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Abstract: This paper forms a set of three-dimensional temperature field simulation methods consider-
ing the influence of sunshine shadow based on the DFLUX subroutine and FILM subroutine interface
provided by the Abaqus platform to simulate the three-dimensional temperature field of concrete
bridge towers and study its distribution law. The results show that the method has high accuracy
for shadow recognition and temperature field calculation. The maximum difference between the
shadow recognition results and the theoretical calculation value was only 19.1 mm, and the maxi-
mum difference between the simulated temperature and the measured temperature was 3.3 °C. The
results of analyzing the temperature field of the concrete bridge tower using this algorithm show
that the temperature difference between the opposite external surface of the tower column can reach
11.6 °C, which is significantly greater than the recommended temperature difference value of 5 °C
in the specifications. For the concrete bridge tower, in the thickness direction of the tower wall, the
temperature change was obvious only at a range of 0.3 m from the external surface of the tower wall,
and the temperature change in the remaining range was small. In addition, the temperature gradient
distribution of the sunshine temperature field in the direction of wall thickness conformed to the
exponential function T(x) = Toe™** + C. Additionally, the data fitting results indicate that using the
temperature data at a distance of 0.8 m from the external surface as the calculation parameter in the
function can achieve the ideal fitting result.

Keywords: bridge engineering; three-dimensional temperature field; numerical simulation; concrete
bridge tower; sunshine shadow recognition; ray tracing

1. Introduction

Cable-supported bridges (cable-stayed bridges, suspension bridges, and cable-stayed
suspension bridges) with large span characteristics have become the preferred structural
form to meet the growing demand for transportation and specific purposes. The height of
the tower structure, as an important component of a bridge, also needs to increase with the
continuous increase in the span of such bridges. Since the bridge tower structure is always
exposed to the atmospheric environment, temperature differences will occur between the
surfaces of the bridge tower under the influence of external environmental conditions
(solar radiation, atmospheric temperature, wind, and other factors), including the overall
temperature difference between the external surfaces and the local temperature difference
between the internal and external surfaces in the direction of the tower wall thickness,
thus forming an uneven temperature field inside the structure. The temperature difference
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on the external surface of the bridge tower is caused by the shadow occlusion between
different surfaces under solar irradiation, and the temperature difference will cause the
bridge tower to deviate. The direction and size of the deviation of the bridge tower will
change with the direction of solar light irradiation, which will undoubtedly increase the
difficulty of monitoring the alignment of the bridge tower during the construction stage.
The local temperature difference in the thickness direction of the tower wall is due to the
large change in temperature of the external surface of the bridge tower with the change
in atmospheric ambient temperature and the influence of solar radiation. The air in the
inner cavity of the bridge tower is not flowing and the thermal conductivity of the concrete
is poor, which leads to a change in the temperature of the internal surface of the bridge
tower that is far less than the change in the external surface temperature. The actual
monitoring data of the temperature field of the bridge tower show that the temperature
difference formed in the thickness direction of the tower wall is often greater than 10 °C,
and the temperature stress generated can reach the level of the live load [1-5]. The General
Specifications for Design of Highway Bridges and Culverts (JTG D60-2015) [6] does not give
a detailed description of the calculation of the temperature field of the bridge tower, while
the Specifications for Design of Highway Cable-Stayed Bridges (JTG/T 3365-01-2020) [7]
only suggests that the linear temperature difference between the opposite external surface
of the bridge tower can be taken as £5 °C, but its applicability remains to be discussed. The
European standard [8] suggests that the temperature difference between the opposite outer
surfaces is recommended to be considered by £5 °C in the absence of detailed information,
and the temperature difference between the inner and outer surfaces of the tower wall is
recommended to be considered at 15 °C, but the temperature gradient distribution mode is
not described in detail. The temperature gradient distribution of the bridge tower is mostly
considered according to the gradient mode of other similar projects, which may be quite
different from the actual structure. Therefore, the accurate calculation of the temperature
field of the bridge tower structure under the action of sunlight and the exploration of its
temperature field distribution law on this basis are of great significance for the reasonable
design of bridge tower structures and the assurance of the construction quality.

The temperature difference in the height direction of the bridge tower structure is
often ignored, and a two-dimensional analysis method is used to calculate the temperature
field to simplify the calculation in engineering. However, this method cannot accurately
consider the impact of shadow shading, and the calculated results obviously cannot reflect
the real structural deformation. In view of this, domestic and foreign scholars have carried
out relatively extensive research on a three-dimensional temperature field calculation of the
bridge tower structure, using two main research methods: an actual data analysis method
based on the actual project or test model and a simulation analysis method based on the
finite element theory.

Ren et al. [9,10] analyzed the change of the temperature difference along the height
and thickness of the tower wall with time in different seasons and obtained the most
unfavorable distribution of the positive and negative temperature difference based on the
monitoring temperature data of the concrete tower of a suspension bridge, but did not give
the change rule of the temperature field in different directions. Yang et al. [11] analyzed
the temperature field of the bridge tower of the Anqing Yangtze River Bridge based on
the monitoring data. The results show that the temperature of the shaded part is much
lower than that of other parts, and the temperature of the external surface and the ambient
temperature have the same trend. Additionally, the difference between the temperature of
the structure and the air can be well-fitted. Zhang et al. [12] studied the temperature field of
a concrete bridge tower through the monitoring data. The results show that the maximum
temperature difference and the most unfavorable temperature effect on the bridge tower
appear in winter. Zhou et al. [13] collected the temperature monitoring data of a bridge in
one year based on the health monitoring system of a bridge, analyzed the distribution law
of the sunshine temperature field of the bridge, and put forward a calculation mode of the
vertical temperature gradient and temperature difference of the bridge tower.
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The above method of bridge structure temperature field analysis based on the moni-
toring data of an actual engineering or test model can collect the real temperature data at
the measuring point, but due to the limitations of the measuring point and the monitoring
conditions, the data results are often unable to fully reflect the specific situation of the
structure’s temperature field, and the error is large. Additionally, the temperature field
data monitoring process generally lasts for a long time, and the efficiency is low. However,
the numerical simulation method has been favored by many researchers and engineers
and has become one of the mainstream methods for the calculation and research of the
temperature field of bridge structures at this stage because it is not limited by the above
conditions and can realize the rapid calculation of the temperature field.

