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Temperature variations in the girder at two cross-sections of a long-span prestressed concrete box girder bridge (PCBG) were
analysed based on measured data. 'e results show that the temperature distribution in the concrete box girder (CBG) is strongly
influenced by its size, and the temperature distribution in the girder changes along the longitudinal direction of the bridge. To
clarify the temperature distribution in the long-span PCBG bridge, a two-dimensional (2D) temperature prediction model,
validated by the measured data, was proposed, and the effect of the girder size on the temperature distribution of the CBG was
studied using the model. Based on the results of the studies, simplified vertical and transverse temperature gradient models that
could consider changes along the longitudinal direction of the bridge were proposed and validated by using the measured data and
three-dimensional (3D) mechanical finite element model (FEM) of the bridge. 'en, the deformations and stresses derived from
the proposed temperature gradient models and the models according to different codes were studied and compared. Finally,
conclusions and recommendations for future bridge design are provided.

1. Introduction

Long-span PCBG bridges are generally built in open areas,
and they are inevitably influenced by environmental thermal
loads. Owing to the poor thermal conductivity of concrete,
environmental thermal loads will create nonuniform tem-
perature distributions in bridge structures. 'e stresses and
deformations caused by nonuniform temperature distri-
butions can be comparable to those caused by dead and live
loads and may cause cracks and excessive deformations
[1, 2]. 'erefore, it is crucial for designers to consider
temperature effects when designing a bridge.

For design purposes, solar temperatures in bridge
structures must be known; therefore, a large number of
studies have been performed in the last half century.
Priestley [3] proposed a fifth-order vertical temperature
gradient model by analysing the temperature distributions of
concrete bridges. Roberts-Wollman et al. [4] compared the
maximum measured positive and negative temperature
gradients of a box girder bridge to the fifth-order curve and
concluded that the positive and negative temperature

gradient curves could all be approximated with a fifth-order
parabola. To determine the temperature gradient in pre-
stressed concrete girders, Lee [5] studied the temperature
distributions in a prestressed BT-63 concrete girder segment
and developed vertical and transverse temperature gradi-
ents. Tayşi and Abid [6] and Abid et al. [7] analysed the
temperature distributions in a CBG by using experimental
methods and finite element (FE) simulation methods. Kim
et al. [8] and Zhou et al. [9] investigated the temperature
variations in a steel box girder based onmonitoring data and
numerical simulations. Abid et al. [10] studied the tem-
perature gradient distributions in concrete-encased struc-
tures based on experimental data and a thermal FE
parametric study. Recently, with the development of
structural health monitoring technology, structural health
monitoring systems have been installed on an increasing
number of bridges. 'erefore, many researchers have
studied the temperature gradient and its effect on bridges by
using monitoring data. Lucas et al. [11] analysed the extreme
temperatures of a box girder based on measured data. Lei
et al. [12] calculated the extreme values of the vertical
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differential temperature of a CBG based on the measured
temperature. Song et al. [13] proposed temperature gradient
models for CBGs by analysing measured temperature data.
Yang et al. [14] investigated the temperature field and
displacement of a steel box girder and tower of a highway
cable-stayed bridge based on measured data.

However, only a limited number of studies regarding the
temperature gradients and their effect on long-span PCBG
bridges have been conducted. Li et al. [15] compared the
stresses calculated from the Priestley model and the observed
temperature data and found that the stresses calculated by
the Priestley model for deep sections of the Confederation
Bridge disagree with the observations in the bottom slab.
Hedegaard et al. [16] measured temperature gradients
through a section of a CBG bridge over the course of 3 years.
'e stresses and deformations of the bridge for the largest
measured temperature gradients were compared with the
results predicted by FE modelling given the applied design
gradients. Wang and Ye [17] and Song et al. [18] studied the
thermal behaviours of long-span PCBG bridges during
cantilever construction. However, unlike other types of
bridges, the girder size of a long-span PCBG bridge changes
along the longitudinal direction of the bridge. 'e size of the
girder near the intermediate piers is considerably larger than
that of the girder at the midspan. 'e depth, web thickness,
and bottom slab thickness of the girder near the intermediate
piers can reach 10m∼15.7m, 0.6m∼1m, and 1m∼1.8m,
respectively, while those dimensions of the girder at the
midspan only reach 2.5m∼5m, 0.3m∼0.5m, and
0.3m∼0.4m, respectively [19]. 'e cross-sectional shape is
an important factor that affects the temperature distribution
in a bridge structure. 'e CBG near the intermediate piers is
more likely to be affected by transverse temperature gra-
dients than the CBG near the midspan, and the vertical
temperature gradients in the CBG near the intermediate
piers and midspan may be different [15, 20, 21]. However,
the bridge temperatures along the longitudinal direction are
usually recognized as constant, so it is valuable to study the
temperature gradient and its effect on long-span PCBG
bridges considering the changes in its cross-section.

