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Abstract: Solar radiation is one of the most important factors influencing the temperature distribution
on bridge girder cross-sections. The bridge temperature distribution can be estimated using estimation
models that incorporate solar radiation data; however, such data could be cost- or time-prohibitive to
obtain. A review of literature was carried out on estimation models for solar radiation parameters,
including the global solar radiation, beam solar radiation and diffuse solar radiation. Solar radiation
data from eight cities in Fujian Province in southeastern China were obtained on site. Solar radiation
models applicable to Fujian, China were proposed and verified using the measured data. The linear
Ångström–Page model (based on sunshine duration) can be used to estimate the daily global solar
radiation. The Collares-Pereira and Rabl model and the Hottel model can be used to estimate the
hourly global solar radiation and the beam solar radiation, respectively. Three bridges were chosen
as case study, for which the temperature distribution on girder cross-sections were monitored on
site. Finite element models (FEM) of cross-sections of bridge girders were implemented using the
Midas program. The temperature–time curves obtained from FEM showed very close agreement with
the measured values for summertime. Ignoring the solar radiation effect would result in lower and
delayed temperature peaks. However, the influence of solar radiation on the temperature distribution
in winter is negligible.

Keywords: global solar radiation; beam solar radiation; diffuse solar radiation; estimation model;
temperature distribution; bridge girder; cross-section; finite element model; monitoring

1. Introduction

Temperature distribution in bridge structures built in the outdoor environment are appreciably
influenced by solar radiation and ambient temperature variations [1]. The thermal energy associated
with solar radiation can result in an increase in temperature at the top surfaces of the structure
beyond the ambient temperature. Solar radiation is one of the most important factors affecting the
temperature distribution in bridge structures [2]. Heat conduction can further affect the temperature
distribution. Although there are many experimental studies that address temperature distribution
in bridges [3–8], few consider and measure solar radiation when assessing bridge temperature
distributions. When carrying out a dynamic heat transfer analysis on bridge structures, the geometry
of cross-section, initial thermal state, varying boundary conditions, thermal properties of materials, etc.
should be input into any Finite Element Method (FEM) software used. The solar radiation levels on
different parts of bridge structures represent one of the time-varying boundary conditions, which can
be estimated by considering the various model parameters. Taking box girder bridges as example,
the external surface of the top flange is influenced by both the beam and diffuse solar radiation, while
the external surface of the web is influenced by a combination of the beam solar radiation, diffuse
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solar radiation and reflection from the ground. The undersides of the top and bottom flanges are
influenced by ground reflection. The geometry of the cross-section, thermal parameters of materials,
and bridge location are all determined or known at the beginning of the design process; however,
the solar radiation must be estimated or measured. The accuracy of heat transfer analysis using FEM
is influenced by the precision of solar radiation estimates. At present, there is a lack of measured solar
radiation data in most parts of China. There are 756 meteorological stations in China, but only 122
of those stations monitor solar radiation data [9]. In Fujian, there are more than 60 meteorological
stations, with only the Fuzhou and Jian’ou stations monitoring the solar radiation levels. Therefore,
engineers usually establish estimation models of solar radiation for engineering applications or
scientific research. However, choosing the appropriate estimation models for solar radiation from
among those proposed by researchers is a key problem. Some are empirical models based on different
meteorological parameters, while others are established using numerical simulation involving different
types of artificial intelligence methodologies.

In this paper, the similarities and differences of various estimation models for solar radiation are
summarized, including models for global, beam, and diffuse solar radiation, all of which should be
considered in the analyses of temperature distribution on bridge girder cross-sections. Based on the
solar radiation data obtained from eight cities in Fujian, China, estimation models of solar radiation
applicable for Fujian, China were proposed. The monitoring of some bridges was carried out to obtain
the temperature distribution on bridge girder cross-sections. The FEM of cross-sections of bridge
girders were built using the Midas software. The influence of solar radiation on bridge temperature
distribution in different seasons was analyzed. The results can be considered as a model for future
development of specifications and estimation models for solar radiation in different regions in China
and elsewhere.

2. State of Art of Estimation Models for Solar Radiation

2.1. Estimation Models for Global Solar Radiation

The global solar radiation is the sum of beam solar radiation and diffuse solar radiation. Most of
the research on global solar radiation is based on two different time scales: daily and hourly.

2.1.1. Estimation Models for Daily Global Solar Radiation

The global solar radiation is mainly related to meteorological factors such as the duration of
sunshine, extent of cloud cover, ambient temperature and so on. Accordingly, empirical regression
analyses or artificial intelligence techniques are used by researchers to establish the estimation models
of daily global solar radiation based on different meteorological factors.

• Sunshine duration fraction models

In 1924, a linear equation relating the clearness index and the sunshine duration fraction was
proposed by Ångström [10], as shown below:

H/HC = a + b(S/S0) (1)

where H/HC is the clearness index, H is the daily global solar radiation (averaged over one month),
HC is the average clear-day global solar radiation, S/S0 is the sunshine duration fraction, S is the daily
sunshine duration (averaged over one month), S0 is the maximum daily sunshine duration (averaged
over one month), and a and b are empirical coefficients.

However, it is difficult to properly define the concept of “clear day” in the equation proposed by
Ångström. Therefore, a daily extraterrestrial solar radiation on a horizontal surface (averaged over one
month) (H0) was proposed by Page to be used instead of HC, resulting in the Ångström–Page equation
as follows [11]:

H/H0 = a’ + b’(S/S0) (2)

where a’ and b’ are empirical coefficients in Ångström–Page equation.