The research on the boundary conditions of the temperature field of the bridge struc-
ture is relatively mature in the simulation analysis of the temperature field of the bridge
structure. Therefore, the most critical problem is to consider the influence of real-time
sunshine and shadow on the calculation results of the temperature field of the structure in
the process of accurately simulating the three-dimensional temperature field of the bridge
structure. However, the sunshine shadow occlusion of the structure is in the process of
dynamic change with the change of the solar orientation in a day. How to accurately and
quickly recognize the dynamic shadow occlusion area of the structure and apply reasonable
solar radiation boundary conditions to the shadow occlusion area has become the premise
for realizing the accurate simulation of the three-dimensional temperature field. In response
to this problem, many scholars have carried out corresponding research. Early scholars
carried out shadow shading research on relatively simple box girder structures. Imbsen and
Zhang et al. [14,15] calculated the illumination angle of solar light at a specific time using
astronomical knowledge and used the plane geometric relationship between the box girder
structure and the solar irradiation light to determine the calculation formula for the shadow
shielding height of the box girder web, but this method is difficult to use to determine the
plane geometric relationship between the structure and the sunlight, and the calculation
workload is large when it is used for complex structures such as bridge towers and trusses.
Subsequent scholars used ray tracing in computer graphics theory to research the dynamic
recognition algorithm of sunshine shadows. The core technology of the sunshine-shadow
recognition algorithm is to determine the intersection between sunshine light and structural
surface mesh. In the algorithm solution, it is often realized by a cross multiplication or
triangle barycenter coordinate operation [16]. If the shadow is identified directly through a
large number of cross-multiplication operations, the calculation process is accompanied by
a large number of invalid operations, the calculation efficiency is low, and the computer’s
computing power has higher requirements. When the method of shadow recognition by
triangular barycentric coordinate calculation is used for models with a large number of
grids, the calculation time is long, which greatly wastes computing resources. How to
improve and optimize the shadow recognition algorithm to improve the calculation speed
is an urgent problem for the accurate calculation of the three-dimensional temperature
field of complex bridge structures. Gu and Wang et al. [17,18] effectively improved the
computing efficiency of the sunshine shadow algorithm by introducing spatial subdivision
technology and a grid acceleration structure, respectively. However, the number of meshes
in the calculation model has also increased accordingly with the continuous increase in
the span of modern bridges, further improving the efficiency of the shadow recognition
algorithm, which is of great significance for the calculation of a three-dimensional sunshine
temperature field, considering the influence of sunshine shadow.

This paper used the Python programming language to write a script to extract the mesh
information of the structural surface based on the previous research, which greatly reduced
the workload of the computer in shadow recognition. At the same time, the traditional
sunshine-shadow recognition algorithm was improved and optimized by combining the
cross-product judgment method and the triangle barycentric coordinate method in ray
tracing, and the efficiency of the algorithm for sunshine-shadow discrimination was further
improved. Finally, a set of accurate and efficient three-dimensional temperature field
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simulation methods was developed. The distribution characteristics of the temperature
field were analyzed based on the accurate simulation of the three-dimensional temperature
field of the concrete bridge tower in this paper, which provided a reference for the design
and construction of the concrete bridge tower.

2. Heat Transfer Boundary Condition

The heat transfer of objects meets the law of conservation of energy and Fourier
law [19]. The differential equation of heat transfer without an internal heat source is as

follows [17]:
oT 0 oT 0 oT 0 oT
Pear = ax(kxax> +ay("yay) *az<kzaz) @

where p is the density of the material, kg/m?; c is the specific heat capacity of the ma-
terial, J/ (kg-°C); and ky, ky, and k, are the thermal conductivity of the structure in x, y,
and z directions, W/ (m-°C).

The heat exchange between the bridge structure and the external environment under
the action of sunlight mainly includes three parts: direct solar radiation, convective heat
transfer, and radiation heat transfer, as shown in Figure 1.

pq = qs +qc+qr ()

where g is the heat flux density for comprehensive heat transfer on the structural surface,
W/m?; gs is the solar radiation heat flux density absorbed by the structural surface, W/ mZ;
qc is the heat flux density for convective heat transfer between the structural surface and
the external environment, W/m?2; and gr is the heat flux density for radiation heat transfer
between the structural surface and the external environment, W /m?.

. Sun
Sky scattering Cloud reflection
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Radiation heat
transfer h,,. . K

Direct solar NN
radiation I, AN

Radiation heat

transfer h,,,.

| Internal space [l

Imemal \heat transfer
environment || |
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<« transfer h,
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transfer I —\—>

Ground level

Figure 1. Schematic diagram of heat exchange between structural surfaces and the environment.
Note: In the figure, I is the heat flow density and / is the heat transfer coefficient.

2.1. Solar Radiation Effect
The heat flux g5 of the total solar radiation on the surface of the structure is

gs = alsor 3)

where [sop is the total intensity of solar radiation on the structure surface, W/ m?; and « is
the short-wave radiation absorption coefficient of the concrete surface, which is generally
0.5~0.7 [20].
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2.1.1. Calculation of Sun Position Parameters

The position parameters of the sun relative to the earth, such as the declination angle J,
elevation angle a;, and azimuth angle -, can be calculated using the law of solar operation
in astronomical knowledge [21].

5 = 23.45°sin [3366050 (284 + N)} )
sin(as) = cos(p)cos(d)cos(T) + sin(¢)sin(d) (5)

(e

In the above formula, N is the annual accumulated day, that is, the total number of
days from January 1 to the current date; «; is the solar elevation angle, which is 0° at sunrise
and sunset. ¢ is the geographical latitude, which is positive in the Northern Hemisphere
and negative in the Southern Hemisphere, and the value range is —90° ~ 90°; T is the
solar hour angle, and the solar hour angle at noon is exactly 0°, T = (+ — 12) x 15°, where t
is the true solar hour; the v, is positive to the west and negative to the east, and the value
range is —180° ~ 180°; the sign is a symbol function.

