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Abstract
The temperature-induced response of long-span steel bridges can be more significant than the structural responses associ-
ated with operational loads or structural damage. These responses depend on the spatio-temporal temperature variation in 
bridge members, including the effective temperature and temperature difference within members. Bridges are designed to 
withstand the extreme temperature variations predicted for a given site. Hence, numerous studies have employed statistical 
analysis techniques to provide critical information for the design and maintenance of bridges during life cycles. However, 
the correlation between the effective temperature and temperature difference is usually ignored, which can result in inaccu-
rate assessment of the extreme temperatures in members. In this work, the joint probability distribution for the temperature 
variation in a long-span steel truss arch bridge is investigated based on field monitoring data. The extreme temperature vari-
ations are mapped on contours with relevant return periods; the results show that the probability distribution of the effective 
temperature can be described using the normal distribution; the weighted sum of two lognormal distributions can describe 
the distribution of temperature difference. Moreover, extreme values of the effective temperature and temperature difference 
do not occur concurrently. The effective temperature and temperature difference in the structural member directly exposed 
to solar radiation vary significantly, while the temperature of the shaded member can be assumed uniform, which is mainly 
affected by air temperature. The study leads to more accurate estimation of the temperature extremes in long-span steel truss 
arch bridges, which is of great importance for proper design and maintenance of bridges.

Keywords  Temperature · Temperature difference · Long-span steel truss arch bridge · Filed monitoring data · Joint 
probability distribution · Extreme temperature variation

1  Introduction

Temperature-induced responses of long-span bridges are 
often more significant than responses due to operational 
loads or structural damage [1–4]. These responses depend 
on the spatio-temporal temperature variation in bridge mem-
bers. The spatio-temporal temperature in the structural com-
ponents of bridges exhibit complex dependencies on the air 
temperature, solar radiation, bridge orientation, material, 
cross-sections, and surface conditions [5, 6]. Bridges are 
designed to withstand the extreme temperature variations 
predicted for a given site. Overestimation of the tempera-
ture extremes can lead to expensive over-designs, whereas 
underestimation may pose a danger to bridge safety and 
serviceability. Therefore, a comprehensive understanding 
of the temperature variation is essential for the design and 
maintenance of bridges, especially long-span steel bridges 
[7, 8]. However, obtaining an adequate representation of the 
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temperature extremes for the structural elements in long-
span bridges is challenging, due to the aforementioned 
issues.

In recent years, structural health monitoring (SHM) 
methods have been applied in the field to investigate spatio-
temporal temperatures of bridge components, as well as the 
associated structural responses in full-scale bridge structures 
[9]. In-situ temperature measurements are the most objective 
method in revealing the temperature variation in bridges. 
Numerous SHM systems have been installed on long-span 
bridges worldwide [10–16]. For example, a systematic SHM 
system was installed on the Tsing Ma Bridge to investi-
gate the temperature variations and dominant temperature 
effects [8]. In addition, the temperature measurements of 
the Shanghai Yangtze River Bridge indicate that the vertical 
temperature difference between the top and bottom plates of 
the girder is higher than that along the transverse direction 
[17]. Abid et al. investigated the impact of air temperature 
and solar radiation on the temperature variation in concrete‐
encased composite girders [18]. The experimental results 
showed that the vertical and lateral temperature gradients are 
highly dependent on sun and cloud movement. Yang et al. 
found that the temperature variation in the Anqing Yangtze 
River Bridge is symmetric based on the field temperature 
measurements [19]. Moreover, the influences of tempera-
ture on structural responses and structural properties have 
been investigated extensively [20–24]. However, the critical 
influence factors on the temperature variation, including air 
temperature, solar radiation, and wind speed, vary randomly. 
Accurate real-time temperature variations in bridges with 
complex configurations under complex boundary conditions 
and sunlight sheltering are challenging to be predicted.

