
Vol.:(0123456789)

Journal of Civil Structural Health Monitoring 
https://doi.org/10.1007/s13349-024-00795-9

123

ORIGINAL PAPER

Thermal boundary conditions for heat transfer analysis of bridges 
considering non‑uniform distribution of internal air temperature 
by computational fluid dynamics

Lu Zhang1,2 · Yushi Shan1,2 · Lingfang Li1,2 · Fei Wang1,2 · Yong Xia1,2 

Received: 6 July 2023 / Accepted: 12 March 2024 
© The Author(s) 2024

Abstract
Heat transfer analysis has been used to calculate the temperature distribution in bridges. Thermal boundary conditions 
play a critical role in this analysis. However, existing studies on thermal boundary conditions simplify the air temperature 
inside the bridge deck as uniform, which is not realistic and thus causes inaccurate simulation results. This study proposes 
a new approach to thermal boundary conditions in the heat transfer analysis of bridges. For the first time, computational 
fluid dynamics is used to calculate non-uniform air temperatures inside the bridge deck. In addition, non-approximate heat 
exchange equations for long-wave radiation are also incorporated into the approach. The techniques are applied to the 1377-m 
main span Tsing Ma Suspension Bridge to calculate the internal air temperatures of a deck segment. Transient heat transfer 
analysis is then conducted to calculate the time-dependent temperature distribution of the segment. As compared with the 
field monitoring results, the proposed approach can simulate the temperature distribution of the bridge with an average 
discrepancy of 0.88 °C and is more accurately than other existing approaches.

Keywords Temperature distribution · Heat transfer analysis · Long-span suspension bridge · Thermal boundary condition · 
Field monitoring · Computational fluid dynamics

1 Introduction

Bridges are exposed to daily and seasonal fluctuations in 
ambient temperature and solar radiation [6, 25, 41]. The heat 
exchange between a bridge and its surrounding environment 

may result in changes in the distribution of structural tem-
perature across the bridge [29]. The non-uniform tempera-
ture distribution in the bridge will consequently generate 
thermal displacements and stresses and alter dynamic char-
acteristics [1, 16, 19, 20, 24, 27]. Temperature effects on 
bridges have been attracting wide attention since the 1960s 
[5, 13, 31, 44]. Some on-site tests have shown that the effects 
of temperature variations on bridge responses could be more 
significant than operational loads [15, 34, 39, 40, 43]. There-
fore, exploring the effect of temperature on bridges’ behav-
iors is necessary [4].

Zuk [44] studied the influences of the environment on 
the bridge temperature distribution, which is regarded as 
the first study on bridge thermal behavior. Moreover, many 
researchers have studied the temperature effects on bridge 
responses [26, 34]. For example, Xia et al. [35] reported that 
the temperature-induced maximum vertical displacement at 
the mid-span of the Tsing Ma Bridge could reach 2313 mm 
in 1 year. Deng et al. [7] determined that the seasonal lon-
gitudinal displacement of the Runyang Bridge was about 
500 mm. Li et al. [17] reviewed the thermal behaviors of 
beam, arch, cable-stayed, and cable-suspension bridges.
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Field monitoring is an effective approach to analyzing 
bridge temperature effects. Xu et al. [36] established the 
relationship among ambient air temperature, bridge effec-
tive temperature, and bridge responses based on the field 
monitoring data on the Tsing Ma Suspension Bridge in Hong 
Kong. Gu et al. [11] analyzed the temperature change law 
of a long-span concrete box girder bridge section from the 
measurements. Hu et al. [12] analyzed the field monitoring 
data of the Aizhai Bridge and reported that the fluctuation 
of the longitudinal displacement of the bridge expansion 
joint was affected mainly by the temperature, and that the 
movement of the expansion joint showed a periodic trend.

Most field monitoring studies establish a linear regres-
sion model between bridge temperatures and responses 
[38]. However, because of the limited number of sensors, 
the bridge temperatures are available at several sensor points 
only but the bridge responses are related to the tempera-
ture distribution of the entire structure. Obtaining accurate 
temperature-induced responses requires detailed tempera-
ture distribution of the bridge, which is impractical in field 
monitoring exercises.