The relative position relationship between the surface of the structure and the sun is
shown in Figure 2. The angle between the sunlight and the exterior normal n of the surface,
that is, the incident angle i, is calculated by the following formula:

(6)

s = sign(T) | cos

cosf = sinascospP + cosassinBcos(ys — ) (7)

where f is the inclination angle of the structural surface relative to the horizontal plane,
the value range is 0° ~ 180°, and when it is greater than 90°, the surface is downward; v
is the angle between the exterior normal 7 of the surface and the positive south direction.
The direction is positive to the west and negative to the east, and the value range is
—180° ~ 180°.

Sun

Ground level

Figure 2. The relative position relationship between the sun and the inclined plane.

2.1.2. Calculation of Solar Radiation Intensity

The Bouguer Formula (8) is commonly used in engineering calculations to calculate
the direct solar radiation intensity Ipg (W / mz) that can reach the horizontal plane [22].

Ipg = IpP™ 8)

P = 0.9%ke ©9)
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where Iy is the solar constant, 1367 W/m? [23]; m is the optical atmospheric mass,
m = 1/sin(as); P is the composite atmospheric transparency coefficient [24]; t, is the
Linke turbidity factor, reflecting the degree of extinction caused by aerosol scattering in
the lead column of the cloudless atmosphere, and the larger the aerosol content in the lead
column, the greater the atmospheric turbidity, which is related to time and geographical
location; k, is the relative atmospheric pressure at different altitudes, which changes with
altitude [20].

The solar scattering radiation intensity Ico (W/ m?) on the bridge’s horizontal surface
can be calculated using the following formula [25]:

1-p™

ICO = 0.5m51ﬂ(“5> (10)

The horizontal surface reflected radiation intensity Iz (W/ m?) is calculated as fol-

lows [26,27]:
Iro = Re[Ipsin(as) + Ic] (11)

where R, is the surface or water surface shortwave emissivity, generally 0.2 [22].

2.1.3. Calculation of Radiation Amount of Arbitrary Surface

The direct solar radiation intensity Ip, the sky diffused radiation intensity I¢, and the
ground reflected radiation intensity Ir of the structural surface with an inclination angle of
B relative to the horizontal plane are:

Ip = Ipgcos(6) (12)
Ie = 1o TP (13)
Iy = I — P (1)

According to the shadow occlusion relationship of the structural surface shown in
Figure 3, the total amount of solar radiation Isor received by any surface is:

I - Shadow area * 1 Sunlight area North
* - | @ >0 - * West East
\ sinag; > 0 /
|
a; >0 ‘ | >0 South
sinas >0 | | sinag > 0
{1l
A
as < 0’ i :3. \ _. { \ 3
sinag <0 I \\ \ s <0
/ ( ‘ / ol ~ sinag < 0
Evening Afternoon Noon Forenoon Before dawn

Figure 3. Relationship between structural surface shadow occlusion and solar radiation.

Ip+Ic+1 Sunlight area
SOR = { preTR & (15)

Ic+ IR Shadow area
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2.2. Convective Heat Transfer

The heat flux g, (W /m?) generated by the convective heat transfer between the surface
and the atmospheric environment can be calculated by the Newtonian cooling law [28].

Ge = he(Ta = T) (16)

where T, and T are the ambient temperature and the structural surface temperature,
respectively, °C; I is the convective heat transfer coefficient, W/ (mZ-OC).

The convective heat transfer coefficient /. is related to the shape of the structural
surface, wind speed v, ambient temperature, and other factors [20]. In the calculation of the
temperature field of the bridge structure, the convective heat transfer coefficient is usually
calculated by Formula (17) [24,29]:

he = 2.5(\4/]",1 —T+ 1.540) (17)

h cu
0 = 0190- E (18)

where } is the height from the calculated position to the ground or horizontal plane, n; v1g
is the wind speed at a height of 10 m from the ground, m/s; cu is the roughness coefficient
(wind profile coefficient) [30]; and v is the wind speed at height i, m/s.

2.2.1. Internal Space Heat Transfer of Structure

The internal surface, which is different from the external surface of the structure, is not
affected by solar radiation. The convective heat transfer and radiative heat transfer between
the internal surface of the structure and the air in the internal space of the structure can be
characterized by the heat transfer coefficient /1, [20]:

hy = huc + hny (19)

2
Hr = £Co (546.3 T Tsmf) [(Tm-, +273.15)2 + (Tswf + 273.15) ] (20)

In the formula, h,, is the natural convection heat transfer coefficient, which is taken
as 3.5 W/(m?-°C) [31]; hy, is the radiative heat transfer coefficient, W/ (m?-°C); ¢ is
the radiance; T,; and Ty, ¢ are the temperature of the air in the internal space and the
temperature of the internal surface of the structure, respectively.

2.2.2. Daily Temperature Model

It is reasonable to assume that the atmospheric temperature of the whole day changes
according to the sine function in the numerical simulation of the sunshine temperature field
of the bridge structure. The piecewise sine function model shown in Figure 4 is used in
this study to simulate the change in temperature in a day. The specific calculation formula
is [32,33]:

Ty = 05| Toym + ATsin ”“;43”) 0<t<6
Ty = 0.5{ Tum + ATsin ( 2102 } 6<t<15 1)
Ty = 0.5| Ty + ATsin ("5 ) | 15<t<24

where t is the moment, hour; Tsum = Tuax + Tins AT = Timax — Timin; Tmax is the daily
maximum temperature, taking the temperature at 3:00 pm, °C; T,,;, is the daily minimum
temperature, taking the temperature at 6:00 a.m., °C.
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Figure 4. Daily temperature model.
The air temperature in the closed box of a concrete bridge structure can be calcu-

lated using the empirical Formula (22) recommended in Reference [20] in the absence of
measured data.