With regards to this need, the measured temperatures in a
long-span PCBG bridge were analysed. A 2D temperature
predicting model and a 3D mechanical FEM, validated by the
measured data, were then used to analyse the temperature
gradient and its effect on long-span PCBG bridges. After the
analysis, vertical and transverse temperature gradient models
that could consider the changes along the longitudinal direction
of the long-span PCBG bridge were proposed and validated.
'en, the thermal behaviour derived from the proposed
temperature gradient models and the models according to
different codeswere studied and compared. Finally, conclusions
and recommendations for future bridge design are provided.

2. Description of the Bridge and Its
Monitoring System

As an example, the auxiliary shipping channel bridge of the
SuTong Bridge is selected to study the temperature gradient
and its effect on long-span PCBG bridges.'is is a long-span

rigid-frame concrete bridge with a continuous span of
140 + 268 + 140� 548m (see Figure 1). 'e bridge over the
Yangtze River is located at 31.7°N, 121°E, and the azimuth of
its axis is −13° (the angle is between the axis and south
direction and positive in the counterclockwise direction).
'e superstructure is made of two separate bridges con-
structed parallel to a single CBG, with one carrying
southbound traffic and the other carrying northbound
traffic. 'e total deck width of the box girder is 16.4m, and
the depth of the box girder varies from 15.0m at the in-
termediate piers to 4.5m at the midspan.'e paving scheme
of the bridge deck is 110-mm-thick asphalt concrete.

'e bridge has several systems for monitoring the re-
sponses of the bridge under various kinds of environmental
actions. 'ere are two cross-sections whose temperatures
are monitored and four cross-sections whose strains are
monitored. 'e sections are shown in Figure 1, and some
characteristic dimensions and the layout of the sensors in
the sections are shown in Figure 2. For meteorological
parameters, anemometers and air temperature sensors are
installed above the top surface of the girder at the centre of
the main span. All dates are collected at 30-minute
intervals.

3. Temperature Measurement Data and
Preliminary Analysis

'e solar radiation intensity is the main factor that affects
the temperature distribution in the bridge. Critical tem-
perature distributions usually occur in summer due to the
higher solar radiation intensity received on the deck surface.
'erefore, the measured data from June 1 to August 31, 2010,
are selected for analysis. 'e hourly records of the air
temperature and wind speed are shown in Figure 3.'e daily
maximum air temperature often occurs at approximately 14:
00 to 16:00, and the daily changing range of the air tem-
perature can reach 9.3°C.'e wind speed changes irregularly
with time, and the maximum and minimumwind speeds are
16.0m/s and 0.2m/s, respectively, while the maximum and
minimum daily average wind speeds are 1.9m/s and 8.7m/s,
respectively.

Figure 4 shows the measured temperatures of the girders
at sections T1 and T2 from June 1 to August 31, 2010. As seen
from Figures 3 and 4, the temperatures of the girders and the
monitoring air temperatures all have the same changing
tendency. 'e measured temperature and its changing rate
mainly depend on the distance of the sensors to the outer
surface and the solar radiation intensity received on the
outer surface. 'e longer the distance of the sensors to the
outer surface is, the lower the temperature and temperature
change rate are. 'e higher the solar radiation intensity
received on the outer surface is, the higher the temperature
and temperature change rate are. For example, the tem-
perature and its change rate for sensors T2/7 and T2/18 are
all lower than those of sensors T2/8 and T2/19, respectively.
In addition, although the distance from sensor T1/1 to the
outer surface is longer than that of sensor T2/1, the mea-
sured temperature and its fluctuation for sensor T1/1 are all
higher than that of sensor T2/1.'e only probable reason for
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this phenomenon is that the web of section T1 can receive
more solar radiation than section T2, that is, the cantilever
slab of the girders near the intermediate piers may not be
long enough to protect the web from solar radiation.