The heat transfer analysis method is an efficient numeri-
cal approach to obtain the temperature distribution of the 
entire bridge. The finite element (FE)-based heat transfer 
analysis method was developed in the 1970s. The tempera-
ture distribution of the bridge was initially assumed to be 
one-dimensional distribution [9] and later developed into 
a two-dimensional model [8]. With the rapid development 
of computer technologies, accurate calculations of the tem-
perature distribution of bridges are now possible [28, 30]. 
Xia et al. [35] established three-dimensional FE models of 
the deck plate, frame, and tower of the Tsing Ma Suspension 
Bridge and investigated their temperature distributions and 
structural responses. Zhu et al. [42] proposed an accurate 
calculation method for the temperature distribution of cable-
stayed bridges by considering the influence of wind speed, 
atmospheric environment, and ground thermal characteris-
tics. Shan et al. [23] conducted an integrated heat transfer 
and structural analysis of the Qingzhou Bridge. The FE-
based heat transfer analysis method has been proven to be 
effective in calculating temperature distribution of bridges.

Quantifying the thermal boundary conditions, or the heat 
exchange between bridge surfaces and the environment, is 
essential for conducting the FE-based heat transfer analy-
sis. Several approaches have been adopted to determine the 
thermal boundary conditions. The most common approach 
is to simplify heat radiation as heat convection and adopt an 
equivalent air temperature and overall heat convection coef-
ficient [3, 8, 33, 35]. However, simply equating heat radia-
tion to heat convection introduces significant deviations, 
especially when the structure temperature differs obviously 
from the air temperature. In addition, the air flow inside the 
bridge girder can lead to non-uniform air temperatures in 

the vertical and transverse directions. For example, the air 
temperature close to the top deck plate is generally higher 
than that adjacent to the bottom in the daytime. However, 
almost all existing studies have treated the interior bridge 
temperatures as uniform and ignored the non-uniformity. 
Shan et al. [23] considered the non-uniform air tempera-
tures inside the box girder of the Qingzhou Bridge, while 
they adopted an iterative trial-and-error approach, which was 
time-consuming and might be inaccurate.

To obtain accurate bridge thermal boundary conditions 
and temperature distributions, this study adopts computa-
tional fluid dynamics to calculate the internal airflow and 
non-uniform air temperature distribution inside the bridge 
girder. Besides, non-approximate radiation heat exchange 
equations are applied to calculate the heat exchange between 
the bridge and its surroundings. The Tsing Ma Suspension 
Bridge is used as the testbed. The calculated temperature 
distribution is compared with field measurements and three 
other existing approaches. The results show that the present 
approach is most accurate with an average difference less 
than 1 ℃ from the measurement.

2  Thermal analysis of bridge structures

2.1  Heat transfer theory

For a point in a bridge structure, heat flow at time t can be 
expressed as the following differential equation [32]:

where ρ is the density, c is the specific heat capacity, and T 
is the temperature of the point. x, y, and z are the Cartesian 
coordinates of the point and k is the thermal conductivity. 
The equation can be simplified for one- or two-dimensional 
analysis by neglecting the insignificant temperature variation 
in one or two directions.

2.2  Thermal boundary conditions

There are three types of boundary conditions for the thermal 
analysis [18]. The first type thermal boundary condition is 
that the temperature on the structural boundary is known. 
In the second type, the heat flux is determined, while in 
the third type, the heat flux is proportional to the difference 
between ambient and structural-surface temperatures.

For a bridge exposed to the outer environment, the insig-
nificant temperature variation along the longitudinal direc-
tion can be neglected, and the hybrid boundary condition 
associated with Eq. (1) can be expressed as [8]

(1)�c
�T

�t
= k

(
�2T

�x2
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�2T

�y2
+

�2T

�z2
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where nx and ny are the directional cosines of the outer sur-
face of the boundary; q is heat flow per unit area, which 
is composed of heat convection, heat irradiation, and 
solar radiation, as illustrated in Fig. 1. The heat convec-
tion between the air and the bridge happens when fluid is 
in motion. Heat irradiation is a bidirectional process that 
the bridge absorbs thermal radiation from the environment, 
namely long-wave radiation, and also emits long-wave radia-
tion to the environment. The solar radiation is the major 
heat exchange source that consists of direct, diffused, and 
reflected solar radiation.