T(t—t
Tair(t) = T[iv =+ T;mCOS ((125)) (22)
Tév = O'S(Tmin + Tmax) 4+ 0.13Q (23)
Tt;m = 0~5(Tmin + Tmax) +0.07Q (24)

where T, (t) is the indoor air temperature, °C; £ is the time of sunset, hour; the meanings
of Tyuax and T, are the same as above; T, is the daily average temperature in the box;
T}, is the diurnal variation amplitude of temperature in the box; and Q is the total solar
radiation absorbed by the horizontal surface of the structure (MJ/m?), which is zero before
sunrise and after sunset.
Because the solar elevation angle is zero at sunrise and sunset, the sunrise and sunset
times f. and f; can be calculated using Formula (25) [20]):
{ fe=12— 1115cosj(—tan Stan ¢) (25)
ts =12+ g5 cos ~(—tandtan¢)

where ¢ is the solar declination and ¢ is the geographical latitude.

2.3. Radiation Heat Transfer

There is always radiation heat transfer between the bridge surface and the atmosphere,
which not only absorbs radiation from the atmosphere and surface but also releases radia-
tion into the surrounding environment. In this paper, the radiation heat transfer between
the structural surface and the external environment is calculated by Formula (26) [20,34].

qr = hr(Ta - T) —drn (26)

hy = Coe [(T +273.15)2 + (T, + 273.15)2] (T + T, +546.3) (27)
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1+ cos(B)
2

where /i, is the radiative heat transfer coefficient, W/ (m2-°C); Cy is the Stefan-Boltzmann

G = (1—¢,) £Co(T, +273.15)* (28)

constant, taking 5.67 x 108 W/ (m2~K4); g4 is the atmospheric radiation coefficient, and

its value range is 0.74 ~ 0.95, generally taken as 0.82; ¢ is the radiation emissivity of the
structure, generally 0.85 ~ 0.95; and g,,, is the heat flux density of the inclined plane caused
by the sky radiation effect, W/m?.

3. Research on Sunshine Shadow Occlusion Algorithm
3.1. Three-Dimensional Light Occlusion Theory

Shadow occlusion caused by sunlight can be divided into the following four types
based on the existing research: no occlusion, self-occlusion, mutual occlusion, and perma-
nent occlusion [35], as shown in Figure 5.

[ ]

¥ B Shadow area

R ' - [ Sunlightarea

Self-occlusio_n
statei > 90

Permanent occlusion
status

No occlusion
i>90

" | Mutual occlusion
state

Figure 5. Shadow occlusion classification.

If the incident angle of the sunlight projected onto a certain area of the surface of the
structure is less than 90° and no other surface is projected onto the area, the area is said to
be unshielded at this moment. The surface area in a no occlusion state is not affected by
direct solar radiation.

If the incident angle of the sunlight projected onto a certain area of the structural
surface is greater than 90°, the sunlight cannot illuminate the area due to the occlusion of
the area itself. The area is said to be in a self-occlusion state at this moment. An area in the
self-occlusion state does not apply a direct solar radiation load.

If the incident angle of the sunlight projected onto a certain area of the structural
surface is less than 90° but the area is in the shadow area projected by other surfaces, it is
considered to be in a state of mutual occlusion at this moment and cannot be directly
radiated by the sun. The most commonly used method to determine whether an area is in
a state of mutual occlusion is to determine whether the connection between the node and
the sun in the area has an intersection with other surfaces at this moment. If it exists, it is
determined that the node is in a state of mutual occlusion at this moment.

If the line between the node and the sun on the surface of the structure (generally
refers to the internal surface) passes through other surfaces of the structure at any time, the
surface is in a permanent occlusion state. Surfaces in permanent occlusion are generally not
in direct contact with the external environment, so such surfaces are generally not directly
affected by solar radiation.
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3.2. Sunshine Shadow Recognition Technology Based on Ray Tracing
3.2.1. Sunshine Shadow Recognition Method

The sunshine shadow recognition method based on ray tracing in this paper adopts

the process shown in Figure 6. The specific implementation steps are as follows:

(a)

(b)

(©

(d)

(e)

(®)

( Python script

Surface mesh
information

Because the number of meshes in the structural solid model was generally relatively
large and the calculation workload was relatively large, the Python programming
language was used to write a script tool for Abaqus software Version 6.10. to extract
the surface mesh information (node coordinates, surface element nodes, and normal
vectors) of the calculation model during the research of the sun shadow algorithm, to
avoid a large number of invalid calculations in the calculation process of sunlight and
shadow recognition.

The relative position relationship between the sun and the structure at this time was
determined according to the calculation theory of the position parameters of the sun
described in Section 2.1.1 after the extraction of mesh information from the surface of
the model.

We determined the incident angle of the sunlight projected onto the grid surface of
the node to be detected, which was located through the cross multiplication operation,
and judged the size of the incident angle. When the incident angle was greater than
90°, we directly determined that the node to be detected was in the self-occlusion
state; otherwise, the subsequent judgment continued.

The face mesh of the 3D model was projected into a 2D plane mesh along the direction
of the sunlight rays with the ground as the projection surface, The nodes to be detected
were also projected in the same way.

The inclusion detection of the projection point and the projection mesh were carried
out through a triangular barycentric coordinate method. The node to be detected
was determined to be in a non-occluded state when the projection point was outside
the projection mesh area; otherwise, the subsequent projection depth detection was
carried out.

We calculated the projection depth of each node in the surface mesh used for projection
and the node to be judged. The point to be detected was in a non-occluded state when
the projection depth of the point to be judged was greater than the projection depth of
each node in the surface mesh; otherwise, the point to be detected was in a mutual
occlusion state.

Pre-processing stage e  Shadow discrimination stage

The cross multiplication
operation calculates the
incident angle

Sun Position
Parameters

Surface element o 4 ‘\E)
( |nuden®_

=90°

(Yes)

\ 4

( No occlusion

( Self-occlusion
( No occlusion

A
Outside

(Detect projection | nside Relative position 1 Project meshes F
depth relationship judgment and nodes

Figure 6. Sunshine shadow recognition technology implementation process.
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3.2.2. Node Occlusion Detection

The projection method of the node to be detected and the structural surface grid
are shown in Figure 7. The geodetic plane was used as the projection surface, and the
illumination direction of the sunlight was used as the projection direction.

o

Node to be detected i(/ /

Figure 7. The schematic diagram of the projection mode of the node to be detected and the structural

surface mesh.