Appl. Sci. 2018, 8, 627 3 of 27

The Ångström–Page equation is one of the classical equations for estimation of the daily global
solar radiation. Different mathematical expressions have been proposed by other researchers to
improve its accuracy, including using quadratic [12], cubic [13], logarithmic [14], exponential [15]
and power expressions [16]. However, the improvement in the accuracy of equations using these
expressions is not obvious when comparing with the linear expression [17]. Therefore, the linear
Ångström–Page equation is generally used due its sufficient accuracy and lower computational
effort. In China, research on global solar radiation models began in the 1960s, and was based on the
Ångström–Page equation with empirical coefficients for different geographic zones [18]. However,
China is vast in territory, and environmental conditions in different regions are obviously different.
Thus, it is difficult to establish a common set of empirical coefficients applicable to all regions.

Some researchers have used other meteorological and geographic parameters such as the ambient
temperature, altitude, longitude and latitude information, relative humidity, and cloud cover to
improve the accuracy of the Ångström–Page equation [19–21]. It is noted that sunshine duration
has the greatest influence on the daily global solar radiation compared with other meteorological
factors. Moreover, considering other meteorological factors may reduce the accuracy of the estimated
values [22].

• Non-sunshine duration models

The ambient temperature was chosen by some researchers to establish an estimation model for
global solar radiation. The difference between the daily maximum and minimum temperatures
was used to predict the daily global solar radiation by Hargreaves and Samani (H-S model) in
1982 [23]. To improve the accuracy of the H-S model, some meteorological factors such as the
altitude [24], and precipitation [25–27] were considered. Based on the H-S model, an exponential
equation considering the daily temperature range was proposed by Bristow and Campbell (B-C model)
in 1984 [28]. Grillone et al. compared the results of these empirical models with measured data from
the Mediterranean region and concluded that the H-S model had the highest accuracy [29]. However,
Liu et al. suggested using the B-C model after comparing various empirical models with measured
data from 15 meteorological stations in Northern China due to better accuracy and ease of determining
the empirical factors [30]. It should be noted that the estimation error for models based on ambient
temperature is larger than for those based on sunshine duration [22].

The extent of cloud cover was chosen by some researchers to establish estimation models for
global solar radiation due to the lack of measured sunshine duration in some regions, especially in
the oceans, mountains and deserts, where few meteorological stations exist. However, cloud cover
is usually noted visually, which may have great uncertainty and error. An increase in cloud cover
would reduce the beam solar ration and increase the diffuse solar radiation. A linear equation for
the clearness index and average total cloud cover was proposed by Kimball based on the measured
data from many meteorological stations in the U.S. [31]. The relationships between the clearness index
and the sunshine duration fraction, and between the clearness index and the extent of cloud cover,
were discussed by Bennett in 1965 [32]. It is reported that the relationship between the clearness index
and the sunshine duration fraction is more evident compared to other parameters. Three types of
estimation models were presented by Wang based on the sunshine duration fraction, the extent of
cloud cover, and the combination of the two [33]. Results indicated that the model considering the
sunshine duration fraction had the highest accuracy.

• Artificial intelligence approach

The artificial intelligence approach has been utilized by some researchers to predict the global
solar radiation [22,34–37]. However, more factors are involved in the artificial intelligence techniques
compared to empirical models. Consequently, the computational effort is significantly higher, making
them less convenient for engineering applications. Overall, the empirical model for daily global solar
radiation based on the sunshine duration fraction is preferred for engineering applications.
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2.1.2. Estimation Model for Hourly Global Solar Radiation

Hourly global solar radiation data are needed for research on temperature distribution on
bridge girder cross-sections. Research on hourly global solar radiation is less frequent than its daily
counterpart. A linear relationship between hourly and daily global solar radiation was proposed by
Liu and Jordan in 1960 using the following Equation [38]:

rT = I/H = (π(cosω − cosωs))/(24(sinωs − ωscosωs)) (3)

where rT is the proportionality coefficient, I is the hourly global solar radiation, H is the daily global
solar radiation, ω is the solar hour angle, and ωs is the sunset hour angle. However, some researchers
have reported that a linear relationship only exists in a clear day [39]. The equation proposed by Liu
and Jordan was modified by Collares-Pereira and Rabl as follows [40]:

rT = I/H = ((a + bcosω)(π(cosω − cosωs)))/(24(sinωs − ωscosωs)) (4)

where a = 0.409 + 0.5016sin(ωs − 60) and b = 0.6609 − 0.4767sin(ωs − 60). The validity of this
equation was verified by measured data [41,42]. Although some modifications were proposed by
other researchers [42–44], the Collares-Pereira and Rabl equation is the most frequently used model for
estimating the hourly global solar radiation.

The Gaussian function was considered by some researchers to estimate the hourly global solar
radiation, which assumes that the meteorological parameters are all stochastic and the variation of
hourly global solar radiation follows a normal distribution. However, this approach can only be used
for a clear day [45,46].