Bridge structures can be severely affected by the com-
bination of external loads and temperature variation [25]. 
The extreme temperature-induced responses of large-span 
bridges must be considered for proper design and mainte-
nance of bridges. The temperature variation in bridges is 
intrinsically time-varying, with an underlying statistical 
structure due to the periodically time-varying nature of 
solar radiation and air temperature. Hence, numerous stud-
ies have employed statistical analysis techniques to predict 
long-term extreme thermal loads based on limited short-
term data [26–28], which would provide critical information 
for the design and maintenance of long-span bridges during 
life cycles. Wang et al. investigated the temperature variation 
in a steel box girder based on the temperature measurements 
of the Sutong Cable-stayed Bridge [29]. Results indicate 
that the probability distribution of the temperature can be 
described using the weighted sum of four normal distribu-
tions, and the temperature difference can be described by 
the weighted sum of one Weibull distribution and one nor-
mal distribution. In addition, the temperature difference in 
the Runyang Suspension Bridge can be defined using the 

weighted sum of one Weibull distribution and one normal 
distribution [26]. Accordingly, the extreme values of tem-
perature variations can be determined using the extreme 
value analysis (EVA) technology [30]. The temperature 
variation has significant influences on structural responses 
and structural properties [31, 32]. Moreover, the temperature 
difference produces self-equilibrated stresses in structural 
members, even for simply supported bridges [33]. Temper-
ature-induced responses mainly depend on the combinations 
of the effective temperature and temperature difference. 
Therefore, the temperature loads, including the maximum 
effective temperature, minimum effective temperature, and 
maximum temperature difference, are required for bridge 
design.

Environment parameters are often modeled stochastically; 
accordingly, structures are designed to withstand the rarest 
environmental loads. The distribution of critical environ-
mental conditions is often studies using the environmental 
contour (EC) method [34–36]. The EC method is a readily 
and efficient approach for establishing design loads associ-
ated with the target reliability involving structural reliability 
techniques [37]. Accordingly, extreme environmental loads 
can be selected on the contour surface with relevant return 
periods. Li et al. established contour surfaces for the com-
bination of wind and wave parameters [38], which reveal 
the exceedance probability corresponding to a return period 
of 50 years. Karmakar et al. estimated the long-term joint 
probability distribution of extreme loads for different types 
of offshore floating wind turbines using the EC method [39]. 
In addition, the most critical structural response is associ-
ated with the highest or lowest values of environmental 
variables, especially the environmental conditions located 
at the boundary of the design region [40, 41]. Therefore, the 
EC method is commonly used to predict long-term extreme 
structural responses during life cycle. Van de Lindt and 
Niedzwecki described the load uncertainty for structures 
subjected to horizontal ground motion using the EC method 
[42]. The earthquake is statistically characterized in terms 
of magnitude, site-to-source distance, and attenuation error 
at a specified structural period. Lystad et al. investigated the 
long-term root mean square (RMS) response of the Hardan-
ger Bridge using the EC method [43]. Results showed that 
turbulence-induced variability has a significant impact on 
the moments of bridge girder. Nevertheless, the investigation 
on the temperature variation in steel truss arch bridges using 
the EC method is not available.

In this study, the temperature variation in a steel truss 
arch bridge is systematically investigated based on the 
long-term field monitoring data, focusing on developing a 
better understanding of the extremes of temperature varia-
tion. First, the Dashengguan Bridge and its SHM system are 
introduced. Then, the characteristics of the temperature and 
temperature difference are analyzed based on three and a 
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half years of temperature data. Accordingly, the probability 
density distributions of the effective temperature and tem-
perature difference are calculated, which are described using 
the normal distribution and weighted sum of two lognormal 
distributions, respectively. Subsequently, the extreme of the 
joint probability distribution for the temperature variation 
in the Dashengguan Bridge is contoured using the highest 
density contour (HDC) method. The results enhance the 
understanding of the temperature variation in long-span steel 
truss arch bridges, which will lead to more effective design 
of long-span bridges.

2 � Long‑term monitoring data 
of the Dashengguan Bridge

2.1 � Bridge description

The Dashengguan Bridge carries a six-lane railway cross 
over the Yangtze River in Jiangsu Province, China, as shown 
in Fig. 1. The bridge consists of a six-span continuous steel 
truss bridge with a span arrangement of 108 m + 192 m + 3
36 × 2 m + 192 m + 108 m. The centerline of the bridge is 
oriented approximately 40° anticlockwise to the north. Two 
lanes on the downstream side carry the Beijing–Shanghai 
(B–S) high-speed railway. Two lanes on the upstream side 
carry the Shanghai–Wuhan–Chengdu (S–W–C) quasi-high-
speed railway, and the rest on the outer sides of the bridge 
deck carries the Nanjing Metro Line S3. Three steel trusses 
are used to support the main loads, which are contacted 
using transverse members. The main span consists of box-
shaped members and H-shaped members.

