

S
™=

Il
_

X = Xi, Y =

1

S|

Y v 1)
=1

The equation of the line can be written as y — ¥ = k(x — X), and the centralized data
vector is
X=[x—%x—%,---xy — X
Y=[1—%y2=V " Yn—Y
The conventional least square method considers only the noise in Y, whereas the total
least square method considers both the noise in X and Y. If e, represents the error in X, &,
represents the error in Y, then, (X — ex)k = Y — &,. An appropriate slope k is selected to
minimize the Frobenius norm of the total error E = [sx, sy] , that is, minimize

2

¢ = |E|} = Te[E"E] 3)
Let the augmented matrix X and the augmented vector lAc, respectively, be

X=[XxY]
A 4
k= [kr 71]T ( )

According to the Rayleigh quotient principle, the cost function of the total least squares
can be expressed as

¢ = kpk/(K'k),P=X'X 5)

When the augmented vector k = 59y, the cost function of the total least square method
takes the minimum value, where v is the eigenvector that corresponds to the minimum
eigenvalue of the matrix P, and 7 satisfies that the last component of k is equal to —1.

The Figure 3 compares the thinning results of the point series of the classic DP algo-
rithm with that of the TLS-IPDP algorithm in this paper. A threshold ¢, is assumed to exist
so that only the split point B is retained on the curve ABC, and the maximum distances
dn and dy; from the new splitting point N and M to the line AB and BC are both less than
the threshold ¢;4. The thinning result of the DP algorithm is the straight lines AB, BC, and
the thinning result of the TLS-IPDP algorithm is A’B/, B'C’. The optimized result of the
TLS-IPDP algorithm is closer to the original point series.
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Figure 3. Comparison of DP algorithm and TLS-IPDP algorithm.

3. Optimization Method of Temperature Measuring Point Layout Based on TLS-IPDP

For the arrangement of temperature measuring points of steel-concrete composite
beams, apart from reasonable selection of the distance between measuring points according
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to the actual TG distribution mode of the structure, the following four problems should
also be considered:

(1) Owing to the influence of bridge orientation and geographical location, solar radia-
tion and convective heat transfer with uneven time-varying characteristics lead to
differences in TG distribution modes and temperature extremes between transverse
paths with different depths and vertical paths with different offsets [12,24].

(2) Owing to the difference in thermophysical parameters between steel and concrete, the
vertical arrangement of temperature measuring points should be discussed separately
for steel beam and concrete bridge slab.

(3) Conventional steel-concrete composite beams have two typical structural forms: steel
plate composite beam (Type I) and steel box composite beam (Type II). The tempera-
ture distributions of open and closed sections are different.

(4) Statistical analysis of the long-term measured temperature data of the structure to
obtain its distribution rule can reasonably guide the arrangement of temperature
measuring points. However, for a real bridge that has been tested for a long time,
adding extra temperature measuring points inside the concrete and closed steel beam
is often impossible.

Therefore, based on the above four problems, this paper adopts the process shown
in Figure 4 to generate the arrangement scheme of temperature measuring points under
specified conditions. This method is illustrated and verified by two engineering examples
with Types I and II construction forms.

( start

Verification b |
y > Heat transf?r FEM
measured results calculation
¢ 2. Extraction of TG

VTG curve feature TTG curve feature distribution
extraction extraction feature curves

 E— v

Most adverse
VTG curve

1 1 ]

1. Data expansion
by validated FEM

Annual hourly
VTG mean curve

Annual hourly
TTG mean curve

3. Thinning of feature curve
Feature curve thinning = and generation of measuring
based on TLS-IPDP point arrangement scheme

/" Generation of measuring' :
point arrangement scheme >
Figure 4. Flow chart of temperature measuring point arrangement of steel-concrete composite bridges
based on TLS-IPDP.