2.2. Estimation Model for Beam and Diffuse Solar Radiation

The beam solar radiation is related to the solar altitude, atmospheric transparency, cloud cover,
altitude and so on [39]. The diffuse solar radiation is related to the incident angle of solar radiation,
atmospheric condition and so on [39]. Literature on the beam or diffuse solar radiation are less frequent
compared to the global solar radiation. Most of the research is focused on estimation models for beam
and diffuse solar radiation under clear conditions. Moreover, most such estimation models are based
on the hourly time scale. The model suggested by American Society of Heating, Refrigerating, and Air
Conditioning Engineers (ASHRAE model) is a widely used estimation model for beam and diffuse solar
radiation in a clear day [47]. Some modifications have been proposed to improve its accuracy [48–50].

A relationship between the transmission ratio of beam solar radiation τb and the transmission
ratio of diffuse solar radiation τd was proposed by Liu and Jordan in 1960 [38] under the assumption
that the atmosphere is transparent.

τd = 0.2710 − 0.2939τb (5)

where τd = Id/I0, τb = Ib/I0, Id is the hourly diffuse solar radiation, Ib is the hourly beam solar
radiation, and I0 is the hourly extraterrestrial solar radiation on a horizontal surface.

The following equation was proposed by Hottel in 1976 for estimating the transmission ratio of
beam solar radiation based on the solar altitude angle and geographic altitude [51].

τb = a0 + a1exp(−k/sinh) (6)

where a0, a1 and k are empirical coefficients considering the altitude and meteorological conditions,
and h is the solar altitude angle. Other meteorological factors, such as ambient temperature and
relative humidity, as well as the artificial intelligence approach, were considered by some researchers
to establish a numerical relationship for beam solar radiation and diffuse solar radiation [35,52,53].
However, a combination of the Liu and Jordan equation and Hottel equation has been used by
researchers to estimate the hourly beam and diffuse solar radiation values.
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3. Monitoring of Solar Radiation

The maximum solar radiation in a clear day is generally considered to provide the maximum
sunshine effect on the temperature distribution in bridge structures. In this paper, the hourly global
solar radiation and hourly diffuse solar radiation for eight cities in Fujian were measured using
an automated meteorological station, as shown in Figure 1. The cities (from north to south) and the
corresponding measurement dates are shown in Figure 2: Fu’an (10 August 2016), Jian’ou (7 August
2016), Fuzhou (2 August 2010), Ninghua (4 August 2016), Zhangping (27 July 2016). Anxi (2 August
2015), Hua’an (30 July 2016) and Zhangzhou (31 July 2014).
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The measured hourly global and diffuse solar radiation curves for the eight cities on a clear
day are illustrated in Figure 3a,b, respectively. The hourly beam solar radiation can be calculated by
subtracting the measured hourly diffuse solar radiation from the corresponding hourly global solar
radiation. The calculated hourly beam solar radiation curves are shown in Figure 3c. The variation
trend for all hourly solar radiation curves are similar, with the solar radiation appearing at about 06:00,
reaching the peak value at about 12:00, and disappearing at about 18:00.

The global solar radiation is related to parameters such as latitude, altitude and atmospheric
quality. The influence of latitude on the global solar radiation in Fujian is negligible, because all cities
are located between 23◦ and 28◦ northern latitude. The maximum measured global solar radiation for
Ninghua (about 1100 W/m2) was the highest among all cities, because this city has the highest altitude
(as shown in Figure 3a). However, the difference between maximum global solar radiation values for
different cities was not large (about 100 W/m2). The maximum measured diffuse solar radiation and
the calculated beam solar radiation were in Fu’an (about 250 W/m2) and Ninghua (about 900 W/m2),
respectively, as illustrated in Figure 3b,c. The difference between maximum diffuse or beam solar
radiation values for different cities was about 150 W/m2.
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4. Estimation Model for Solar Radiation in Fujian

4.1. Estimation Model for Daily Global Solar Radiation

As discussed earlier, the Ångström–Page equation [10,11] was chosen in this study to predict the
daily global solar radiation for different cities in Fujian. The daily global solar radiation (averaged
over one month) for the entire Fujian cannot be determined because only two meteorological stations
in Fuzhou and Jian’ou provide such data. Instead, the daily global solar radiation (averaged over
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one month) from 1983 to 2005 provided in a U.S. NASA database was used in this analysis, since the
NASA database is used by many researchers when meteorological data are lacking [54–56]. The NASA
database divides the map of China into grids based on the longitude and latitude and provides data
for each grid point. The validity of the data in NASA database has been verified by comparing with
solar radiation data from 88 meteorological stations in China measured before 2010 [57].

The daily astronomical solar radiation can be calculated using earth–sun distance, solar elevation,
duration of sunlight and so on [11]. The historical average sunshine duration (averaged over one
month) since 1951 for four cities in Fujian (Nanping, Fuzhou, Yong’an and Xiamen) can be obtained
from the National Meteorological Information Center, China Meteorological Administration [58].
The average maximum possible sunshine duration (averaged over one month) can be calculated using
the following equation:

S0 = (2ωs/15) × (180/π) (7)

where ωs is the sunset hour angle. The empirical coefficients a’ and b’ for different cities in Fujian can
be calculated by using a linear regression analysis between the clearness index H/HC and the sunshine
duration fraction S/S0.