2.2.1  Heat convection

Heat flow qc induced by heat convection with air can be 
calculated as [8].

where Ta is the air temperature adjacent to bridge surface, Ts 
is the structural temperature, and hc is the heat convection 
coefficient of bridge surfaces with air. hc is related to the 
wind condition, and different structural surfaces with diverse 
geometric locations are subject to different wind conditions. 

(2)k

(
�T

�x
nx +

�T

�y
ny

)
+ q = 0,

(3)qc = hc(Ta − Ts),

The wind speed near the structural surface is generally lower 
than the measurement. Zhou et al. [40] adopted the reduced 
wind speed to calculate the heat convection coefficient 
according to the angle of wind incidence, as demonstrated 
in Eqs. (4) and (5) and Fig. 2 [10]:

where θw is the wind incidence angle, w and w are the wind 
speed before and after reduction, respectively.

2.2.2  Solar radiation

The heat flow of the exterior surface induced by solar radia-
tion can be expressed as

where α is the absorption coefficient of the surface, Is rep-
resents the absorbed solar radiation of the bridge exterior 

(4)hc =

{
4 × w + 5.6

(
w < 5m∕ s

)

7.15 × w
0.78 (

w ≥ 5m∕ s
)

(5)w =

⎧
⎪⎨⎪⎩

0.8w (𝜃w ≤ 45◦, Windward side)

0.7w (45◦ < 𝜃w ≤ 90◦, Crosswind side)

0.6w (𝜃w > 90◦, Leeward side)

,

(6)qs = �Is,

Fig. 1  Heat exchange of a 
bridge exposed to the environ-
ment

Fig. 2  Wind condition of bridge 
cross-section [40]
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surface and consists of direct solar radiation Ids, diffused 
solar radiation Iss, and reflected solar radiation Irs:

2.2.3  Long‑wave radiation

Long-wave radiation exists between any objects with tem-
peratures higher than absolute zero degree. Thus, the bridge 
exterior surface not only absorbs long-wave radiation from 
atmosphere and ground, but also emits long-wave radiation 
at the same time. The long-wave radiation can be calculated 
following Stefan–Boltzmann law:

where Ga and Gg are the radiation from the atmosphere 
and ground, respectively, and Gs is the emitted long-wave 
radiation. ε is the emissivity of bridge exterior surface, 
σ = 5.67 ×  10−8 W/m2/K4 is the Stefan–Boltzmann constant, 
θi is the angle between the bridge exterior surface and the 
horizontal plane, εg is the emissivity of ground, and Tg is the 
ground temperature (K). Tsky is the effective sky temperature 
(K) that can be deduced from the following equations [21]:

where Tclear_sky is the effective sky temperature for clear 
sky (K), Tair is the observed air temperature (K), εclear is the 
emissivity of clear sky, Tdp is the dew point temperature (℃), 
Ca gives the effect of cloudiness, and CC is the cloudiness, 

(7)Is = Ids + Iss + Irs.

(8)Ga = ��T4
sky

(1 + cos �i)∕2,

(9)Gg = ���gT
4
g
(1 − cos �i)∕2,

(10)Gs = ��T4
s
,

(11)Tclear_sky = Tair(�
0.25
clear

),

(12)�clear = 0.711 + 0.56(Tdp∕100) + 0.73(Tdp∕100)
2,

(13)
Ca = 1.00 + 0.0224 × CC + 0.0035 × CC2 + 0.00028 × CC3,

(14)Tsky = (Ca)0.25Tclear_sky,

which is between 0 (for clear sky) and 1 (for a totally cloud 
sky).

The heat flow of bridge exterior surfaces induced by long-
wave radiation should be expressed as

For the heat radiation between bridge interior surfaces, 
for example, surface 1 with area of A1 and temperature T1 
and surface 2 with area A2 and temperature T2, the heat flow 
from surface 1 to surface 2 is [2]

where ε1 and ε2 are emissivity of surfaces 1 and 2, respec-
tively, and F12 is the view factor from surface 1 to surface 2.