4. Case-Studies
4.1. Engineering Description
4.1.1. Type I: Steel Plate Composite Beam

A single-span stiffened steel truss suspension bridge is located at 119.610° E, 28.334°
N, at 571.100 m above sea level. Figure 5 shows the main geometric parameters of the
section, location of temperature measuring points C1-C4-51-54, paths, and surface types

1)

4.1.2. Type II: Steel Box Composite Beam

The main span of a 480 m composite girder cable-stayed bridge is located at 104.694°
E, 28.779° N, and 313.717 m above sea level. The middle span is a steel box composite beam.
Figure 6 shows the main geometric parameters of the section, location of temperature
measuring points C1-C5-SL1-SL7-SR1-SR7, paths, and surface types (1)-(9).
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Figure 5. Type I: Steel plate composite beam: (a) Steel plate composite beam bridge deck system (unit:
cm); (b) Measuring point arrangement; surface types; local FE grids; and paths of areas A, B, and C.
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Figure 6. Type II: Steel box composite beam: (a) Steel box composite beam (unit: cm); (b) Measuring
point arrangement; surface types; local FE grids; and paths of areas A, B, and C.
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4.1.3. Selection and Arrangement of Temperature Sensors

This study adopts the 16-bit digital pulse structure with dedicated temperature sensors
with a wide temperature measurement range (—50, 135) °C (Figure 7), and the temperature
measurement accuracy can reach £0.3 °C at room temperature. Measuring points are
arranged for the vertical and transverse paths of Types I and II. Figures 5b and 6b show the
paths and positions, and Figure 8 shows the partial measuring points in the real bridge. It
is worth noting that Figure 7 is intended to show the appearance of the sensors used in this
paper, rather than placing multiple sensors in nearly the same location at the same time.

-

2 L :
Temperature
Sensors
oe 1 O QIEL WIS

Concrete

Steel girder measuring

measuring
points

(a) (b)

Figure 8. Arrangement of temperature measuring points: (a) Steel girder; (b) Concrete deck.

4.2. Calculation of Structural Annual Periodic Hourly Temperature Field Considering the
Geographical Location and Meteorological Condition Difference

Based on the temperature measurement of the two types of steel-concrete composite
beams in Section 4.1, the long-term temperature data at the location of the measuring points
were obtained. However, compared with the size of the whole bridge, the arrangement
of measuring points remained sparse, unable to effectively reflect the VTG and TTG, and
unable to obtain the temperature data in the operation state before the completion of the
bridge. Numerical simulation, as a convenient method to study the temperature field of
bridges, has slowly developed from the early 1D difference method to 3D time-varying
temperature field simulation based on the general finite element simulation platform [25,26]
after years of improvement and has been extensively verified [12,16,27,28]. To obtain the
annual period hourly temperature data of the full section in advance, based on heat
transfer theory and considering the differences in geographical location and meteorological
conditions, the thermal transfer FEM calculation is carried out on the structure, and the
correctness of the calculation results is verified by the measured data.

4.2.1. FEM Modeling

2D FEM models of heat transfer including a pavement layer were established respec-
tively for the above Types I and II steel-concrete composite structures. The global seed
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size of the two models is approximately 20 mm, and a dense grid is carried out for the
junction of concrete and steel beams to ensure the accuracy of the calculation results of the
contact positions of different materials. In particular, for the section of type II, heat transfer
elements are also established for the air-filled (gray grid) parts to accurately consider the
heat transfer in the box cavity, as shown in Figures 5b and 6b.

2D heat transfer FEM models including pavement layer were established for the above
Types I and II steel-concrete composite structures. A total of 9499 nodes and 8517 DC2D4 el-
ements were in the Type I model and 43,542 nodes, 39,882 DC2D4 elements, and 13 DC2D3
elements were in the Type Il model. The global seed size of the two models is approximately
20 mm, and a dense grid is carried out for the junction of concrete and steel beams to ensure
the accuracy of the calculation results of the contact positions of different materials. In
particular, for the section of type II, heat transfer elements are also established for the air
filled in it to accurately consider the heat transfer in the box cavity. Figures 5b and 6b show
the local detailed grid of the two models (the gray part in Figure 5b is the grid for air). In the
FE simulation of the box girder temperature field, the influence of air in the box chamber on
the structure temperature field was usually ignored. To calculate the temperature field more
accurately, the air in the closed chamber was approximately simulated by two-dimensional
heat transfer elements [29]. The air elements and the steel elements were connected by the
nodal coupling method, so that the heat conduction between the air and the steel, and the
radiation heat transfer between the closed chamber formed by the steel were considered
simultaneously.