4.1.1. Influence of Time Scale on Empirical Coefficients

The daily clearness index and the sunshine duration fraction (both averaged over one month) were
chosen by Ångström and Page [10,11]. The daily solar radiation data measured by 36 meteorological
stations in China were compared with the calculated daily solar radiation using different time scales.
The accuracy of estimated solar radiation using the monthly time scale is higher than those using
daily or yearly time scales [59]. Fuzhou was chosen as an example to analyze the influence of
different time scales (daily, monthly and yearly) on the empirical coefficients in the Ångström–Page
equation. The results are listed in Table 1 and illustrated in Figure 4, in which the hollow points
denote the data and the solid line denotes the linear regression. The coefficient of correlation
(γxy) for the linear regression analysis using the monthly time scale is the largest among different
time scales. Moreover, the root-mean-square error (RMSE) using the monthly time scale is the
smallest. As a result, the monthly time scale was chosen to calculate the empirical coefficients in the
Ångström–Page equation.

Table 1. Linear regression analysis of clearness index and sunshine duration fraction using different time scales.

Time Scale Types Data Points a’ b’ γxy RMSE

Daily 8030 0.213 0.505 0.86 0.10
Monthly 264 0.196 0.553 0.92 0.03

Yearly 22 0.242 0.422 0.79 0.01
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4.1.2. Influence of Sunshine Duration on the Empirical Coefficients

Aside from the time scale, the actual sunshine duration would also affect the empirical coefficients
in the Ångström–Page equation. The measured average sunshine duration (averaged over one month)
since 1951 for four cities in Fujian can be obtained from National Meteorological Information Center,
China Meteorological Administration [58]. Hua’an was chosen as an example to illustrate the influence
of sunshine duration on the empirical coefficients. The results listed in Table 2 show that the coefficient
of correlation obtained using the sunshine duration are largest for Xiamen, which is nearest to Hua’an.
Moreover, the root-mean-square error obtained by using the sunshine duration of Xiamen is the
smallest. Consequently, the empirical coefficients for cities in the Fujian that did not have measured
sunshine duration data can be predicted using the available sunshine duration for the nearest city
(Nanping, Fuzhou, Yong’an, or Xiamen).

Table 2. Linear regression analysis of clearness index and sunshine duration fraction using sunshine
duration for four cities.

Solar Radiation Data Source Sunshine Duration Data Source a’ b’ γxy RMSE

Hua’an Nanping 0.216 0.467 0.81 0.05
Hua’an Fuzhou 0.217 0.519 0.82 0.06
Hua’an Yong’an 0.212 0.519 0.85 0.06
Hua’an Xiamen 0.178 0.522 0.90 0.04

4.1.3. Verification of Ångström–Page Equation

To verify the applicability and accuracy of the Ångström–Page equation in Fujian, the accuracy
of linear regression estimates for all eight cities are listed in Table 3. For all cities, the coefficients
of correlation are larger than 0.84, and the root-mean-square errors are less than 0.05. Therefore,
the accuracy of the Ångström–Page model is considered good, and this model can be used to predict
the global solar radiation for different cities in the Fujian.

Table 3. Linear regression analysis of clearness index and sunshine duration fraction for eight cities.

City Solar Radiation Data Source Sunshine Duration Data Source a’ b’ γxy RMSE

Fu’an Fu’an Fuzhou 0.211 0.546 0.84 0.05
Jian’ou Jian’ou Nanping 0.180 0.537 0.84 0.05
Fuzhou Fuzhou Fuzhou 0.196 0.553 0.92 0.03

Ninghua Ninghua Yong’an 0.179 0.571 0.85 0.05
Zhangping Zhangping Yong’an 0.213 0.520 0.84 0.05

Anxi Anxi Xiamen 0.197 0.479 0.88 0.04
Hua’an Hua’an Xiamen 0.178 0.522 0.90 0.04

Zhangzhou Zhangzhou Xiamen 0.196 0.506 0.89 0.04
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4.2. Estimation Model for Hourly Global Solar Radiation

As discussed in Section 2.1.2, the Collares-Pereira and Rabl equation was chosen to estimate the
hourly global solar radiation for different cities in Fujian based on the corresponding daily global solar
radiation. The sunshine duration for the eight cities were measured on site. Fuzhou was chosen as
example to estimate the hourly global solar radiation. The measured and estimated hourly global
solar radiation curves for different cities are compared in Figure 5, with the hollow point denoting
the measured values and the solid line showing the estimated results. The minimum coefficients of
correlation for all eight cities is 0.989. Therefore, the hourly global solar radiation for different cities in
Fujian can be accurately predicted by the Collares-Pereira and Rabl equation.
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Figure 5. Comparison between measured and estimated hourly global solar radiation curves for eight
cities in Fujian: (a) Fu’an (10 August 2016); (b) Jian’ou (7 August 2016); (c) Fuzhou (2 August 2010);
(d) Ninghua (4 August 2016); (e) Zhangping (27 July 2016); (f) Anxi (2 August 2015); (g) Hua’an
(30 July 2016); and (h) Zhangzhou (31 July 2014).

4.3. Estimation Model for Hourly Beam and Diffuse Solar Radiation

4.3.1. Estimation Model for Hourly Beam Solar Radiation

Global solar radiation should be separated into beam and diffuse solar radiation to analyze the
temperature distribution on bridge girder cross-sections. As discussed earlier, the Hottel equation
was chosen to predict the hourly beam solar radiation for different cities in Fujian. The measured and
estimated hourly beam solar radiation curves for the eight cities in Fujian are compared in Figure 6,
in which the hollow points denote the measured values and the solid line denotes the estimated results.
The minimum coefficients of correlation for all eight cities is 0.974. Therefore, the hourly beam solar
radiation for different cities in Fujian can be accurately predicted by the Hottel equation.
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Figure 6. Comparison between measured and estimated hourly beam solar radiation curves for eight
cities in Fujian: (a) Fu’an (10 August 2016); (b) Jian’ou (7 August 2016); (c) Fuzhou (2 August 2010); (d)
Ninghua (4 August 2016); (e) Zhangping (27 July 2016); (f) Anxi (2 August 2015); (g) Hua’an (30 July
2016); and (h) Zhangzhou (31 July 2014).