Projection point inclusion detection is a key step in the analysis of no occlusion
and mutual occlusion. The primary goal was to determine the relationship between the
projection node and a mesh projection. As shown in Figure 8, the projection node was
outside the projection area of the surface mesh, according to the basic principle of light
propagation along a straight line, which indicated that the surface mesh would not occlude
the node to be detected.

Figure 8. The principle of projection point inclusion detection.

In the process of projection point inclusion detection, if the quadrilateral mesh (A’B'C’D’)
obtained by the projection in Figure 8 is directly used to determine this, the calculation
process is more complicated. Therefore, the quadrilateral surface mesh obtained by pro-
jection was divided into two triangles (A’B'D’ and B'C’'D’) along a diagonal to determine
projection point inclusion, respectively.

For the inclusion detection of projection points in triangular mesh elements, the
triangle barycenter coordinate method (as shown in Figure 9) can be used for determination.
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Figure 9. The triangular barycentric coordinate method.
As shown in Figure 9, any point P in the planecan be expressed as:
P'=D'+u(B —D')+v(C'-D’) (29)

The point inside the triangle B'C’'D’ should meet the conditions in Formula (30);
otherwise, the point is outside the triangle B'C'D’.

u>0
v>0 (30)
u+v<1

If the projection node is within the projection area of the mesh, the occlusion judgment
needs to be made according to the projection depth of the face mesh node and the node to
be detected. The projection depth is the distance between each node and its corresponding
projection point, as shown in Figure 8, which is the length of DD’, BB/, CC’, and PP'.

3.3. Calculation Process of Sunshine Temperature Field

In this paper, the DFLUX subroutine and FILM subroutine provided by the Abaqus
platform are used for the secondary development of the software to realize the calculation of
the three-dimensional sunshine temperature field of the structure. The DFLUX subroutine
can apply the surface heat source controlled by the user-defined heat source equation to the
selected structural surface [36]. In the DFLUX subroutine, the sunshine shadow recognition
algorithm described in Section 3.2.1 was introduced to load the solar radiation heat load
according to the real-time sunshine shadow recognition results. The FILM subroutine
can define the heat transfer coefficient related to the ambient temperature and model
parameters [36]. Therefore, the heat transfer coefficient generated by the convection and
radiation heat transfer between the structural surface and the environment was loaded by
the FILM subroutine, and the specific loading is shown in Figure 10. First, we input the
geographic location information: date, the extreme value of ambient temperature, wind
speed, material emissivity, and other parameters. Secondly, we completed the real-time
sunlight shadow recognition of the structure through the shadow occlusion recognition
algorithm in Section 3.2. Finally, the corresponding boundary conditions were applied
to the surface of the structure through the calculation theory of heat transfer boundary
conditions in Sections 2.1-2.3, and the three-dimensional sunshine temperature field of the
structure was calculated using the finite element method.
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Figure 10. Three-dimensional sunshine temperature field analysis process.

3.4. Sunlight Shadow Display Method

It is necessary to display the shadow occlusion of the structure in order to display and
judge the recognition effect of a real-time shadow. Because of this, the three-dimensional tem-
perature field calculation algorithm considering real-time shadow occlusion in Section 3.3
was improved, and the shadow recognition effect was displayed by combining the cloud
image customization function in the post-processing part of Abaqus. The heat flux density
in the sunshine area was set to 1 W/m?, and the heat flux density in the shadow area was
set to 0 W/m? in the improved calculation algorithm; in the cloud map custom setting
in the post-processing part of Abaqus, the cloud map was divided into two colors: black
and white. White represented the sunshine area with heat flow, and black represented
the shadow occlusion area without heat flow. Then, the real-time shadow occlusion situa-
tion recognized by the algorithm was drawn. The specific operation process is shown in

Figure 11.

Shadow ‘ Finite element model 1 .
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v
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|
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Temperature o Temperature

unchanged area Vv change area
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calculation results
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\ 4

] Real-time sunlight ‘
shadow

Figure 11. Sunshine shadow display operation process.



Appl. Sci. 2023,13, 4769

14 of 28

4. Algorithm Verification

The experimental model in reference [37] was used as a calculation example for
the comparative demonstration to verify the accuracy of sunshine shadow recognition
and temperature field simulation in the three-dimensional sunshine temperature field
calculation algorithm considering sunshine shadow occlusion proposed in this paper.

4.1. Example of Calculation Introduction

The experimental model was a concrete-curve box girder. The total span along the
center line of the bridge is 10 m, the radius of curvature was 12 m, and the corresponding
central angle of the center line of the bridge is 48°. The main girder was a box section with
a single cell, the width of the upper roof is 1.7 m, the width of the lower floor is 0.62 m, the
minimum vertical thickness of the web is 0.1 m, and the height of the box girder is 0.36 m.
The measurement points of the box girder section are arranged as shown in Figure 12. The
test model bridge is located at 118°38’ east longitude and 32°05 north latitude, showing
an east-west trend. The finite element model and meshing are shown in Figure 13. The
thermal parameters of the concrete materials used in the model are shown in Table 1.

ale

o gk 7 "

Outside

d

50

100 240 100 Unit: mm

Figure 12. Section measuring point arrangement and size diagram.

Table 1. Thermal parameters of materials.

Parameter

Density (kg/m?)

Thermal Conductivity = Specific Heat Capacity

(W/m-°C) (/(kg->C)) Radiation Absorption Rate

Value

2400 2.5 900 0.5

DC3D8 solid element

/

North East

We 5% South

Outside

Figure 13. The finite element model and mesh division diagram.
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4.2. Data Analysis
4.2.1. Shadow Occlusion Verification

The shadow shielding relationship between the extended flange and the web of the
box girder is shown in Figure 14. The following formula [38] can be used to calculate the
theoretical value of the shadow shielding height of the box girder web:

tan g

Ls =L
s “tan ascos B + sin fcos(y — s)

(31)

where L; is the height of sunshine shadow occlusion; L, is the width of the box girder
flange; a; is the solar elevation angle; B is the inclination angle of the outer surface of the
box girder web relative to the horizontal plane; 7 is the angle between the normal direction
of the outer surface of the web and the south direction; and s is the solar azimuth angle.