3  Case study: the Tsing Ma Suspension 
Bridge

3.1  Tsing Ma Suspension Bridge

The Tsing Ma Suspension Bridge is used as the testbed for 
calculating the temperature distribution via the heat transfer 
analysis. The 2132-m-long Tsing Ma Suspension Bridge is a 
dual-use suspension steel bridge for highways and railways. 
It has two carriageways on the upper deck, and two railways 
and two emergency carriageways on the lower deck. The 
bridge was opened in 1997. The main span across the Ma 
Wan Tower and Tsing Yi Tower is 1377 m, as shown in 
Fig. 3.

3.2  Temperature sensors arrangement

A structural health monitoring system of the Tsing Ma 
Suspension Bridge was installed and has been operating 
since 1997. The system includes 115 temperature sensors 
to monitor the temperature of the bridge as shown in Fig. 3. 
In particular, T1 and T2 measure bridge external and internal 
ambient temperatures, T3 to T5 measure the temperatures of 
the orthotropic deck plate and steel truss girder, and T6 to 
T8 measure the temperature of the main cable. The detailed 

(15)qr = Ga + Gg − Gs.

(16)q̃12
r

=
𝜎𝜀1𝜀2A1F12(T

4
1
− T4

2
)

(1 − 𝜀1)𝜀2A2F12 + 𝜀1𝜀2A2 + 𝜀1(1 − 𝜀2)A1F12

,

Fig. 3  Configuration and 
temperature sensor layout of the 
Tsing Ma Suspension Bridge 300 1377 455 
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locations of all temperature sensors can be found in Xu et al. 
[35] and Xia et al. [36].

Figure 4 shows the detailed sensor locations in section O. 
Sensors D1 to D3 measure the ambient air temperature, A1 
to A3 measure the temperature of the top cross frame, B1 to 
B3 measure the temperature of the bottom cross frame, and 
C1 to C4 measure the temperature of the top U trough and 
deck plate. The sampling frequency of temperature sensors 
is 0.07 Hz.

3.3  Segmental FE model for heat transfer analysis

Because the segment configuration and the thermal envi-
ronment are similar along the longitudinal direction of the 
bridge, the longitudinal temperature variation is assumed 
to be negligible. A typical 18-m-long bridge segment of 
the bridge is chosen to perform the heat transfer analysis. 
The typical segment consists of a main cross frame and four 
intermediate cross frames with a space of 4.5 m each, con-
nected with four longitudinal trusses, as shown in Fig. 5. 
Other details can be found in Xia et al. [35].

The FE model of the typical segment is established in 
ANSYS. It consists of 40,916 nodes and 33,295 elements. 
The asphalt layer, orthotropic deck, and cross frames are 
modeled with solid elements. The corrugated plate, cross 
bracing, and other components are modeled with shell ele-
ments. The material properties are listed in Table 1. The 
emissivity and absorptivity coefficient are related to the 
wavelength of radiation, with solar radiation concentrated 
in the short-wave band below 4 μm and thermal radiation 
in the long-wave band from 4 to 1000 μm. [14]. An aver-
aged absorptivity and total emissivity coefficients from the 
literature [37] representing the entire wavelength range are 
adopted in this study as the spectral emissivity and absorp-
tivity coefficient measurement data for the Tsing Ma Bridge 
are unavailable.

Two typical sunny days of July 3 and 4, 2005, with a 
high solar radiation intensity are selected for analysis. The 
measured ambient air temperature from sensors T1 and 
D1–D3 is shown in Figs. 6 and 7, respectively. The external 
ambient air temperature in Fig. 6 reached its maximum at 
17:00, and the maximum solar intensity appeared around 

(a) Cross-section of section O

(b) Sensor location details (not to the scale)

Fig. 4  Sensor arrangement of section O. (a) Cross-section of section O. (b) Sensor location details (not to the scale)
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13:00. Sensors D2 and D3 measure the air temperature at 
the bottom of the girder and reach their maximum values 
at 17:00, lagging from the measurement recorded by sensor 
D1 by approximately 2 h. The wind speed shown in Fig. 8 
was measured by an ultrasonic anemometer on the bridge. 
Figure 9 presents the measured solar radiation intensity 
from the King’s Park Weather Station, Hong Kong. The 