Interestingly, the temperatures in the bottom slab of
section T1 are lower than those in the web, while the
temperatures in the bottom slab and web of section T2 are
nearly equal (see Figure 5). Due to the large area of the

bottom slab and the great distance between the centroid and
bottom slab, the lower temperatures in the bottom slab may
contribute to the development of the worst condition.
However, as far as the author knows, there are no bridge
design codes worldwide that consider the negative tem-
perature gradient in the bottom slab. A longitudinal tem-
perature difference exists in the web and bottom slab, as
shown in Figure 6. 'e longitudinal temperature difference
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Figure 1: 'e auxiliary shipping channel bridge of the SuTong Bridge (unit: m).
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Figure 2: Characteristic section dimensions and layout of the sensors. (a) Section T1. (b) Section S1. (c) Section S2. (d) Section S3. (e)
Section S4. (f ) Section T2 (unit: cm).
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in the web (temperature difference between T2/02 and T1/
02) and in the bottom slab (temperature difference between
T2/19 and T1/18) can reach 5.4°C and 2.5°C, respectively.
According to Figures 3–6, it can also be found that the
critical temperature gradients in sections T1 and T2 are
easily reached on sunny days after a substantial several days
warming trend.

'rough the above analysis, we know that the temper-
ature distribution in the CBG depends on its size; therefore,
the temperature distributions in the long-span PCBG
bridges are very complex. However, it is difficult to inves-
tigate the temperature gradient in the long-span PCBG
bridge by using the measured data at limited points. To
develop the appropriate temperature gradients in the long-
span PCBG bridges for design, a temperature prediction
model is needed.

4. Prediction of the Temperature in the CBG

4.1. Heat Transfer. Although the girder size of the long-span
PCBG bridge changes along the longitudinal direction of the
bridge, the change rate is very slow. 'erefore, it can be
assumed that the heat transfer in the longitudinal direction
of the bridge can be neglected, and the temperature variation
over the cross-section of the girder at any time t is governed
by a two-dimensional heat transfer equation:

ρc
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2
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z
2
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2
y

 , (1)

where x and y are coordinates in two directions and k, ρ, and
c are the thermal conductivity coefficient, density, and
specific heat, respectively.'e temperature field in the cross-
section of the girder at any time t can be obtained by solving
equation (1) under the initial and boundary conditions. For a
precise determination of the temperature field in the girder,
the initial and boundary conditions should be carefully
studied.

4.2. Initial Condition. 'e initial condition is important in
numerical studies; generally, the initial temperatures in the
girder are assumed to be uniform at a value equal to the
average of all the measured temperatures or equal to the

minimum air temperature. However, this assumption
usually does not agree with practical situation. 'erefore, a
preanalysis, in which the boundary conditions are calculated
by the measured meteorological data, can be performed to
eliminate the effect of the assumed initial conditions.

4.3. Boundary Conditions. 'e boundary conditions asso-
ciated with equation (1) can be expressed as follows [22]:

k
zT

zn
+ q � 0, (2)

where n is the direction of heat flow and q is the heat
transferred between the girder surface and the environment
per unit area. Figure 7 shows the heat transferred between
the girder surface and the environment. As shown, the heat
transferred between the girder surface and the environment
can be expressed by

q � qS + qA + qG + qC − qR, (3)

where qS, qA, and qG are the heat absorbed by the girder
surface due to solar radiation, atmospheric thermal radia-
tion, and ground thermal radiation, respectively, qC is the
heat gained from or lost to the surrounding air by con-
vection, and qR is the radiation emitted from the girder
surface.

'e heat absorbed by the girder surface due to solar
radiation is obtained by [22]

qS � α
IB

sin β
cos θ + IDsin

2 η
2

   + αζecos
2 η
2

  IB + ID( ,

(4)

where α is the solar radiation absorptivity coefficient of the
girder surface, ζe is the ground reflectance value, θ is the
solar incidence angle, η is the tilt angle between the surface
and horizontal plane, β is the solar altitude, and IB and ID are
the direct solar radiation and diffuse solar radiation on a
horizontal surface, respectively. 'e calculations of IB and ID
can be found in the related literature [23].