’ Shadow area

Figure 14. The shadow occlusion relationship diagram of the box-girder web.

The sunshine shadow distribution of the sunny side web of the verification example
at 7:00 a.m. on 14 August 2013 was displayed according to the shadow display method
described in Section 3.4, and the shading height of the sunny side web shadow recognized
by the algorithm in this paper was compared with the theoretical value calculated by
Formula (15) to verify the accuracy of the sunshine shadow recognition algorithm proposed
in this paper, as shown in Figure 15. From the diagram, it can be seen that the simulated
value of sunshine shadow length was in good agreement with the theoretical value; the
maximum error between the theoretical calculation value and the simulated value of
sunshine shadow was only 19.1 mm. Therefore, the sunshine shadow recognition algorithm
proposed in this paper can accurately identify the sunshine shadow of the structural surface.

320 | Simulated value of shadow width
O Analytic value of shadow width
240
g Maximum deviation:
= . 19.Imm
=~ '
< '
=160 F —  —= LN
E \\\ /" | Shadow width
g | -
"cgu 80 L Hm Shadow area
% [ Sunlight area
OF b
| | 1 1 1 1 1 1 | | |
| 1 1 1 1 1 | 1 1 1 |
! | 1 1 | | | 1 1 1 |
! | 1 | 1 1 | | | ! !
! ! 1 | 1 1 1 1 1 1 |
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Position number

Figure 15. Comparison of Shadow Occlusion Results.
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4.2.2. Comparative Analysis of Temperature Field Calculation Results

The temperature field simulation value from 0 h on 13 August 2013 to 24 h on
14 August 2013 was compared with the measured value of the temperature field in the cor-
responding period in the reference to verify the accuracy of the three-dimensional sunshine
temperature field algorithm proposed in this paper. At the same time, the temperature
field calculation results of the first three days were imported into the calculation model
as the initial temperature field to eliminate the influence of the initial temperature of the
model on the simulation results. The atmospheric temperature data for the selected date
are shown in Table 2. We selected the measuring points A, B, C, and D of the midspan
section of the experimental model to analyze the temperature field changes of the shading
side web, bottom plate, sunward side web, and top plate, respectively. The measuring
point arrangement is shown in Figure 12.

Table 2. Atmospheric temperature data.

Date Maximum Temperature/°C*  Minimum Temperature/°C * Maximum Temperature Difference/°C
10 August 2013 39 29 10
11 August 2013 39 30 9
12 August 2013 39 29 10
13 August 2013 39 28 11
14 August 2013 38 27 11

* Note: The atmospheric temperature is the air temperature measured by a thermometer away from the surface of
the bridge deck/tower concrete.

Figures 16 and 17 show a comparison of temperature field simulation results from
the three-dimensional sunshine temperature field algorithm proposed in this paper and
measured results from reference [37]. In the figure, the simulation results of the temperature
field are the same as the measured results. In addition to the period from 10 a.m. to 5 p.m.
on 13 August, the simulation results of the roof were quite different from the measured
results. At the other locations, the two were more consistent. The maximum errors between
the simulated and measured values of the roof, floor, sunny side web, and shade side web
temperatures were 3.2 °C, 3.3 °C, 3.2 °C, and 3.1 °C, respectively. During the period from
10 a.m. to 17 p.m. on 13 August, the weather turned from sunny to cloudy, and the direct
solar radiation was weakened, resulting in a large difference between the simulation results
and the measured results of the roof.

—®— Measured value of roof —®— Simulated value of roof
60.0 —A— Measured value of floor —»— Simulated value of floor|

The weather changed
from sunny to overcast

& 50.0 |

E

2

=

2

g 40.0 F Floor: )

et (A Tmax=3.3°C
300 %

1
| !
1 !
1 1
! 1
] 1

0 10 20 30 40
Time /hour

Figure 16. Temperature change curve of floor and roof.
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60.0 —®— Measured value of sunward side web
i —e— Simulated value of sunward side web
—A— Measured value of shade side web
—»— Simulated value of shade side web
& 50.0 |
%’ Shade side web:
s - ATmax=3.1°C
g Sunward side web:
g 40.0 }4Tmax=3.2°C
&
30.0 |
1 M 1 M 1 M 1 M 1
0 10 20 30 40

Time / hour

Figure 17. Temperature change curve of the web on the sunward side and shaded side.

To sum up, the calculation results of the sunshine shadow and temperature field
obtained by the calculation algorithm of the three-dimensional temperature field of the
bridge structure considering the influence of the sunshine shadow proposed in this paper
are consistent with the actual situation and can be used for the simulation of the three-
dimensional sunshine temperature field of the actual bridge structure and the analysis of
its temperature effect.

5. Temperature Field Analysis of Concrete Bridge Tower
5.1. Engineering Background

The three-dimensional sunshine temperature field research was carried out by taking
the ultra-high concrete cable tower of a bridge as a calculation case to analyze the dis-
tribution law of the sunshine temperature field of a concrete bridge tower. The concrete
cable tower adopts a thin-walled hollow structure. The total height of the bridge tower is
242.8 m (the height from the cushion cap to the top of the tower). The wall thickness of the
upper tower column is 1.1 m, and the wall thicknesses of the middle tower column and the
lower tower column are 1.2 m. The specific structural form and size are shown in Figure 18.
The concrete bridge tower is located at 116°20 E and 39°56" N. The material characteristic
parameters required for the calculation of the temperature field of the bridge tower are
shown in Table 3 below.
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Figure 18. Schematic diagram of the bridge tower structure. (a) The elevation of the bridge tower;
(b) Section A; (c) Section B.

Table 3. Material property parameters.