2.2 � The SHM system

To ensure the safety, durability, and serviceability of the 
Dashengguan Bridge under long-term high-speed train 
loads, a comprehensive SHM system has been installed 
on the bridge, aiming at monitoring the temperature 
variation and structural responses. The SHM system was 
installed in June 2011 and has been operating since then. 
The measurement cross-sections for temperature and strain 
are presented in Fig. 2. Two temperature sensors and two 
strain sensors are mounted on the middle cross-section of 
structural members, aiming at recording the temperature 
and strain variation of the member. The typical measure-
ment points are shown in Figs. 3 and 4. The strain and 
temperature sensors are each labeled to indicate the type 
of sensor and the sensor location. The first character in 
the label is either S or T, indicating strain or tempera-
ture, respectively. The next two pairs of numbers in the 
label indicate the section and member number, respec-
tively. Finally, for a given structural member, E and W 
represent whether the sensor is mounted on the east-facing 
or west-facing plates, respectively. For example, T0805E 
represents a temperature sensor mounted on the east-fac-
ing plate of the fifth member in the eighth cross-section. 
Note that the temperature gradients along the longitudi-
nal direction of members are generally neglected [44, 45]. 
The typical temperature distribution of structural members 
can be described using the temperature measurements of 
these critical sections. The sampling frequencies of strain 
data and temperature are 50 Hz and 1 Hz, respectively. 
However, the temperature variation is small in a short 
time interval. The sampling frequencies of temperature 

Fig. 1   Aerial view of the Dashengguan Bridge
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measurements are reduced to a ten-minute average during 
the data processing stage.

3 � Temperature measurements 
of the Dashengguan Bridge

Six typical kinds of structural member are utilized in the 
Dashengguan Bridge and are designated by a to f as follows: 
(a) the diagonal H-shaped member (measurement points 
T1105E and T1105W), (b) middle chord member (meas-
urement points T1109E and T1109W), (c) bottom chord 
member (measurement points T1113E and T1113W), (d) 
vertical H-shaped member (measurement points T0805E 
and T0805W), (e) side box-shaped member under the deck 
(measurement points T1307E and T1307W), and (f) middle 
box-shaped member under the deck (measurement points 
T1309E and T1309W). The temperature measurements are 
assumed to be the similar for structural members at com-
parable locations under the same working conditions (e.g., 
the cross-sections, boundary conditions, and angle between 
structural member and ground) [24].

3.1 � Temperature variations in the Dashengguan 
Bridge

The temperature measurements of the six typical structural 
members are shown in Fig. 5. The temperature data was 
recorded from January 31st, 2013 to October 30th, 2013, 
and August 31st, 2017 to July 8th, 2019. The temperature 
variations exhibit periodic behavior, corresponding to sea-
sonal and sunlight variations. The temperature measure-
ments reach the lowest values in January, while the high-
est values are recorded in July and August. In addition, 
significant temperature variations occur in the period from 
8:00 to 20:00 each day, which are induced by solar radia-
tion. Conversely, the temperatures change little from 20:00 
to 8:00 the next day. After sunrise, the solar radiation 

intensity is mild, thus the temperature increases slowly 
during this period. About two hours after sunrise, the solar 
radiation increases sharply, leading to substantial warm-
ing of structural members. The solar radiation intensity 
starts to decrease after about 15:00; correspondingly, the 
temperature decreases sharply until around 20:00, because 
the solar heating is less than the thermal radiation from 
the structural member to the surroundings. After 20:00, 
the temperature continues to decrease gradually with the 
decreasing air temperature until around 8:00 the next day 
due to thermal convection with the surroundings.

The minimum temperature of the bottom chord mem-
ber is usually higher than that of other members, because 
bottom chord members are protected against wind by the 
deck. However, there is no significant difference for the 
minimum temperature for the other structural members 
which are directly exposed to ambient air. In addition, the 
structural members exposed to solar radiation are easily 
affected by solar radiation, resulting in a notable tempera-
ture increase. Hence, the daily temperature variation of 
the structural members exposed to direct sunlight is higher 
than that of shaded structural members. Note that the peak 
temperature of the member under the deck occurs about 
two hours later than that of other members, because the 
temperature of members heated by the air will lag behind 
those heated by solar radiation.