Fig. 5  Typical segment of the 
Tsing Ma Bridge

Table 1  Material properties adopted in the FE model

Parameters Steel Asphalt

Density ρ (kg/m3) 7850 2450
Thermal conductivity k (W/m/℃) 55 2.5
Specific heat capacity c (J/kg/℃) 460 960
Modulus of elasticity E (Pa) 2.05 ×  1011 1.3 ×  109

Poisson’s ratio μ 0.3 0.2
Emissivity coefficient ε 0.8 0.92
Absorptivity coefficient α 0.685 0.90
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meteorological data required to calculate heat radiation from 
the ground and sky, such as sea surface temperature, dew 
point temperature, and cloud cover, are obtained from the 
Hong Kong Observatory (HKO). The King’s Park Station 
and HKO are approximately 1 km apart and both are located 
around 12 km from the Tsing Ma Bridge.

The initial temperature condition of the bridge is assumed 
in line with the nighttime air temperature. Consequently, 
a uniform temperature field is implemented as the initial 
condition for the heat transfer analysis.

3.4  Two‑dimensional FE model to consider air flow 
inside truss girder

The air temperatures along the vertical and transverse direc-
tions within the truss girder are non-uniform because of the 
air flow inside the truss girder. For example, the air tempera-
ture close to the upper deck is higher than that close to the 
bottom deck during the daytime; and the air temperature in 
the south may be higher than that in the north in the winter. 
Therefore, different surfaces, such as deck plates, corrugated 
sheets, and cross frames, should adopt different air tempera-
tures for convection. However, few air temperature sensors 
at the same height are inside the truss girder.

In this study, the air flow inside the bridge truss girder 
is calculated using computational fluid dynamics method. 
A two-dimensional FE model of the cross-section and the 
air inside the truss girder is established in FLUENT [22], 
as shown in Fig. 10. The model consists of 14,092 nodes 
and 13,114 triangles or quadrilaterals elements, among 
which 10,206 are air elements and the other 2,908 are solid 
elements. The air is considered as incompressible ideal gas 
with a specific gas capacity of 1006.43 J/kg/℃ and thermal 
conductivity of 0.0242 W/m/℃. Other material properties 
are the same as those in Table 1. The calculation process 
considers external radiation and convection, as well as 
internal thermal convection, radiation, and conduction. 
The interface between the air and truss girder is treated as 
a coupled boundary. Internal radiation is calculated using 
the discrete ordinates model. The temperatures measured 
by sensors T1, D2, and D3 on the external air are utilized 
as the temperature boundaries for the interfaces between 
the interior and exterior air. These interfaces correspond to 
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Fig. 9  Measured solar intensity on July 3 and 4, 2005

Fig. 10  Two-dimensional FE 
model of bridge cross-section 
and the internal air
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regions labeled as ①, ②, and ③ in Fig. 10. The air tempera-
ture inside the truss girder is calculated through a transient 
analysis in FLUENT.

Figure  11 shows the simulated distribution of the 
air temperature inside the girder at three representative 
instances on July 3, 2005. The air temperatures are rel-
atively uniform across most of the interior space, with 
large temperature gradients adjacent to the interior girder 
surfaces. The air temperatures adjacent to the interior sur-
faces are higher than other locations. The maximum air 
temperature difference between the top and the bottom is 
11.25 ℃, occurring at 17:00. Figure 12 presents the cal-
culated air temperature at sensor D1 and compares it with 
the measurement. The air temperature rose from 07:00 
to 16:00 and then decreased after 16:00. The calculated 
temperature at D1 shows a good agreement with the meas-
urement. The root mean square error (RMSE) is 0.74 ℃ 
only. These results indicate the necessity and effectiveness 
of using the two-dimensional FE model to calculate the 
interior air temperature of the deck.

Fig. 11  Air temperature distri-
bution at three representative 
instances on July 3, 2005. (a) 
07:00. (b) 16:00. (c) 20:00
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3.5  Thermal boundary conditions

On the exterior surfaces, the solar radiation, long-wave radi-
ation, and heat convection are considered. Solar radiation is 
loaded onto the exterior surfaces of the bridge in the form of 
equivalent heat generation rate. The external air temperature 
for heat convection is given in Fig. 6, with the convection 
coefficients calculated from Eq. (4). The long-wave radiation 
on the exterior surface is calculated with Eq. (15).