4.2.2. Thermophysical Properties of Materials

Based on the actual test of material properties and the literature [30-33], Table 1
shows the material thermophysical parameters. Considering that air density is affected by
temperature, humidity, and air pressure, the density of dry air at different temperatures
under standard atmospheric pressure is selected to be input into the FEM models [34].
Additionally, the air density is designated as a function of temperature, which is calculated
automatically by the program (Table 2).

Table 1. Thermophysical parameters of main materials.

Thermal
i m-3 ifi ke—1l.cC-1
Model Type Material p/kg-m Conductivity/W-m~1.K-1 Specific Heat/] - kg—1.°C
Concrete 2549 1.70 920
I Asphalt concrete 2100 1.05 1168
Steel 7850 53.2 460
Concrete 2549 1.70 960
I Asphalt concrete 2360 1.05 1198
Steel 7850 53.2 480
Air See Table 2 0.023 1081
Table 2. Dry air density at standard atmospheric pressure.
t/°C 0 10 20 30 40 50 60 70 80
p/kg:m=3 1.2928 1.2471 1.2046 1.1649 1.1277 1.0926 1.060 1.0291 1.000

4.2.3. Boundary Conditions and Initial Temperature Field

For large bridge structures, it is difficult to accurately test the temperature on each boundary.
Therefore, the second type of boundary condition was adopted in this paper, and it requires the
known heat flux on the boundary which can be calculated by Equations (7)—(9).
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q(t) is used to represent the heat flux of the known object boundary, namely, the second
boundary condition:
oT
kool = a(t) = qe(t) +qr(f) +q5(t) ©)
Mir
where 1 represents the outer normal direction of boundary T, g.(t) represents the heat flux
of convective heat transfer between object boundary and surrounding fluid, g,(t) represents
the heat flux of thermal radiation heat transfer, and gs(¢) represents the heat flux of solar
radiation heat transfer.

The calculation formulas of g.(t), g-(t), and gs(t) are as follows:

qe(t) = h[Ta(t) — T] @)
3:(t) = <Co{ [To + Ta(H)]* — [To + TI*} ®)
35(t) = As(Ipg + lap + Lyp ) 9)

where T,(t) represents the ambient temperature and is a function of time ¢ [35]. According
to the extreme value of daily temperature, the sine function is used to simulate the daily
temperature process [36]. h represents the surface heat transfer coefficient, which is related
to structure orientation and wind speed. Based on the literature and correction with
experimental results [37], Table 3 shows the convective heat transfer coefficient of the
structural surface (1)—(9) shown in Figures 5 and 6. ¢ is the material emissivity, Cy is
Stefen—Boltzman constant, and Ty = 273.15, whose purpose is to convert °C into K. As is
the short-wave radiation absorption rate of the structure surface. We refer to other scholars’
studies for specific parameter calculations [38], which will not be described here.

Table 3. Calculation parameters of boundary conditions.

Model
Parameters
I II
Asphalt Concrete top 1433 1411
surface (1)
Concrete lower 983 1051
surface (3)
Concrete vertical
h/m-s1 surface (2)(4) 11.33 11.54
Steel beam lower
surface (6)(8) 11.05 12.85
Steel beam vertical
surface (3)(7)(9) 13.29 13.17
Asphalt Concrete 0.95 0.95
€ Concrete 0.9 0.9
Steel 0.6 0.6
Co/W-m~2.K* 5.67 x 1078
Asphalt Concrete 0.90 0.90
As Concrete 0.70 0.75
Steel 0.60 0.75

Table 3 and Figure 9 present the calculation results of the above boundary parameters
and heat flux of some surfaces.
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Figure 9. Surface heat flux and ambient temperature (Numbers (D-@®) in the figure represent surface
types, consistent with Figures 5 and 6): (a,b) Type I model; (c,d) Type Il model.