4.3.2. Estimation Model for Hourly Diffuse Solar Radiation

The hourly diffuse solar radiation can be calculated by subtracting the hourly beam solar radiation
from the corresponding hourly global solar radiation. The measured and estimated hourly diffuse
solar radiation curves for the eight cities in Fujian are compared in Figure 7, in which the hollow points
denote the measured values and the solid line denotes the estimated results. The minimum coefficients
of correlation for all eight cities is 0.948. Therefore, the estimated hourly diffuse solar radiation curves
are close to the measured values.
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Figure 7. Comparison between measured and estimated hourly diffuse solar radiation curves for eight
cities in Fujian: (a) Fu’an (10 August 2016); (b) Jian’ou (7 August 2016); (c) Fuzhou (2 August 2010);
(d) Ninghua (4 August 2016); (e) Zhangping (27 July 2016); (f) Anxi (2 August 2015); (g) Hua’an (30
July 2016); and (h) Zhangzhou (31 July 2014).

5. Solar Radiation in Fujian

The maximum values of the global, beam and diffuse solar radiation (for summer solstice, 21 June)
for 56 cities in Fujian were calculated using the models described in Section 3, and are illustrated in
Figure 8. The maximum global solar radiation for Xiapu (about 1210 W/m2) is the highest and the
maximum global solar radiation for Anxi (about 970 W/m2) is the lowest among all cities, as shown
in Figure 8a. The biggest difference among the global solar radiation maxima in different cities is
about 240 W/m2. The maximum beam solar radiation for Zhouning (about 909 W/m2) is the highest,
and the maximum beam solar radiation for Ningde (about 821 W/m2) is the lowest among all cities,
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as shown in Figure 8b. The biggest difference among the beam solar radiation maxima for different
cities is about 88 W/m2. The maximum diffuse solar radiation for Xiapu (about 388 W/m2) is the
highest and the maximum diffuse solar radiation for Dehua (about 102 W/m2) is the lowest among
all cities, as shown in Figure 8c. The biggest difference among the diffuse solar radiation maxima for
different cities is about 286 W/m2.
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6. Influence of Solar Radiation on Temperature Distribution on Bridge Girder Cross-Sections

6.1. Box Girder Bridge

6.1.1. Finite Element Model

One 8-span continuous prestressed concrete box girder bridge in Fuzhou was chosen as case
study. The dimensions of girder cross-section and the installation locations of temperature sensors are
illustrated in Figure 9. The thickness of the concrete overlay is 80 mm. Four temperature sensors were
installed near the external surfaces of the top flange (A–T), east web (A–E), west web (A–W) and bottom
flange (A–B) to measure the air temperature at different parts of the box girder. One temperature sensor
was hung in the box girder (A–I) to measure the air temperature inside the box girder. Six temperature
sensors were installed in the concrete within the east web, west web and bottom flange, of which three
were near the external surface (EW-1, WW-1 and B-1) and three were near the internal surface of each
component (EW-2, WW-2 and B-2). The meteorological data, including hourly global solar radiation,
hourly diffuse solar radiation and wind speed, were measured by an automated meteorological station.
The monitoring period was from 1 April 2010 to 31 March 2011 and the time increment between
measurements was one hour.

The software Midas was chosen to establish the finite element model of the cross-section of box
girder (Figure 9) based on a heat-conduction model. A 2D plane strain element can used for steady-state
or transient analyses. The ambient air temperature data were obtained from the temperature sensors
installed near the external surfaces of the box girder. The solar radiation was calculated using the
estimation models described earlier. The effects of solar radiation and convective and radiative heat
transfer were considered at the external surfaces of the box girder. The surface heat transfer coefficient
and the temperature of the surrounding fluid medium were input as boundary conditions for the
finite element model. The influence of the solar radiation on different parts of the box girder was
considered by using the following rules and assumptions: (a) The external surface of the top flange is
influenced by both the beam and diffuse solar radiation. (b) The external surfaces of the two webs are
in the shadow due to the top flange. Therefore, they are influenced by the diffuse solar radiation and
ground reflection only. (c) The undersides of the top and bottom flanges are influenced by the ground
reflection alone. The boundary condition of the internal surface of the box girder in the finite element
model was set based on the measured temperature obtained from the temperature sensor hung in
the box girder (A-I). For the thermal parameters of the concrete, specific heat of 960 J/(kg ◦C), heat
conductivity of 1.5 W/(m ◦C), and density of 2400 kg/m3 were used [60]. The finite element mesh
size was set as 0.02 m. There were 21,000 and 19,337 nodes and elements, respectively, as illustrated in
Figure 10. Each node had a single temperature degree of freedom.
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6.1.2. Influence of Solar Radiation on Temperature Distribution on Cross-Section of Box Girder

During the monitoring period, 2 August 2010 was a sunny day with high solar radiation.
Comparisons of temperature–time curves obtained experimentally or from finite element model with
or without the consideration of solar radiation are illustrated in Figure 11 (2 August 2010). The hollow
points denote the measured data, the solid line denotes the calculated curves with the consideration of
solar radiation, and the dashed line denotes the calculated curves without the consideration of solar
radiation. The temperature contour plots obtained from finite element model with or without the
consideration of solar radiation are compared in Figure 12 (15:00, 2 August 2010).