The temperature variation of the east-facing plate shows 
different behavior compared to that of the west-facing plate 
for the first five structural members, as shown in Fig. 5a–e. 
During the early morning, the temperature of the east-facing 
plate is higher than that of the west-facing plate, because the 
sun rises from the east. Then, the temperature of the west-
facing plate increases faster than that of the east-facing plate, 
due to the sun progressing toward the west. The middle box-
shaped member (f) only receives scattered radiation during 
the daytime. The temperature variation can be assumed uni-
form, which is mainly influenced by the air temperature, as 
shown in Fig. 5f.

Fig. 2   Measurement cross-sections
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Fig. 3   Sensors layout of the SHM system (unit: mm). a Cross Sect. 08; b cross Sect. 11; c cross-Sect. 13
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The temperature of the east-facing plate is higher than that 
of the west-facing plate for the bottom chord member in the 
summer, whereas the opposite situation occurs in the winter. 
Indeed, the summer solar radiation intensity is significantly 
higher than that of the winter, which warms the top plate of 
the deck. Hence, the temperature sensor, which is mounted 
on the upper part of the bottom chord member, is sensitive to 
the temperature variation. This phenomenon is induced by the 
variation of the intensity and incidence angle of solar radiation. 
As a result, the modest solar radiation cannot warm the top 
plate of the deck due to the track board on the deck, whereas 
the scattered radiation and air temperature provides little heat 
to the bottom plate of the deck. Moreover, the temperature 
of the east-facing plate is higher than that of the west-facing 
plate for the side box-shaped member during the winter day-
time, as shown in Fig. 5e. The sun rises from the southeast 
and moves at low altitude angles to the south of the equatorial 
plane until setting southwest in the winter. Solar radiation can 
directly strike the east-facing plate, leading to a more signifi-
cant temperature increase of the east-facing plate compared to 
the west-facing plate.

3.2 � The probability density distributions 
of effective temperatures

The effective temperature, defined herein as the average of the 
temperature measured by the two sensors on the member, is 
used to investigate the statistical characteristic of temperature 
variation in structural members. The effective temperature, 
TE, has significant influences on member length [46, 47] and 
is expected to follow a normal distribution, the probability 
density function (PDF) of which is given by

(1)fTE
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where μE and σE are the mean and standard deviation in 
the normal distribution. The maximum likelihood method is 
employed to determine the parameters of the distributions. 
Figure 6 shows the empirical probability density function 
for the effective temperature, EPDF, which is compared to 
the fitted probability density function, FPDF. The empirical 
cumulative distribution and the fitted cumulative distribution 
are given by ECDF and FCDF, respectively. The parameters 
of the fitted effective temperature distributions are shown in 
Table 1. According to the Kolmogorov Smirnov (K-S) tests, 
the null hypotheses, which states that the effective tempera-
ture is normally distributed, cannot be rejected considering 
95% confidence for (a), (b), (c), and (f), as well as 92% con-
fidence for (d) and (e). Hence, the normal distribution is seen 
to provide a good model of the effective temperature data. 
Note that the maximum annual temperature difference in the 
3.5-year period is slightly over 65 °C, which would make the 
main span expand nearly 1 m and result in sizeable cumula-
tive displacements in the expansion devices and bearings.

Skewness and kurtosis describe the shape characteristics 
of a distribution. Skewness is a measure of symmetry, and 
kurtosis is a measure of whether the data are heavy-tailed or 
light-tailed compared to a normal distribution. For the normal 
distribution, the skewness is zero and the kurtosis is 3. The 
kurtosis and skewness calculations of effective temperatures 
are shown in Table 2. The skewness is close to zero, which 
indicates that the distribution of the effective temperature is 
symmetric. However, the kurtosis is smaller than expected for 
a normal distribution, especially the kurtosis of the vertical 
H-shaped member (d). This result indicates that the probability 
density distribution of the effective temperature is more tail 
heavy than the normal distribution.