4.2.4. Verification of Calculation Results

The measured data are used to verify the annual period hourly temperature field FEM
calculation results of the two models. For all the sensors deployed in the two types of cases
(the specific positions are shown in Figures 5 and 6), there is a large amount of test data for
a long time which is difficult to reflect in the manuscript. Therefore, only the measured
data of some measuring points are given in this paper to illustrate the correctness of the
FEM results; the figures below only show the comparison between the measured and FEM
values in typical low-temperature and typical high-temperature periods. Figure 10 shows
that in the two kinds of model of FEM calculation results, the estimated temperatures tally
with the measured temperatures, and the temperature variation of each measuring point in
the FEM calculation is consistent with the actual test results. Therefore, the following VTG
and TTG curves can be accurately extracted by the established FE models of the two types
of steel-concrete composite beams.

4.3. Feature Extraction of TG Curve
43.1. VIG

The arrangement of VTG measuring points in the structure should cover most extreme
cases. Meanwhile, the location of measuring points should be as close as possible to the
feature points of the actual VTG curve at different times to reduce the deviation of the
measured results. Therefore, the feature points of the VTG curves in different vertical paths
of the two types of models are extracted by considering the characteristics of the most
adverse VTG and the VTG distribution at different moments in the annual period hourly
temperature FEM calculation, respectively. Considering that the two types of steel-concrete
composite beams are located in China, the most adverse VTG is stipulated in the Chinese
code as shown in Figure 11 [39].
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Figure 11. Specific VTG of the Chinese code.

The year 2013 /2020 hourly temperature fields of the two models were calculated (Case
Iis for the whole year 2013, and case Il is for the whole year 2020.), and the temperature
values at the corresponding positions of T7 and T; on the vertical path were extracted; the
temperature bases T1 and T, were obtained after normalization. As seen in Figure 11, the
vertical position of the structure corresponding to the temperature base T7 and T} is fixed.
When T — T is the largest, its vertical gradient is the largest. Figure 11 illustrates the
maximum value of T1 — T per month.

As seen in Figure 12, the maximum value of T1 — T, of the Type I model appeared
on path B1B2, and that of the Type II model appeared on path C'1C’2. Figure 13 shows
the most adverse VTG curve at the time when the maximum value of T1 — T appeared in
the two models. (The maximum value of T; — T in the Type I model appears at 14:00 on
17 May 2013, and that in the Type Il model appears at 16:00 on 26 April 2020).
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Figure 12. Maximum value of T1 — T, per month: (a) Type I, (b) Type II.

By comparing the most adverse VIG curves in Figures 11 and 13, the VTG curve in the
central area of the concrete slab in Figure 13 can be found to have reverse bending, and its
temperature is lower than that of the steel beam. The latter results in a difference from the
three-stage VTG curve given in Figure 11. Therefore, the characteristics of the VTG curve
in the Chinese code are different from the actual most adverse VTG, and the VTG given in
Figure 13 can better reflect the characteristics of the most adverse VTG of the structure.

All feature points (red circular marks in Figure 13) of the most adverse VIG curves
with negative ordinates in Figure 13a,b were recorded. The ordinate of these feature points
means that, on the premise of the same number of temperature measuring points and
feature points, if the temperature measuring points are arranged according to the vertical
position of feature points, the most adverse VIG curve of the structure can be accurately
fitted from the test data of the measuring points.
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Figure 13. Most adverse VTG curves along path B1B2, C'1C'2, and feature points located under the
most adverse VTG: (a) Type I; (b) Type II.

The frequency of the most adverse VTG is very low in the actual SMH data. The SMH
system typically collects the temperature data under the daily temperature cycle in the
entire life cycle of the structure and evaluates the structural safety by integrating other data
such as strain, displacement, and acceleration. If the temperature measurement points are
only arranged according to the feature points of the most adverse VTG curve, the collected
data may omit too many local extreme values of the real VTG distribution of the structure
under the daily temperature cycle. This scenario leads to the deviation of the temperature
effect calculation based on the TG and affects the accuracy of the structure state assessment.
Therefore, statistical analysis of annual period hourly VTG in all vertical paths is needed to
fit the hourly mean VTG curve with the minimum error of temperature distribution at each
moment and to extract its feature points.