In Figure 11, it can be observed that the variation trends and the times at which the highest
temperatures occurred are similar for measured and calculated results on 2 August 2010. The differences
between the highest measured and calculated temperatures when considering the effect of solar
radiation were very small (maximum 0.2 ◦C for the two webs and 1.1 ◦C for the bottom flange).
However, the highest calculated temperatures without the consideration of solar radiation were lower
(maximum 1.7 ◦C for the two webs and 1.3 ◦C for the bottom flange) and had a time delay (3 h for two
webs and the bottom flange). The accuracy of the solar radiation calculated by using the estimation
models can meet the engineering requirements. Moreover, when solar radiation was not considered,
the differences between the highest measured and calculated temperatures at the external surfaces
of the box girder (1.7 ◦C for EW-1, 1.5 ◦C for WW-1 and 1.3 ◦C for B-1) were significantly larger than
the differences at the internal surfaces of the box girder (0.7 ◦C for EW-2, 0.2 ◦C for WW-2 and 0.5 ◦C
for B-2). This is because the influence of solar radiation on the temperature distribution decreases as
the distance from external surfaces increases. From Figure 12, it can be observed that the differences
between the highest calculated temperatures with or without the consideration of solar radiation were
significant at 15:00 on 2 August 2010 (maximum 12.5 ◦C). The vertical temperature variation on the
cross-section of box girder when considering the effect of solar radiation (19.2 ◦C) was significantly
larger than that without the consideration of solar radiation (7.0 ◦C). Therefore, the influence of solar
radiation should be considered in the analyses of the temperature distribution on box girders.
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Figure 11. Influence of solar radiation on temperature distribution on cross-section of box girder in
summer (2 August 2010): (a) east web (EW-1); (b) east web (EW-2); (c) west web (WW-1); (d) west web
(WW-2); (e) bottom flange (B-1); and (f) bottom flange (B-2).
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and (b) without solar radiation.
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During the monitoring period, 16 December 2010 was a cloudy day with low solar radiation.
Comparisons of temperature–time curves obtained experimentally or from finite element model with or
without the consideration of solar radiation are illustrated in Figure 13 (16 December 2010). The hollow
points denote the measured data, the solid line denotes the calculated curves with the consideration of
solar radiation, and the dashed line denotes the calculated curves without the consideration of solar
radiation. The temperature contour plots obtained from finite element model with or without the
consideration of solar radiation are compared in Figure 14 (24:00, 16 December 2010).
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Figure 13. Influence of solar radiation on temperature distribution on cross-section of box girder in
winter (16 December 2010): (a) east web (EW-1); and (b) bottom flange (B-1).
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radiation; and (b) without solar radiation.

In Figure 13, it can be found that the variation trends, lowest temperatures and the times at
which the lowest temperatures occurred were similar for measured and calculated values without
the consideration of solar radiation on 16 December 2010 (maximum 0.3 ◦C for two webs and 0.2 ◦C
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for the bottom flange). In Figure 14, it can be observed that the differences between the highest
calculated temperatures with or without the consideration of solar radiation were negligible at 24:00
on 16 December 2010 (maximum 0.1 ◦C). The vertical temperature variation on the cross-section of
box girder were similar for calculated values with or without the consideration of solar radiation.
Therefore, the influence of solar radiation on the temperature distribution on the cross-section of the
box girder is negligible in winter.

6.2. Side-by-Side Box Girder Bridge

6.2.1. Finite Element Model

One 6-span concrete continuous bridge in Zhangzhou with a cross-section consisting of 11
side-by-side box girders was chosen as case study. The thickness of the concrete overlay is 100 mm.
The dimensions of girder cross-sections and the installation locations of temperature sensors are
illustrated in Figure 15. Six temperature sensors were installed in the concrete within the top flanges
(1-T and 11-T), webs (1-W and 11-W) and bottom flanges (1-B and 11-B) of box girders #1 and #11.
The meteorological data, including ambient air temperature, hourly global solar radiation, hourly
diffuse solar radiation and wind speed, were measured by an automated meteorological station.
The monitoring period was from 30 July 2014 to 3 August 2014 and the time increment between
measurements was set as one hour.