Fig. 4   Typical measurement points (unit: mm)
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Fig. 5   Temperature variations in the Dashengguan Bridge. a Diagonal H-shaped member; b middle chord member; c bottom chord member; d 
vertical H-shaped member; e side box-shaped member; f middle box-shaped member
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Fig. 5   (continued)
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4 � The temperature differences in structural 
members

The east-facing web plate does not receive direct solar 

radiation when the sun is in the west. The opposite situ-
ation occurs for the west-facing web plate when the sun 
is in the east. Therefore, temperature differences occur in 
structural members as the sun traverses the sky. Moreo-
ver, the temperature difference between the opposite plates 

Fig. 6   Probability density 
functions for the effective tem-
perature. a Diagonal H-shaped 
member; b middle chord mem-
ber; c bottom chord member; 
d vertical H-shaped member; e 
side box-shaped member; f mid-
dle box-shaped member

Table 1   Fitting parameters 
of the effective temperature 
distributions

Structural member a b c d e f

Mean / ℃ 26.042 26.7602 25.704 28.6056 26.5733 27.2756
Standard deviation / ℃ 10.6392 10.2141 9.35415 9.07208 9.31857 9.51821

Table 2   Skewness and kurtosis 
of the effective temperature

Structural member a b c d e f

Skewness 0.024854  − 0.03347  − 0.07221 0.07966  − 0.11885  − 0.09001
Kurtosis 2.572027 2.537262 2.336661 2.089635 2.355505 2.34515
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can be significant. The temperature difference, TDi, of the 
structural member, i, is calculated as

where TDi represents the temperature difference in structural 
member i, TiE and TiW represent the temperatures of the 
east-facing and west-facing plates of the structural member 
i. Accordingly, a positive temperature difference indicates 
that the temperature of the east-facing plate is higher than 
that of the west-facing plate, and vice versa.

4.1 � Variations of the temperature difference 
in structural members

The temperature differences in the six typical structural 
members are shown in Fig. 7. The tendency of the tem-
perature difference is partially correlated with the effective 
temperature. The temperature difference increases with 
increasing effective temperature during the day, whereas 
the temperature difference is relatively insensitive to the 
effective temperature during the night. The temperature dif-
ference can be characterized typically as being small before 
sunrise, increasing to the maximum or minimum between 
14:00 and 16:00, decreasing in magnitude as the sun low-
ers in the sky, and finally reaching an equilibrium in the 
night. Note that the apparent temperature difference vari-
ation begins earlier in the summer, while it occurs later in 
the winter.

The daily maximum temperature difference in the middle 
chord member is usually higher than for other members. In 
contrast, the middle box-shaped member under the deck is 
fully shaded by the deck and is mainly influenced by ambi-
ent air; the result is that its daily maximum temperature dif-
ference is lower than other members. In addition, the daily 
temperature differences in the box-shaped member and the 
H-shaped member are more significant in the summer than 
in the winter. The opposite situation occurs for the box-
shaped member under the deck. The east-facing plate of 
the box-shaped member under the deck can directly receive 
solar radiation due to the small incident angle of the winter 
solar radiation. Hence, the winter temperature difference in 
the member under the deck is significantly higher than that 
of summer. Note that the deck almost completely shades the 
middle box-shaped member under the deck throughout the 
day. Hence, the temperature distribution in the member is 
mainly influenced by the ambient air temperature, and the 
corresponding temperature difference is less than 5 °C for 
all seasons, as shown in Fig. 7c.

The summer temperature difference is significantly dif-
ferent from that of winter for the structural members directly 
exposed to solar radiation. The summer temperature differ-
ence consists of a peak and a valley, whereas only a valley 

(2)TDi = TiE − TiW,

occurs in the winter, as shown in Fig. 7a, b. The phenom-
enon is induced by the incident angle of solar radiation. The 
sun rises from the southeast and moves at low altitude angles 
in the winter, while the sun rises from the east and moves 
at high altitude angles in the summer. The east-facing plate 
can receive solar radiation directly during the early summer 
morning. In addition, a peak appears in the temperature dif-
ference of the bottom chord member in the summer, while 
a valley appears in the winter, as shown in Fig. 7a. The top 
plate of the deck is warmed substantially by solar radiation 
in the summer, whereas the limited solar radiation in the 
winter cannot warm the top plate of the deck, due to the 
deck being shielded by the high-speed rail track slab. The 
bottom plate is only affected by the ambient environmental 
conditions, resulting in modest variations in its temperature. 
Note that the temperature differences in H-shaped members 
share a similar tendency, as shown in Fig. 7b.