On the interior surfaces, the long-wave radiation 
and heat convection are considered. The long-wave 
radiation between the interior surfaces of the bridge is 
achieved using radiation matrix AUX12 and superelement 
MATRIX50 in ANSYS [40]. For heat convection, the pre-
vious calculated air temperatures in FLUENT are applied 
to the interior surfaces using Eq. (3).

Then both external and internal boundary conditions 
are applied to the FE model in ANSYS for the heat trans-
fer analysis. The calculated temperature of the bridge is 
compared with the measurements.

(a) Top cross frame (detail A) (b) Bottom cross frame (detail B)

(c) U trough (detail C)
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3.6  Temperature results

The calculated and measured temperatures of the ten sen-
sors in details A, B, and C in section O are compared 
in Fig. 13, showing excellent agreement. The RMSEs 
between the simulated and measured results of the three 
details are 0.80 °C, 0.79 °C, and 1.05 °C, respectively. The 
errors are acceptable in practice, indicating the proposed 
approach can accurately calculate the temperature distri-
bution of the bridge. The discrepancies may be due to dif-
ferences between the environmental parameters measured 
at weather stations and the actual values on the Tsing Ma 
Bridge. In addition, the thermal parameters used in the FE 
model (such as the specific heat capacity, thermal conduc-
tivity, heat convection coefficient, etc.) may differ from the 
actual values of the bridge, causing the discrepancy in the 
calculated temperature.

4  Comparisons with existing approaches

In this section, three existing approaches to the thermal 
boundary conditions are applied to the Tsing Ma Suspension 
Bridge for the heat transfer analysis. The simulated tempera-
ture of the top and bottom cross frames and the U trough is 
also compared with the field measurements.

4.1  Approach 1

This approach is based on the equivalent air temperature and 
overall heat convection coefficient, which is the most widely 
adopted method for calculating temperature distribution of 
bridges [8, 28, 35].

In Eq. (2), q is composed of long-wave radiation qr, solar 
radiation qs, and thermal convection qc. Long-wave radiation 
qr can be simplified as [8]

where hr is the heat convection coefficient with air repre-
sented by [3]

The simplified calculation is effective when the tempera-
ture difference between  Ta and Ts is much lower than the two 
absolute temperatures. Then the total heat flow is.

(17)qr = hr(Ta − Ts),

(18)hr = �[4.8 + 0.075(Ta − 5)].

(19)q = hc(Ta − Ts) + hr(Ta − Ts) + �Is = heq(Teq − Ts),

where Teq is the equivalent air temperature and heq is the 
equivalent overall heat convection coefficient. They can be 
calculated as

In this approach, the internal and external thermal bound-
ary conditions are applied in the form of heat convection. 
For section O of the present bridge, the measurement of 
sensor D1 is adopted as the internal air temperature, and the 
bridge external air temperature is shown in Fig. 6.

The temperature distribution of the bridge is similarly 
calculated and shown in Fig. 14. The simulation results fluc-
tuate like the measured temperature. However, the measured 
temperature lagged from the simulated counterpart by 3 h at 
the top cross beam and U trough, and by 2 h at the bottom 
cross frame. The maximum simulated temperature is also 
smaller than the measured one, with the difference of about 
4 °C, 3 °C, and 1 °C for the top cross frame, U trough, and 
bottom cross frame, respectively. The RMSEs of details A, 
B, and C are 2.44 °C, 1.38 °C, and 3.58 °C, respectively.

The calculated temperature has a significant difference 
from the measurement, which is mainly because the temper-
ature measured by sensor D1 inside the truss girder is used 
as equivalent air temperature on all bridge interior surfaces. 
Simplifying the internal and external long-wave radiation 
into heat convection can also cause inaccuracies.

4.2  Approach 2

To consider the non-uniform air temperature inside the 
bridge girder, Shan et al. [23] constructed a five-segment 
coefficient function with Fig. 15 to approximate air tempera-
tures adjacent to bridge interior surfaces, based on measure-
ments of an interior air temperature sensor. The function 
is multiplied by the measurements of the interior sensor 
to obtain updated temperatures as the internal convection 
air temperature for the heat transfer analysis. The process 
is repeated until the difference between the simulated and 
measured structural temperatures is minimized, resulting in 
the final updated air temperature.