In the calculation of the solar radiation, the shadow cast
on the web by the cantilever slab should be considered. 'e
shadow depth on the web can be calculated by [5]
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Figure 3: Hourly environmental records for the period from June 1 to August 31, 2010: (a) air temperature and (b) wind speed.
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Ls � Lc
tan β

cos(φ − ψ)
, (5)

where Ls is the length of the shadow depth on the web, Lc is
the length of the cantilever slab, φ is the solar azimuth, and ψ
is the surface azimuth angle.

'e heat absorbed by the girder surface due to at-
mospheric thermal radiation can be expressed as follows
[10]:

qA � ε0εaC0 Ta + 273( 
4sin2

η
2

 

+ ε0εa 1 − εe( C0 Ta + 273( 
4cos2

η
2

 ,

(6)

where ε0, εa, and εe are the emissivity of the girder surface,
ambient air, and ground, respectively, C0 is the Stefan
Boltzmann constant, and Ta is the air temperature.
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Figure 4: Temperature variations of the girder at sections T1 and T2 for the period from June 1 to August 31, 2010: (a) T1/5∼T1/7; (b) T2/
5∼T2/8; (c) T1/1∼T1/3; (d) T2/1∼T2/3; (e) T1/17∼T1/19; (f ) T2/19.
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'e heat absorbed by the girder surface due to the
ground thermal radiation can be expressed by [10]

qG � ε0εeC0 Te + 273( 
4cos2

η
2

 , (7)

where Te is the temperature of the ground.
'e heat gained from or lost to the surrounding air by

convection is depicted as follows:

qCa � hc Tc − Ta( , (8)

where Tc is the girder’s surface temperature and hc is the heat
convection coefficient and can be calculated using the fol-
lowing equation [24]:

hc �
4v + 5.6, v≤ 5m/s,

7.15v
0.78

, v> 5m/s,
 (9)

in which v is the wind speed.

'e radiation emitted from the girder surface can be
calculated using

qR � ε0C0T
4
c . (10)

'e air inside the box can also affect the temperature
field in the CBG. If there is no measured temperature of the
inside air, the temperature can be calculated from the av-
erage temperature of the inner surfaces by using the iterative
method. 'e average core temperature for a fluid in an
enclosed space is approximately equal to the average tem-
perature of the inside surfaces [25]. 'e start value for the
inside air temperature can be set to the uniform temperature
of the girder, and the simulation is then repeated with a new
air temperature calculated from the previous results [26].

4.4. Validation of the Proposed Model by the Measured Data.
'e FEMs of the CBG at sections T1 and T2, which consist of
3,680 and 2,776 elements, respectively, were built by using
ANSYS (see Figure 8). 'e PLANE55 element, which is
applicable to a 2D transient thermal analysis, was used for
several materials including the concrete for the girder sec-
tion and asphalt concrete for the pavement.

Field measurements taken from July 30 to August 3, 2010,
were used to validate the FEM.'e analyses were all performed
hourly for five days. 'e initial temperature was assumed to be
equal to the average of all the measured temperatures, and the
preanalysis for the first four days was performed to eliminate
the effect of the initial temperature. Figure 9 shows the hourly
records of the air temperature, wind speed, and solar radiation
density from July 30 to August 3, 2010.'e solar radiation was
calculated by the empirical formulas [23], and the value of the
Linke turbidity factor was set to 4. 'e material properties are
listed in Table 1. Based on the meteorological data, the thermal
boundary conditions were calculated by using equations
(3)–(10) and were all applied to the FEM for transient heat
transfer analysis.

2010/6/1 2010/7/1 2010/8/1 2010/9/1
20
22
24
26
28
30
32
34
36

T1/2

T1/18

Te
m

pe
ra

tu
re

 (°
C)

Data

(a)

2010/6/1 2010/7/1 2010/8/1 2010/9/1
20
22
24
26
28
30
32
34
36

T2/2

T2/19

Te
m

pe
ra

tu
re

 (°
C)

Data

(b)

Figure 5: Comparison of the temperature in the web and bottom slab for the period from June 1 to August 31, 2010: (a) T1/2∼T1/18; (b) T2/
2∼T2/19.