4.2 � The probability density distributions 
of temperature differences

The combination of two lognormal distributions is employed 
here to describe the distribution of temperature difference, 
TD. The PDF for the combination model is given by,

where σD1, μD1, σD2, and μD2 are the parameters in the two 
lognormal distributions, including the mean and standard 
deviation, and tC is the point at which TD shifts from one 
lognormal distribution to another, which is corresponding to 
the highest probability density of the temperature difference. 
The fitted results for the temperature difference using the 
combination model are shown in Fig. 8, which are compared 
to the empirical probability density function. The K–S tests 
indicate that the assumption that the temperature difference 
is lognormally distributed cannot be rejected at the 95% con-
fidence level for (c), (e), and (f), as at the 90% confidence 
level for (a), (b), and (d). Hence, the distribution of tem-
perature difference is generally well approximated by the 
combination of two lognormal distributions. Note that two 
peaks appear in the empirical probability density function 
for the diagonal H-shaped member, as shown in Fig. 8a. The 
two peaks are produced by the variation of solar radiation 
incidence angle. The FPDF cannot describe the first peak 
of the EPDF, and a larger difference between the FPDF and 
EPDF is observed around the first peak. However, the maxi-
mum difference between the FCDF and ECDF is smaller 
than 0.06. Moreover, good agreement is observed between 
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Fig. 7   Variations of temperature difference in the Dashengguan Bridge. a Box-shaped member; b H-shaped member; c box-shaped member 
under the deck
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the raw data and the fitted curve at the ends. Hence, the first 
peak is ignored in the assessment of extreme temperatures.

The characteristics of the temperature and temperature 
difference are analyzed based on three and a half years of 
temperature data. Accordingly, the probability density dis-
tributions of the effective temperature and temperature dif-
ference are calculated, which are described using the normal 
distribution and weighted sum of two lognormal distribu-
tions, respectively. Subsequently, extreme conditions with 
the combination of the effective temperature and tempera-
ture difference will be contoured for the structural members 
in the Dashengguan Bridge.

5 � The environmental contours (ECs) 
for the temperature variation 
in the Dashengguan Bridge

Environmental contours (ECs) have been widely used to esti-
mate the long-term joint probability distribution of wind and 
wave parameters for offshore structures [38–40]. As will be 
shown in this section, ECs can also provide reliable tools 
for the design and maintenance of bridges. Long-span steel 
truss arch bridges are designed to withstand the extreme 
temperature variations predicted for a given site. The critical 
temperature-induced response is associated with the highest 

or lowest values of the temperature, which are located at the 
boundary of the contour. Haselsteiner et al. presented the 
highest density contour (HDC) method, which defines the 
EC, encloses the highest density region (HDR) of a given 
probability density [48]. Based on the long-term field tem-
perature measurements, the ECs for the Dashengguan Bridge 
are constructed in the remainder of this section to define the 
extreme temperature variation in typical structural members 
using the HDC method. Specifically, the ECs without and 
with the correlation between the effective temperature and 
temperature difference are mapped for comparison.

5.1 � The ECs without correlation

The probability density distributions of effective tempera-
ture and temperature difference are shown in Figs. 6 and 
8. The ECs for the combination of effective temperature 
and temperature difference with return periods of 10, 20, 
and 50 years are obtained using the HDC method. The 
N-year return period means that an environmental state 
with a probability density less than the corresponding 
exceedance probability occurs every N years, on the aver-
age. Note that the correlation between the effective tem-
perature and temperature difference is ignored. The ECs 
for the six typical structural members are shown in Fig. 9. 
The top and bottom colors in the color bar represent the 

Fig. 8   Probability density distribution for the temperature difference. a Diagonal H-shaped member; b middle chord member; c bottom chord 
member; d vertical H-shaped member; e side box-shaped member; f middle box-shaped member
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highest and lowest values of the probability density in the 
figure, respectively. The ECs show the occurrence prob-
ability of the temperature variations in the Dashengguan 
Bridge, which can cause critical temperature-induced 
responses. The contours are symmetric in the horizontal 
direction, because the effective temperature is described 

using the normal distribution. However, the contours can-
not describe critical temperature variations accurately, 
especially the bottom chord member and middle box-
shaped member. Thus, the ignored correlation can result 
in inaccurate assessment of the extreme temperatures in 
members.

Fig. 9   ECs without the cor-
relation. a Diagonal H-shaped 
member; b middle chord mem-
ber; c bottom chord member; 
d vertical H-shaped member; e 
side box-shaped member; f mid-
dle box-shaped member,
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5.2 � The ECs considering correlation

The correlation between the effective temperature and 
temperature difference is mapped in the ECs, aiming at 
accurately assessing the extreme temperatures in structural 
members. The temperature difference is modeled as mar-
ginal distribution and the effective temperature is modeled 
as the conditional distribution. The parameters of the con-
ditional distribution are fitted by dividing the temperature 
difference into several equal classes. Accordingly, the ECs 
for the combined effective temperature and temperature dif-
ference with different return periods can be obtained using 
the HDC method.