Order Number Material Parameter Value

1 Density (kg/m?) 2650

2 Elastic modulus (Pa) 3.45 x 1010
3 Poisson ratio 0.25

t

4 Conerete (C30) Thermal expansion coefficient 1.0 x 1075
5 Thermal conductivity (W/(m-°C)) 2.0

6 Specific heat capacity (J/(kg-°C)) 970

In this paper, the time selected for the temperature field calculation of the bridge tower
was 19 August 2022, and the temperature field results, calculated continuously three days
before the calculation date, were used as the initial temperature field and imported into the
calculation model to eliminate the impact of the initial temperature field on the calculation
results. The atmospheric temperature data for the calculation period are shown in Table 4.
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Table 4. Atmospheric temperature data.
i Maximum Minimum
Date Weather Conditions Temperature/°C Temperature/°C
16 August 2022 Fine 34 27
17 August 2022 Fine 36 28
18 August 2022 Fine 37 27
19 August 2022 Fine 37 28

5.2. Temperature Field Analysis
5.2.1. Surface Temperature Difference Analysis

Figure 19 shows the shaded state of the bridge tower surface at 10:00 a.m. and the
temperature field cloud map at this time. It can be seen from the diagram that the shadow
occlusion has a significant effect on the sunshine temperature field of the structure, and the
temperature difference between the sunlight area and the shadow area is large.

Temperature / °C

Time: 10:00

North East

West South

(b)

Figure 19. Shadow occlusion state and temperature field cloud of the bridge tower at 10:00 a.m.
(a) The shaded state of the bridge tower surface; (b) the temperature field cloud map.

Figure 20 shows the surface temperature changes with the height of the four wall
surfaces of the bridge tower (the external surface of the east tower wall, the south tower
wall, the west tower wall, and the north tower wall) at 10 a.m. It can be seen from the
figure that the shadow has a significant impact on the temperature change of the tower
wall surface. The temperatures of the external surfaces of the east tower wall and the
south tower wall irradiated by the sunlight are higher than those of the external surfaces
of the west tower wall and the north tower wall, which are always in shadow. Because
the incidence angle of the sunlight on the external surface of the east tower wall is smaller
than that on the external surface of the south tower wall, the external surface of the east
tower receives more solar radiation, and its temperature is higher than that on the external
surface of the south tower wall. On the external surface of the east tower wall, the surface
temperature of the lower tower column is significantly lower than that of the upper tower
column and the middle tower column because the lower tower column is in shadow. It can
be seen from the above that the influence of shadow shading must be considered when
analyzing the three-dimensional sunshine temperature field of the bridge tower.
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Figure 20. The temperature change of the bridge tower surface with height at 10:00 a.m.

Figure 21 shows the change curve of the external surface temperature (T) of the tower
wall at the 125 m height of the bridge tower and the change curve of the temperature
difference (AT) between the opposite sides of the tower columns (the east wall, the south
wall, the west wall, the north wall, the inner east side, and the inner west side refer to the
wall surface of the measuring points Tq, Ty, T3, T4, T5, and T in the figure, respectively).
It can be seen from the figure that in a day, the surface temperature changes are the
same; from night to early morning, the surface temperature of each surface was in a state
of continuous decline, but the trend of temperature reduction gradually slowed down,
reaching the lowest value at about 6 a.m. In the daytime, due to the influence of solar
radiation and ambient temperature changes, the temperature of each wall surface showed
a trend of rising first and then falling. The temperature of the eastern wall surface, which
was first irradiated by the sun, rose faster than that of other surfaces, reaching its maximum
at about 10 a.m., followed by the south wall surface irradiated by the sun. However, due to
the large incident angle of the sun on the south wall surface, the amount of solar radiation
received by the wall surface was small, so the temperature rose slowly. Finally, the west
wall surface was irradiated by the sun. Because of its small incident angle, the surface
temperature rose rapidly and reached its maximum at about 4 p.m. Because the north wall
was in a shaded state throughout the day, its surface was not irradiated by the sun, and
only convection heat transfer and radiation heat transfer were performed with the ambient
temperature. Therefore, the temperature change was relatively slow, and the temperature
change throughout the day was small. The overall variation of the surface temperature of
the tower was consistent with the law obtained in reference [39].

It can be seen from the variation curve of the temperature difference between the
opposite faces of the tower column in Figure 21 that the temperature difference (ATy)
between the south wall and the north wall is small in one day, and it is within 5 °C
throughout the day. The temperature difference between the east wall and the east side of
the inner side (AT7) and the temperature difference between the west wall and the west side
of the inner side (AT3) are large during the sunshine period. The maximum temperature
difference between the east wall and the east side of the inner side can reach 10.9 °C, and
the maximum temperature difference between the west wall and the west side of the inner
side can reach 11.6 °C, which is far more than the recommended temperature difference
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(&5 °C) given in the ‘Design of Highway Cable-Stayed Bridge” (JTG/T 3365-01-2020) [8]
(the negative value represents the difference between the shadow shielding surface and
the solar irradiation surface, and the positive value represents the difference between the
temperature value of the solar irradiation surface and the temperature value of the shadow
shielding surface).

50.0 -50.0
40.0 -40.0
30.0 | -30.0

1% 1%

= To 4 8 12 16 20 247 >

00F - = === =« — — — Lime/hour o ___.4o0
.................. A7=s50%¢. Tl ms s ]
< 109°c,” ~ -
~10.0 | | g~ N - 116C 4 100
—
—200 |45 AT, = = AT, - = AT, - = AT, 200
tar,

Figure 21. The temperature change curve of the outer surface of the tower wall at a height of 125 m
and the temperature difference curve between the opposite faces of the tower column.