Annual period hourly VTG calculation results of all vertical paths of the two types
of models were extracted and written as a matrix group TV = {T},T)'} of nodes on

each path. For the Type I model, a matrix group T/ = {Tﬁﬁm, nggzs 760, Té%g%o}

T174x8784 T176x8784 T176x8784 T174x8784
A'1A’2 7 TB1B2 7 C'1C'2 7 TD'1D2
Type Il model. A curve with 99% transparency was drawn for each column of the matrix
and was superimposed. The mean value of each row of each matrix in the matrix group
(i.e., the mean value of the temperature at the same time every day of each path in a
year) was calculated to generate the hourly mean VTG vector group tV = {t{,t} }. For

the Type I model, a vector group t/ = {t‘flﬁlz, Ay tgolxcé} exists and a vector group

exists and a matrix group T, = { } exists for the

t¥ = {t%‘ij‘}z, tg%é, tgg’é,lz, fgﬁﬁz} exists for the Type Il model. Figure 14 provides the

above data.
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Figure 14. Annual period hourly VTG and hourly mean VTG: (a—c) Type I; (d-g) Type II.
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In Figure 14, each hourly VTG curve is highly transparent. After they are superim-
posed in the same coordinate system, the darker the color is, the more times the same
or similar temperature occurs at this position, which reflects the frequency difference of
annual period hourly VIG. Considering that the hourly VTG curve’s color (gray curves)
at the junction of the steel girder and the concrete plate is darker, the hourly mean VIG
curve (red curves) has a large gradient in the concrete area and a small gradient in the
steel beam area. It means that the actual temperature measuring points can be arranged in
steel beams with fewer measuring points, whereas concrete parts require extra measuring
points to obtain a more accurate temperature distribution. All feature points of the hourly
mean VTG curves with negative ordinates in Figure 13 (red circular mark) were recorded.
The coordinates of these feature points mean that, on the premise of the same number of
temperature measuring points and feature points, if the temperature measuring points
are arranged according to the vertical position of feature points, the deviation between
the measured VTG and the real VTG curves at each time in the annual cycle would be
the smallest.

432. TTIG

As for the arrangement of structure transverse temperature measurement points,
considering that the TTG is largely affected by the bridge direction and shelter, among
others, the most adverse TTG is thus not considered here except for the annual period hourly
mean TTG curves under the transverse path to extract feature points. (Figures 5b and 6b
present the paths, wherein the transverse path O102 of Type I model contains 601 nodes,
and the transverse path 0’10’2 of Type Il model contains 1997 nodes. The paths can contain
additional nodes if a smaller grid size is adopted).

In the same way, as in Section 4.3.1, annual period hourly TTG calculation results of all
transverse paths of the two types of models were extracted and written as a matrix group

TT = {TF, T}} of nodes on each path. For the Type I model, a matrix T] = TENLX8760 exists

0102
and a matrix T] = T(1)9%728784 exists for the Type Il model. A curve with 99% transparency

was drawn for each column of the matrix and was superimposed. The mean value of each
column of each matrix in the matrix group (i.e., the mean value of the temperature at the
same time every day of each path in a year) was calculated to generate the hourly mean
TTG vector group T = {t],t1'}. For the Type I model, a vector t| = t801<1 existed, and a

0’102
vector t] = tg?g,zl for the Type Il model. Figure 15 provides the above data.

Annual period hourly TTG

50 _O_. Hourly mean TTG

30

Temperature/°C

T e O T O

20 1

Transverse distance from the left web/cm

200

460 660 8(|)0 10|00 12|00 0 1000 2000 3000 4000
Transverse distance from the left web/cm

(a) (b)

Figure 15. Annual period hourly TTG and hourly mean TTG: (a) Type I; (b) Type 1L

Similar to Figure 14, Figure 15 also reflects the frequency difference of the annual
period hourly TTG. Combined with annual period hourly TTG curves (gray curves) and
hourly mean TTG curves (red curve), the gradient of the two types of models near the
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left and right sides of the transverse path is easily seen as large. Therefore, in the arrange-
ment of measuring points, additional measuring points should be used for the part with
a larger gradient, whereas fewer measuring points should be used for the part with a
smaller gradient.