5.2.1 � The correlation between the effective temperature 
and temperature difference

The joint distribution model of the effective temperature, TE, 
and temperature difference, TD, is written as

where tD and tE are the variables of the temperature differ-
ence and effective temperature, respectively. Equation (4) 
consists of a marginal distribution of the temperature dif-
ference and a conditional distribution of the effective tem-
perature. The joint distribution model generally gives a 
good approximation to temperature difference, while this 
model may overestimate effective temperature at the ends. 
The lognormal distribution describes the marginal distribu-
tion of the temperature difference, TD, with the PDF given 
by Eq. (1). Moreover, the probabilistic model of the effec-
tive temperature is established as normally distributed vari-
ables, conditional on the temperature difference. The con-
ditional distribution of the effective temperature has a PDF 
is, therefore

(4)fTE,TD

(
tE, tD

)
=fTD

(
tD
)
fTE|TD

(
tE
||tD

)
,

where μC and σC are the mean and standard deviation of 
the conditional normal distribution. The mean and stand-
ard deviation are conditioned on the temperature difference, 
which are calculated by

where a1, a2, a3, b1, b2, and b3 are the parameters estimated 
from the recorded data using nonlinear least-square curve 
fitting.

The conditional distribution is modelled by fitting a 
normal distribution with PDF defined by Eq. (5), and the 
parameters are calculated based on the nonlinear functions 
defined by Eqs. (6) and (7). The temperature difference is 
divided into several equal classes. Subsequently, the condi-
tional distribution of the effective temperature is estimated 
for the different classes. The effects of the bin size can be 
minor when the number of classes varies in a reasonable 
range [38]. The fitting parameters for the conditional nor-
mal distributions are shown in Fig. 10; the fitting results 
change little when the number of classes ranges from 6 to 9; 
therefore, 7 classes are employed in this work. In addition, 
the conditional normal distributions for different classes 
are shown in Fig. 11. The normal distribution is seen to be 
reasonable for all classes. Note that the conditional mean 
and standard deviation approaches zero for increasing tem-
perature difference, as illustrated in Fig. 10. The contours 
would not inflate when extrapolating to a higher temperature 
difference. Therefore, the extreme of effective temperature 
would not be overestimated infinitely. However, when using 
the effective temperature as a marginal distribution and the 

(5)fTE�TD
�
tE
��tD

�
=

1√
2��C

exp

�
−

1

2�2
C

�
tE − �C

�2
�
,

(6)�C

(
tD
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=a1+a2e

a3tD ,

(7)�C

(
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b3tD ,

Fig. 10   Nonlinear estimates of 
the conditional normal distribu-
tion parameters. a Location 
parameter; b scale parameter
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temperature difference as a conditional distribution, the con-
ditional parameters of the temperature difference dramati-
cally increase with the increase in the effective temperature. 
Thus, the extreme temperature difference corresponding to 
the higher effective temperature would be larger than that 
corresponding to the lower effective temperature. This phe-
nomenon is not consistent with the field monitoring data.

5.2.2 � The environmental contours (ECs) for structural 
members

The marginal distributions of temperature difference are 
shown in Fig. 8. In addition, the parameters of the condi-
tional distribution can be obtained based on Eqs. (6) and 
(7), as illustrated in Fig. 10. Accordingly, the ECs for the 
combined effective temperature and temperature difference 
with return periods of 10, 20, and 50 years can be obtained 
using the HDC method. The ECs for the six typical struc-
tural members are shown in Fig. 12. Note that the top and 
bottom colors in the color bar represent the highest and low-
est value of the probability density in the figure, respectively.

The extremes in the effective temperature and temperature 
differences vary significantly for different structural mem-
bers. For structural member facing directly toward the sun, 
these extremes are much higher, compared to those in the 
shade, and hence represent the most severe conditions. The 
middle box-shaped member, which is fully shaded by the 
deck, generally exhibits the smallest temperature difference. 

In addition, the geometric size of the box-shaped member 
under the deck is the largest, resulting in a temperature dif-
ference which is relatively small compared to that of other 
structural members; this difference is neglected. Note that 
the extreme values of the effective temperature and tempera-
ture difference do not occur concurrently.