5.2.2. Local Temperature Difference Analysis of Tower Wall

Figures 22-24 show the temperature change along the thickness direction of the east
tower wall at the height of 125 m. It can be seen from the figure that the temperature change
was relatively obvious at a range of 0.3 m from the external surface of the tower wall, and
the temperature change was small in the remaining range because of the thermal insulation
effect of concrete materials during the night and early morning periods. In the daytime,
the radiation of the sun and the change in the ambient temperature made the temperature
at a range of 0.3 m in the thickness direction change obviously, but the weak thermal
conductivity of the concrete material led to the temperature in the thickness direction of
the tower wall. The temperature at a range of 0.8 m from the external surface showed a
gradual downward trend, while in the area beyond 0.8 m from the external surface, the
temperature rose slightly due to the heat transfer and the thermal insulation of the concrete
material itself.
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Figure 22. The temperature change curve in the thickness direction of the east tower wall at a 125 m
height in the early morning.
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Figure 23. The temperature variation curve at night in the thickness direction of the east tower wall
at a 125 m height.
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Figure 24. The temperature variation curve in the thickness direction of the east tower wall at a 125 m
height during the day.

Figure 25 shows the maximum variation of temperature difference at the same distance
from the outer surface in the thickness direction of each wall in a day. It can be seen from
the figure that the temperature change was more significant at a range of 0.3 m from the
outer surface. When measured more than 0.8 m from the outer surface, the temperature
change was less than 1 °C.
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Figure 25. The maximum variation of temperature at the same distance from the external surface of
the tower wall at a height of 125 m.

The existing research shows that the temperature gradient distribution along the wall
thickness direction of the concrete box structure under sunshine is close to the exponential
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form in Formula (32) [40,41]. In Figure 24, the distribution of the sunshine temperature
field in the thickness direction of the east tower wall is similar to the formula below.
Ty = Toe™** (32)
where T(x) is the temperature gradient at the calculation point, °C; Ty is the temperature
difference between the inner and outer surfaces in the wall thickness direction, °C; x is the
distance between the calculated point and the outer surface, m; and « is the attenuation
coefficient of temperature in the wall thickness direction, which is used to characterize the
speed of temperature gradient attenuation in the wall thickness direction.
In the direction of tower wall thickness, the temperature value at any measuring
point is:

T(x) =Toe ** +C (33)

According to the characteristics of the exponential function image, in the above For-
mula (33), the parameter C should be changed to the lowest temperature in the thickness
direction of the tower wall where the measuring point is located, °C; Tj is the temperature
difference between the external surface and the minimum temperature in the direction of
wall thickness, °C.

Figure 26 shows the two-dimensional temperature field cloud map of the tower column
section at a 125 m height. Formula (33) was used as the fitting function, and the least squares
method was used to fit the temperature field distribution in the direction of wall thickness
to verify its accuracy. The temperature value at 0.8 m from the external surface and
the temperature value of the internal surface were, respectively, used as parameter C in
Formula (33) to fit the discrete temperature data in the wall thickness direction considering
the characteristics of temperature change. The data fitting results are shown in Figure 27.
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Figure 26. Two-dimensional temperature field cloud of tower column section at a 125 m height.
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Figure 27. The fitting results of discrete temperature data. (a) The east tower wall; (b) the south tower
wall; (c) the west tower wall; (d) the north tower wall; (e) the inner east tower wall; (f) the inner west
tower wall. Note: The temperature fitting curve 1 in the figure is the result of fitting the temperature
value at 0.8 m from the external surface as the parameter C in Formula (33); the temperature fitting

curve 2 is the result of fitting the temperature value of the internal surface as the parameter C in
Formula (33).

As shown in Figure 27, the exponential function was used to fit the discrete tempera-
ture data, which can express the temperature change in the wall thickness direction well.
The fitting results in the figures show that when the temperature value at 0.8m from the
external surface was used as the parameter C in Formula (33) for fitting, the result was better
than the fitting result obtained by using the temperature value of the internal surface as the
parameter C in Formula (33). The minimum correlation coefficients of the fitting results of
the two methods were 0.968 and 0.895, respectively. Therefore, it is recommended to use
the temperature data at 0.8m from the outer surface as the parameter C in Formula (33) to
fit the temperature data in the thickness direction. Because of the high fitting accuracy of
the discrete temperature data of the concrete bridge tower in the wall thickness direction
by Formula (33), the exponential loading mode shown in Figure 28 can be used to complete
the application of temperature load in the calculation of the structural temperature effect.
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Figure 28. Temperature load loading mode. Note: T1(x), T2(x), T3(x), and T4(x) in the diagram are

all the calculation relations of temperature in the thickness direction of each tower wall fitted by
Formula (33).

6. Conclusions
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In this paper, a set of accurate and efficient three-dimensional temperature field
simulation methods was formed by the secondary development of Abaqus software
Version 6.10. The comparison results between the simulated data and the experimental
data of the temperature field show that the maximum deviation between the simulated
temperature value and the measured value was only 3.3 °C. The calculation accuracy
of the proposed algorithm can better meet the needs of engineering applications.
The real-time shadow occlusion state was successfully displayed through the improve-
ment of the three-dimensional sunshine temperature field simulation algorithm in this
paper and the cloud image customization function in Abaqus software Version 6.10.,
and the real-time sunshine shadow width identified by the algorithm was compared
with the theoretical value calculated by the theoretical formula. The maximum dif-
ference between the two was only 19.1 mm, which proves that the sunshine shadow
recognition algorithm proposed in this paper has extremely high recognition accuracy.
The results of the surface temperature difference analysis of the concrete bridge tower
show that the temperature difference between the external surfaces of the structure
can reach 11.6 °C under the influence of sunshine and shadow, which is far more
than the recommended temperature difference value (£5 °C) given in the “Design
of Highway Cable-Stayed Bridge” (JTG/T 3365-01-2020). Therefore, the principle of
“bridge-by-bridge analysis” is recommended in this paper.

For concrete bridge towers, the temperature change was relatively obvious only at
a range of 0.3 m from the external surface of the tower wall, and the temperature
change was small in the remaining range.

The temperature distribution of the concrete bridge tower in the direction of thickness
conforms to the exponential function T(x) = Toe™** + C. Additionally, the data fitting
results indicate that using the temperature data at a distance of 0.8 m from the external
surface as the calculation parameter in the function can achieve the ideal result, and
the minimum correlation coefficient of the fitting result was 0.968.
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