All feature points of the hourly mean TTG curves in Figure 15 (red circular marks)
were recorded.

4.4. Generation of TG Curve Thinning and Measurement Point Layout Optimization Scheme
Based on TLS-IPDP

In Section 4.3, the feature points of VTG and TTG curves were extracted according to
the FE calculation results. However, in practice, temperature measuring points could not
be arranged so densely on corresponding paths. Therefore, the TLS-IPDP algorithm was
used to thin the above curves and retain key feature points to obtain a practical measuring
point optimal arrangement scheme.

The actual temperature measuring points are assumed to be arranged under the
following restrictions: (1) temperature measuring points should be arranged at the interface
of steel and concrete materials. (2) No more than 5 concrete temperature measurement
points and no more than 10 steel temperature measurement points are in a single vertical
path. No more than 25 temperature measurement points exist in a single transverse path.
Additional measuring points should be arranged in areas with large temperature gradients
on the left and right sides.

The number of retained feature points after thinning is the number of temperature
measuring points to be arranged, and the coordinates of retained feature points after
the optimization are the layout positions of temperature measuring points as shown in
Figure 16. Table 4 shows the statistical results of the number of measuring points to be
arranged for steel and concrete. Combined with Figure 16 and Table 4, the TLS-IPDP
algorithm proposed in this paper effectively achieves curve optimization under restricted
conditions by manually specifying splitting points and automatically updating thresholds
and the total number of target feature points. Compared with the redundant data in the
original curve, the TLS-IPDP algorithm largely simplifies the curve. For the vertical path,
the number of feature points thinned from a single VTG curve is at most 10, and the number
of feature points thinned from a single TTG curve is at most 25 for the transverse path.
For paths 0102, C'1C'2, and O'10/2, multiple peaks and troughs occur because a steel-
concrete interface (Area 1, Area 3) or stiffening rib (Area 2) exists along the path direction,
and the TG caused by this feature is not large compared with the whole. If these three
parts are ignored, the number of temperature measuring points can be further reduced.
In addition, compared with the defect of the traditional arrangement of temperature
measuring points that ignores the difference of TG in different paths and adopts the
same equidistance arrangement for different paths, the TLS-IPDP algorithm considers
the difference of TG mode in different paths and generates different variable-distance
arrangements for measuring points in different paths, which make the fitting curve of the
measured results closer to the actual TG.

Figure 16 shows the arrangement of measuring points for each path according to the
thinning results (black circular marks). The thinning results of the B1B2 and C'1C’2 paths
consider the synthesis of hourly mean VTG and the most adverse VTG curves. Meanwhile,
considering that the actual structure could not accommodate temperature measuring points
on the concrete surface, the points on the concrete surface in the thinning result were all
offset to 20 mm along the internal direction, so that the measuring point arrangement in
Figure 17 could be used for the actual temperature measuring point arrangement.
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Figure 16. Curve thinning results by TLS-IPDP for each path: (a) Path A1A2 (Annual period); (b) Path
B1B2 (Annual period); (c) Path B1B2 (Most adverse); (d) Path C1C2 (Annual period); (e) Path 0102
(Annual period); (f) Path A’1A’2 (Annual period); (g) Path B'1B’2 (Annual period); (h) Path C'1C’2
(Annual period); (i) Path C'1C'2 (Most adverse); (j) Path D'1D’'2 (Annual period); (k) Path O’'10/2
(Annual period).

Table 4. Statistical results of the number of measuring points.