The uncertainty in the ECs is mainly produced by two 
sources: (1) the limited temperature measurements and (2) 
the form of the chosen probability distribution models. The 
marginal distributions may be affected little by the limited 
data, whereas the conditional distributions will be signifi-
cantly affected, as well as the conditional probabilities. 
Additional long-term monitoring data should be provided 
for establishing joint distributions to reduce the statistical 
uncertainty [37]. Note that the number of classes in the 
conditional distribution analysis has little influence on the 
uncertainty in the ECs. The selection of probability distribu-
tion models for the joint environmental description and the 
estimation method applied for the determination of distribu-
tion parameters also influences the uncertainty. The normal 
distribution is employed to represent the effective tempera-
ture, which provides good agreement, as shown in Fig. 11. 
Nevertheless, significant discrepancies are observed between 
the recorded data and the fitted distribution in Fig. 11f, g. 
The normal distribution may overestimate the probabilities 
in the tails, which can result in an overestimation of the 
effective temperature. Moreover, modeling the ECs with 
the temperature difference as marginal distribution and the 

Fig. 11   Conditional distributions of the effective temperature. a Class 01; b Class 02; c Class 03; d Class 04; e Class 05; (f) Class 06; g Class 07
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effective temperature as the conditional distribution is good 
practice, because the temperature difference has larger influ-
ences on structural responses than the effective temperature 
[24].

The ignored correlation between the effective tempera-
ture and temperature difference can result in inaccurate 
assessment of the extreme temperatures in members. The 

ECs without correlation provide underestimation of the 
extreme temperatures in members, which may pose a dan-
ger to bridge safety and serviceability. In addition, concur-
rently employing the extreme effective temperature and 
extreme temperature difference provides overestimation 
of the temperature extremes, which could lead to expen-
sive over-designs. Hence, the ECs considering correlation 

Fig. 12   ECs considering 
the correlation. a Diagonal 
H-shaped member; b middle 
chord member; c bottom chord 
member; d vertical H-shaped 
member; e side box-shaped 
member; f middle box-shaped 
member
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would provide critical information for the design and 
maintenance of long-span bridges during life cycles, 
especially for structural members facing directly toward 
the sun. In addition, the negative extreme temperature 
difference is dominant in the structural member directly 
exposed to solar radiation, indicating that the temperature 
of the west-facing plate is higher than that of the east-
facing plate, whereas the opposite situation occurs in the 
shaded member. The study leads to more accurate estima-
tion of the temperature extremes in long-span steel truss 
arch bridges, which are of great importance for proper 
design and maintenance of bridges.

6 � Conclusion

Bridges are designed to withstand the extreme temperature 
variations predicted for a given site. Hence, the joint prob-
ability distribution for the temperature variation, which con-
siders the correlation between the effective temperature and 
temperature difference, would provide critical information 
for the design and maintenance of long-span bridges. In this 
study, the characteristics of the temperature and temperature 
difference were analyzed based on three and a half years 
of temperature data. Accordingly, the probability density 
distributions of the effective temperature and temperature 
difference were described using the normal distribution and 
weighted sum of two lognormal distributions, respectively. 
Then, the environmental contours (ECs) with the return 
period of 10, 20, and 50 years were presented using the 
highest density contour (HDC) method, which revealed the 
extreme temperature variations in the bridge. The following 
conclusions can be drawn from this study.

•	 The probability density distribution of the effective 
temperature was described using a normal distribution, 
while the combination of two lognormal distributions 
was employed to describe the temperature difference.

•	 The ECs provided a condensed representation of field 
temperature measurements and a better representation of 
extreme conditions. The EC with the temperature differ-
ence as marginal distribution and the effective tempera-
ture as the conditional parameter was shown to be a good 
approximation for the extreme temperature difference, 
whereas it may overestimate the effective temperature in 
the tails.

•	 The effective temperature and temperature difference in 
structural members directly exposed to solar radiation 
varied significantly, whereas the temperature difference 
of the shaded structural member was neglected. In addi-
tion, the extreme values of the effective temperature and 
temperature difference did not occur concurrently.

This study leads to more accurate estimation of the tem-
perature extremes in long-span steel truss arch bridges, 
which are of great importance for proper design and mainte-
nance of bridges. In addition, the results can provide reliable 
references for the design and maintenance of similar steel 
truss bridges at the adjacent site.
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