For the Tsing Ma Suspension Bridge, sensor D1 is the 
interior air temperature sensor, and air temperature T close 
to the internal surface is updated as follows:

(20)Teq = Ta +
�Is

heq
,

(21)heq = hr + hc.

(22)T(t) = C(t) × TD1(t),
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where TD1 is the air temperature measurement of sensor D1 
and C(t) is the coefficient function defined into five segments 
as follows:

(23)C(t) =

⎧
⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

(DwC −MnC) × sin
�
t+24−DwI+2×(24−DwI+MnI)

2×(24−DwI+MnI)
× 𝜋

�
+ DwC0 ≤ t ≤ MnI

(UpC −MnC) × sin
�

t−UpI

2×(UpI−MnI)
× 𝜋

�
+ UpCMnI < t ≤ UpI

(MxC − UpC) × sin
�

t−UpI

2×(MxI−UpI)
× 𝜋

�
+ UpCUpI < t ≤ MxI

(MxC − DwC) × sin
�
t−MxI+(DwI−MxI)

2×(DwI−MxI)
× 𝜋

�
+ DwCMxI < t ≤ DwI

(DwC −MnC) × sin
�
t−DwI+2×(24−DwI+MnI)

2×(24−DwI+MnI)
× 𝜋

�
+ DwCDwI ≤ t ≤ 24

,

where [MnI, UpI, MxI, DwI] and [MnC, UpC, MxC, DwC] 
are the horizontal and vertical coordinates of the peak, val-
ley, and two inflection points of curve C(t), respectively.

(a) Top cross frame (detail A) (b) Bottom cross frame (detail B)

(c) U trough (detail C)
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Fig. 14  Simulated and measured temperatures using Approach 1. (a) Top cross frame (detail A). (b) Bottom cross frame (detail B). (c) U trough 
(detail C)
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With the updated air temperature, the bridge’s internal 
and external thermal boundary conditions can be calcu-
lated from Eqs. (20) and (21). The internal and external 
long-wave radiation are still simplified to heat convection. 
The simulated temperatures of the U trough and cross 
frames are compared with the measured ones in Fig. 16. 
The simulated results have no obvious phase difference. 
The RMSEs of details A, B, and C are 1.95 °C, 1.39 °C, 
and 2.83 °C, respectively.

In addition to the simplified long-wave radiation, another 
reason for the simulated discrepancies is that the ratio of air 
temperature near the interior surface of the bridge to the 
measurement of sensor D1 may not follow the sine function 
exactly. Moreover, the inflection points and peaks may also 
not correspond to the same time instants on different days.

4.3  Approach 3

This approach considers long-wave radiation between inte-
rior surfaces with Eq. (16), which was achieved using radia-
tion matrix in ANSYS [40]. The heat convection between 
the air inside the bridge and the interior surfaces is not con-
sidered. Meanwhile, heat convection is still applied to the 
exterior surfaces.

By adopting this approach, the calculated and measured 
temperatures are shown in Fig. 17. The simulated results 
of the three details show the same fluctuation trends with 
the measured temperature, and no obvious phase differences 
are observed. However, the simulated temperatures are all 
greater than the measured ones. The RMSEs of details A, B, 
and C are 2.42 °C, 1.32 °C, and 3.28 °C, respectively. The 
simulation errors are mainly from neglecting thermal con-
vection inside the bridge. The air flow inside the girder can-
not be neglected because the Tsing Ma Suspension Bridge 
is a steel truss bridge with openings.

4.4  Result comparisons and discussions

The average RMSEs of the results of the proposed and the 
three existing approaches are 0.88 °C, 2.47 °C, 2.06 °C, and 
2.34 °C, respectively. Among all approaches, the proposed 
one is the most accurate with the lowest RMSEs in the heat 
transfer analysis of the bridge.