The 2D plane strain element in Midas-FEA was chosen to establish the finite element model of the
cross-sections of side-by-side box girders (Figure 15). The ambient air temperature data were obtained
from the automated meteorological station. The solar radiation was calculated using the estimation
models described earlier. The effects of solar radiation and convective and radiative heat transfer
were considered at the external surfaces of the side-by-side box girders. The surface heat transfer
coefficient and the temperature of the surrounding fluid medium were input as boundary conditions
for the finite element model. The influence of the solar radiation on different parts of the side-by-side
box girders was considered by using the following rules and assumptions: (a) The external surfaces
of the top flanges are influenced by the beam solar radiation and diffuse solar radiation. (b) The
webs in the shadow are influenced by the diffuse solar radiation and ground reflection. (c) The webs
not in the shadow are influenced by the beam solar radiation, diffuse solar radiation and ground
reflection. (d) The undersides of the top and bottom flanges are not influenced by the solar radiation
or ground reflection, because the space below the side-by-side box girders is small obtained by the
field observation. No temperature gauge was hung inside the side-by-side box girders. Therefore,
the boundary condition of the internal surfaces of the side-by-side box girders was simulated using
the 2D plane strain element with the thermal parameters of the air (0 ◦C and 100 ◦C) for the finite
element model. The thermal parameters of the concrete were discussed earlier. For the air (at 0 ◦C),
a specific heat of 714.8 J/(kg ◦C), heat conductivity of 0.023 W/(m ◦C) and density of 1.293 kg/m3 was
used. For the air (at 100 ◦C), a specific heat of 716.9 J/(kg ◦C), heat conductivity of 0.030 W/(m ◦C)
and density of 0.946 kg/m3 were used [61]. It can be found observed that the influence of temperature
on the thermal parameters of the air is small. Therefore, the thermal parameters of the air (at 100 ◦C
and air 0 ◦C) were input into the finite element models in summer and winter, respectively. The finite
element mesh size was set as 0.02 m. There were 27,370 and 27,190 nodes and elements, respectively,
as illustrated in Figure 16. Each node had a single temperature degree of freedom.Appl. Sci. 2018, 8, x FOR PEER REVIEW  19 of 27 
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Figure 16. Finite element model of cross-section of side-by-side box girder.

6.2.2. Influence of Solar Radiation on Temperature Distribution on Cross-Section of Side-by-Side
Box Girder

The monitoring period on 31 July 2014 was a sunny day with high solar radiation. Comparisons
of temperature–time curves obtained experimentally or from finite element model with or without
the consideration of solar radiation are illustrated in Figure 17 (31 July 2014). The hollow points
denote the measured data, the solid line denotes the calculated curves with the consideration of solar
radiation, and the dashed line denotes the calculated curves without consideration of solar radiation.
The temperature contour plots obtained from finite element model with or without the consideration
of solar radiation are compared in Figure 18 (16:00, 31 July 2014). In Figure 17, it can be observed
that the variation trends and the times at which the highest temperatures occurred are similar for
measured and calculated results on 31 July 2014. The differences between the highest measured and
calculated temperatures when considering the effect of solar radiation were very small (maximum
0.5 ◦C for top flanges and 1.8 ◦C for webs). However, the highest calculated temperatures without
the consideration of solar radiation were lower (maximum 9.3 ◦C for top flanges and 1.8 ◦C for webs)
and had a time delay (2 h for top flanges). For bottom flanges, the differences between the highest
measured and calculated temperatures with and without the consideration of solar radiation were
very small (maximum 0.6 ◦C). The accuracy of the solar radiation calculated by using the estimation
models can meet the engineering requirements. In Figure 18, it can be observed that the differences
between the highest calculated temperatures with or without the consideration of solar radiation were
significant at 16:00 on 31 July 2014 (maximum 10.3 ◦C). The vertical temperature variation on the
cross-section of side-by-side box girder when considering the effect of solar radiation (15.5 ◦C) was
significantly larger than that without the consideration of solar radiation (5.3 ◦C) in summer. Therefore,
the influence of solar radiation should be considered in the analyses of the temperature distribution on
side-by-side box girders, especially for top flanges.
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6.3. T-Shaped Girder Bridge

6.3.1. Finite Element Model

One 4-span concrete continuous bridge in Yongchun with a cross-section consisting of 4 T-shaped
girders was chosen as case study. The thickness of the concrete overlay is 190 mm. The dimensions of
girder cross-section and the installation locations of temperature sensors are illustrated in Figure 19.
Four temperature sensors were installed in the concrete within the top flanges (T-1), webs (1-W and
2-W) and bottom flanges (4-B) of the T-shaped girders. The meteorological data, including ambient
air temperature, hourly global solar radiation, hourly diffuse solar radiation and wind speed, were
measured by an automated meteorological station. The monitoring period were from 15 August 2012
to 25 August 2012 and the time increment between measurements was set as one hour.

The 2D plane strain element in Midas-FEA was chosen to establish the finite element model of
the cross-sections of T-shaped girders (Figure 19). The ambient air temperature data were obtained
from the automated meteorological station. The solar radiation was calculated using the estimation
models described earlier. The effects of solar radiation and convective and radiative heat transfer were
considered at the external surfaces of the T-shaped girders. The surface heat transfer coefficient and the
temperature of the surrounding fluid medium were input as boundary conditions for the finite element
model. The influence of the solar radiation on different parts of the T-shaped girders was considered
by dividing the cross-section into four zones, as shown in Figure 20. (a) The external surfaces of the
top flanges are considered as Zone 1, which are influenced by the beam solar radiation and diffuse
solar radiation. (b) The external surfaces of the webs of the girders #1 and #4 are considered as Zone 2,
of which the parts in shadow are influenced by the diffuse solar radiation and ground reflection, and the
parts not in shadow are influenced by the beam solar radiation, diffuse solar radiation and ground
reflection. (c) The undersides of the top and bottom flanges are set as Zone 3, which are considered
as the inner surfaces in the T-shaped girders and are not influenced by the solar radiation or ground
reflection. Moreover, the convective heat transfer coefficient of the inner surfaces in the T-shaped
girders was set as 5 W/(m2 ◦C), which is larger than that in the box girders (3.5 W/(m2 ◦C)) [62].
The finite element mesh size was set as 0.02 m. There were 16,165 and 15,149 nodes and elements,
respectively, as illustrated in Figure 20. Each node had a single temperature degree of freedom.Appl. Sci. 2018, 8, x FOR PEER REVIEW  22 of 27 
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Figure 20. Finite element model of cross-section of T-shaped girder.