Parts of Number of Measuring Points
the Type I Model Type II Model
Structure ITA! R/ 11! "D/ 10’
A1A2 B1B2 c1C2 0102 A'1A"2 B'1B'2 c'1C’2 D'1D2 0’102
9+15 16 +9
Concrete 2 4 2 (Area 1) 4 2 5 4 (Area 3)
3+7
Steel 4 6 3 / 3 2 (Area 2) 3 /

Total 6 10 5 24 7 4 15 7 25
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Figure 17. Measuring point arrangement of each path (Unit: mm): (a) Type I; (b) Type 1.
4.5. Comparison with Traditional Measuring Point Arrangement Scheme
To compare the measurement data difference between the temperature measuring
point arrangement by TLS-IPDP and the traditional equal-distance arrangement, the tem-
perature values of black point series and red point series of each path in typical periods
of high and low temperatures were extracted. Table 5 Tp,i, and Tmax, respectively, rep-
resent the lowest and highest ambient temperatures of the day. Their fitted curves were
compared with the real VTG and real TTG curves. Figure 18 shows the results. (Owing to
space limitations, only the comparison results of paths B1B2, 0102, C'1C'2, and 0’10’2
are given).
Table 5. Typical periods of high and low temperatures.
Temperature
Model Type
Low High
I 16 January (Tpin = —0.8 °C, Tmax = 7.3 °C) 26 July (Tpin = 263 °C, Trmax = 34.2 °C)
1I 27 December (Tin = 1.0 °C, Tiax = 11.0 °C) 10 July (Tmin = 26.3 °C, Tmax = 36.1 °C)
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Figure 18. Comparison of fitting TG curve of schemes 1 and 2 and real TG curves in typical periods
of high and low temperatures: (a) 16 January, path O102; (b) 26 July, path O102; (c) 16 January, path
B1B2; (d) 26 July, path B1B2; (e) 27 December, path O'10’2; (f) 10 July, path O'10'2; (g) 27 December,

path C'1C’2; (h) 10 July, path C'1C’2.
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As seen from the figure, the TG curves obtained by the TLS-IPDP measuring point
arrangement in this paper are significantly better than those obtained by traditional equidis-
tance measuring point arrangements, and significant differences exist between them in the
region with a large gradient (the part circled in Figure 17). The local temperature extremum
is often not collected in the traditional equidistance measuring point arrangement, which
leads to a great difference between the fitted TG curves and the real TG curves. In the
TLS-IPDP method, the measurement points were more accurately set at the feature points
of the real TG curve, and the local extreme values were captured so that the fitting curves
given by the TLS-IPDP measuring point arrangement were closer to the real TG curves,
and their trend was more consistent with the real curve.

5. Conclusions

To overcome the defects of the traditional temperature measuring point arrangement
and generate a reasonable arrangement of temperature measuring points of steel-concrete
composite beams based on theoretical support, this paper extracted the most adverse
VTG curves and the hourly mean VTG and TTG curves by the results of heat transfer
FEM verified by field tests. It then provides the arrangement scheme of temperature
measurement points by the TLS-IPDP algorithm. The results show that:

(1) By improving the DP algorithm, the TLS-IPDP algorithm introduces the total least
squares to enable a better approximation of the original data. Additionally, it has the
function of artificially specifying the feature points to be retained and can automati-
cally search the threshold according to the number of specified retained feature points.

(2) The calculated results of FEM based on heat transfer theory are quite consistent with
the measured results. In addition, a more accurate structure TG distribution can
be obtained through FEM calculation, which overcomes the defects of real bridge
measurement methods such as long periods, high cost, sparse measurement points,
and inability to increase internal measurement points.

(3) The TLS-IPDP algorithm proposed in this paper effectively realizes the thinning of
original feature point columns under restricted conditions by manually specifying
split points and automatically updating threshold values. The algorithm greatly
simplifies the curve and compresses the redundant data. The maximum number of
feature points after refining a single temperature curve for the vertical path is 10, and
the maximum number of feature points after refining a single temperature curve for
the horizontal path is 25. The effective optimization is achieved under the limitation
of the number and accuracy of measuring points.

(4) Using the TLS-IPDP algorithm combined with the results of FEM can generate a
more reasonable temperature measuring point arrangement. Compared with the
traditional equidistance temperature measuring point arrangement, the method in
this paper considers the differences of TG modes under different paths and realizes
the reasonable variable distance temperature measurement point arrangement of steel-
concrete composite beams. The obtained TG curve is closer to the real TG distribution
of the structure, and the error is smaller in the region with a larger gradient.
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