The characteristics of the four approaches are summa-
rized and compared in Table 2. Approach 1 considers the 
long-wave radiation as equivalent to heat convection and 
uses equivalent air temperature. It neglects the non-uniform 
temperature distribution inside the girder. This straightfor-
ward approach leads to significant phase differences between 
the simulated and measured temperatures. Approach 2 con-
siders the non-uniform temperature distribution inside the 
bridge by constructing a sine function. However, it requires 
some measured structural temperatures to update the sine 
function. The approach also simplifies the internal and exter-
nal long-wave radiation, causing inaccuracies. The accuracy 
of this approach relies on the selection of the four charac-
teristic points of the sine function. Approach 3 accurately 
calculates the long-wave radiation between interior surfaces 
of the bridge while neglecting the interior heat convection. 
This neglect is appropriate for bridges without openings, 
such as box girder bridges, in which internal heat radiation 
dominates the heat transfer mechanism and heat convection 
is insignificant. The proposed approach considers the most 
accurate heat flow on the bridge interior and exterior sur-
faces and calculates the heat convection and heat radiation 
separately. It achieves the most accurate results.

5  Conclusion

Obtaining an accurate temperature distribution of a long-
span bridge is necessary in investigating the temperature 
behavior of the bridge. This study proposes an accurate 
approach to simulate thermal boundary conditions used in 
the heat transfer analysis and compares the effectiveness 
with other three approaches. The calculated time-dependent 
temperatures of the bridge at different locations are com-
pared with measured data from the Tsing Ma Suspension 
Bridge. The following conclusions can be drawn:

1. The study pioneers a new approach to calculate non-
uniform air temperatures inside the bridge deck using 
computational fluid dynamics. It utilizes air elements 
to consider air flow inside the bridge girder and ena-
bles the calculation of air temperature adjacent to bridge 
interior surfaces. Long-wave radiation on the interior 
and exterior surfaces are calculated directly according 
to the Stefan–Boltzmann law. This approach provides 

Fig. 15  Coefficient curve for updating bridge internal air tempera-
tures in 1 day [23]



Journal of Civil Structural Health Monitoring 

123

a more reasonable means of ensuring accurate bridge 
temperature distribution.

2. Simplifying long-wave radiation to heat convection may 
introduce discrepancies. Approach 1, which simplifies 
the bridge’s internal and external long-wave radiation, 
had the lowest accuracy with an average RMSE of 
2.47 °C. The proposed approach accurately calculated 
the long-wave radiation from the ground, the atmos-
phere, and interior surfaces, and had the highest accu-
racy, with an average RMSE of 0.88 ℃.

3. Approaches considering non-uniform air temperature 
within the bridge’s truss girder achieve better simula-

tion results. Approach 2 and the proposed approach 
show higher accuracy compared with approaches 1 and 
3. The proposed approach calculates the detailed time-
dependent air temperature distribution inside the truss 
girder in FLUENT and is the most effective one.

4. The study provides references for the temperature cal-
culation of similar truss girder bridges. For box girder 
bridges, neglecting heat convection inside the box may 
cause insignificant errors.

(a) Top cross frame (detail A) (b) Bottom cross frame (detail B)

(c) U trough (detail C)
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Fig. 16  Simulated and measured temperatures using Approach 2. (a) Top cross frame (detail A). (b) Bottom cross frame (detail B). (c) U trough 
(detail C)
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(a) Top cross frame (detail A) (b) Bottom cross frame (detail B)

(c) U trough (detail C)
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Fig. 17  Simulated and measured temperatures using Approach 3. (a) Top cross frame (detail A). (b) Bottom cross frame (detail B). (c) U trough 
(detail C)

Table 2  Comparison of the four approaches to the thermal boundary condition

* Non-uniform air temperature inside the truss girder is considered by an iterative approach
a Non-uniform air temperature inside the truss girder is simulated in FLUENT

Approach Interior Exterior

Heat convection, qc Long-wave radiation, qtr Heat convection, qc Long-wave radiation, qi Solar radiation, qi

1 hc (Ta – Ts) Simplified
hr (Ta – Ts)

hc (Ta – Ts) Simplified
hr (Ta – Ts)

αIs

2 hc (Ta
* – Ts) Simplified

hr (Ta
* – Ts)

3 / q̃
12

r
(Eq. (16))

Proposed Approach hc (Ta
a – Ts) qr (Eq. (15))
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