6.3.2. Influence of Solar Radiation on Temperature Distribution on Cross-Section of T-Shaped Girder

During the monitoring period, 23 August 2012 was a sunny day with the high solar radiation.
Comparisons of temperature–time curves obtained experimentally or from finite element model with
or without the consideration of solar radiation are illustrated in Figure 21 (23 August 2012). The hollow
points denote the measured data, the solid line denotes the calculated curves with the consideration
of solar radiation, and the dash line denotes the calculated curves without the consideration of solar
radiation. The temperature contour plots obtained from finite element model with or without the
consideration of solar radiation are compared in Figure 22 (15:00, 23 August 2012). In Figure 21, it can
be observed that the variation trends and the times at which the highest temperatures occurred are
similar for measured and calculated results on 23 August 2012. The differences between the highest
measured and calculated temperatures when considering the effect of solar radiation were very small
(maximum 1.7 ◦C for top flanges and 1.0 ◦C for webs). However, the highest calculated temperatures
without the consideration of solar radiation were lower (maximum 7.6 ◦C for top flanges and 3.1 ◦C for
webs) and had a time delay (2 h for top flanges). For bottom flanges, the differences between the highest
measured and calculated temperatures with and without the consideration of solar radiation were
very small (maximum 0.3 ◦C). The accuracy of the solar radiation calculated by using the estimation
models can meet the engineering requirements. In Figure 22, it can be observed that the differences
between the highest calculated temperatures with or without the consideration of solar radiation
were significant at 15:00 on 23 August 2012 (maximum 13.5 ◦C). The vertical temperature variation
on the cross-section of T-shaped girder when considering the effect of solar radiation (19.7 ◦C) was
significantly larger than that without the consideration of solar radiation (6.5 ◦C) in summer. Therefore,
the influence of solar radiation should be considered in the analyses of the temperature distribution on
T-shaped girders, especially for top flanges and webs.
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7. Discussion

The following discussions can be drawn based on the results and within the limitations of the
research presented in this paper:

(1) The variation trends for all hourly solar radiation curves are similar, with the solar radiation
appearing at about 6:00 a.m., reaching the maxima at about 12:00 p.m. and disappearing at about
6:00 p.m. The maximum measured global solar radiation for Ninghua (about 1100 W/m2) was the
highest and the difference between maximum global solar radiation for different cities was about
100 W/m2. The maximum measured diffuse solar radiation for Fu’an (about 250 W/m2) and the
calculated beam solar radiation for Ninghua (about 900 W/m2) was the highest. The difference
between the maximum diffuse or beam solar radiation for different cities were both about
150 W/m2.

(2) The linear regression of Ångström–Page equation using the monthly time scale of data sample
can predict the global solar radiation for different cities in Fujian. For the cities in Fujian that did
not have actual data on sunshine duration, the empirical coefficients can be estimated using the
available sunshine duration for the nearest city.

(3) The Collares-Pereira and Rabl equation can estimate the hourly global solar radiation for different
cities in Fujian based on the daily global solar radiation. The hourly beam solar radiation for
different cities in Fujian can be predicted well using the Hottel equation. The hourly diffuse solar
radiation for different cities in Fujian can be calculated by subtracting the hourly beam solar
radiation from the corresponding hourly global solar radiation.

(4) The maximum global solar radiation, beam solar radiation and diffuse solar radiation (for 21 June,
the summer solstice) for 56 cities in Fujian were calculated. The maximum global solar radiation
for Xiapu (about 1210 W/m2) is the highest and the maximum global solar radiation for Anxi
(about 970 W/m2) is the lowest. The biggest difference among the global solar radiation maxima
in different cities is about 240 W/m2. The maximum beam solar radiation for Zhouning (about
909 W/m2) is the highest and the maximum beam solar radiation for Ningde (about 821 W/m2)
is the lowest. The biggest difference among the beam solar radiation maxima in different cities is
about 88 W/m2. The maximum diffuse solar radiation for Xiapu (about 388 W/m2) is the highest
and the maximum diffuse solar radiation for Dehua (about 102 W/m2) is the lowest. The biggest
difference among the diffuse solar radiation maxima in different cities is about 286 W/m2.

(5) Comparisons of the measured and calculated temperature–time responses for the concrete box
girder, side-by-side box girder and T-shaped girder with or without the consideration of solar
radiation indicates that the influence of solar radiation should be considered in the analyses of
the temperature distribution on the bridge girder cross-sections in summer. The accuracy of the
solar radiation calculated using the estimation models can meet the engineering requirements.
The highest calculated temperatures without the consideration of solar radiation were lower
and had a time delay, especially for top flanges in the summertime. The vertical temperature
variation when considering the effect of solar radiation was significantly larger than that
without the consideration of solar radiation. The influence of solar radiation on the temperature
distribution decreases as the distance from external surfaces. The influence of solar radiation on
the temperature distribution of the bridge girder cross-sections is negligible in winter.

(6) The solar radiation parameters for other cities and regions in China and elsewhere, as well as
different bridge superstructure types, can be similarly developed based on more case studies to
establish the relevant estimation models. This can serve as a prelude for future development of
specifications related to temperature effects in bridge engineering.
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