2010/6/1 2010/7/1 2010/8/1 2010/9/1
–3
–2
–1

0
1
2
3
4
5
6

T2/2-T1/2

T2/19-T1/18

Te
m

pe
ra

tu
re

 (°
C)

Data

Figure 6: Longitudinal temperature difference in the web and
bottom slab for the period from June 1 to August 31, 2010.
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'e temperature variation in the CBG at sections T1 and
T2 on August 3, 2010, was predicted and compared with the
measured temperatures. Figure 10 shows the comparison
between the predicted and measured temperatures for tem-
perature sensors T1/4, T1/1, T1/7, T1/19, T2/4, T2/1, T2/8, and
T2/19. As shown, the predicted and measured temperatures
closely matched at most points. 'e maximum prediction
error was lower than 1.5°C, which was considered acceptable.
'e errors were most likely attributed to the difference be-
tween the boundary conditions of the model and the actual
environment. 'erefore, the model can accurately predict the

temperature variation of a CBG and can be used to study the
temperature distributions in a long-span PCBG bridge.

5. Investigation of the Temperature
Distribution in the CBG

To study the temperature distributions in the CBG, four
sunny days, when the temperature differences between T2/8
and T2/2 were relatively large, were selected for analysis.'e
weather conditions of the four sunny days are presented in
Table 2. For each day, the vertical temperature distributions
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Figure 7: 'e heat transferred between the girder surface and environment.
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Figure 8: 'e FEMs of the CBG: (a) section T1 and (b) section T2.
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along the web and bottom slab (0.5A-A line + 0.5B-B line-
+C-C line, see Figure 11) and the transverse temperature
distributions along the web (D-D line, see Figure 11) were
studied and compared.

Figure 12 shows the predicted vertical temperature
distributions along the depth of the girder at sections T1
and T2 for the four sunny days when the vertical tem-
perature differences were maximum. 'e vertical tem-
perature difference was equal to the temperature difference
between the maximum and minimum temperatures in the
deck and web. It can be seen from the figure that the
maximum vertical temperature differences in the web of
section T1 for the four sunny days were 14.4°C, 15.2°C,
13.1°C, and 15.9°C, respectively, while those for section T2
were 13.4°C, 13.0°C, 11.7°C, and 13.8°C, respectively. 'e
differences between the measured temperature distribu-
tions and the predicted temperature distributions were all
small, and the predicted temperature distribution shapes
for the four sunny days were all similar. 'e highest
temperatures all appeared on the top surface of the deck
and then decreased rapidly through the upper part of the
girder, reaching a minimum at a depth of approximately

1.5m. 'e temperatures were almost constant after
reaching a depth of approximately 1.5m until reaching the
top surface of the bottom slab. Due to the heat from the
surrounding air and reflected radiation from the ground,
the highest temperatures in the bottom slab all appeared on
the outer surface and then decreased rapidly through the
thickness of the bottom slab, reaching a minimum near the
inner surface. However, the minimum temperatures in the
bottom slab of section T1 were all lower than its web
temperatures, while the minimum temperatures in the
bottom slab of section T2 were all nearly equal to its web
temperatures.

Figure 13 shows the predicted transverse temperature
distributions along the web of the girder at sections T1 and
T2 for the four sunny days when the temperatures on the
outer surface of the web reached their maximum values. As
shown, the differences between the measured temperature
distributions and the predicted temperature distributions
were all small. However, the measured temperatures in the
eastern web were not recorded due to errors; therefore, the
measured temperature distributions and the predicted
temperature distributions in the eastern web could not be
compared. 'e predicted temperature distribution shapes
for the four sunny days were all similar. 'e highest tem-
peratures in sections T1 and T2 all appeared on the outer
surface of the western web. 'e maximum transverse
temperature differences in the web of section T1 were all
greater than those in the web of section T2. 'e main reason
for this is that the web of section T1 could receive more solar
radiation than section T2. 'e maximum transverse tem-
perature differences in the western web were all greater than
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Figure 9: Hourly environmental records for the period from July 30 to August 3, 2010: (a) air temperature, (b) wind speed, (c) direct solar
radiation, and (d) diffuse solar radiation.

Table 1: Material properties.

Parameters Concrete Asphalt concrete
Density, ρ (kg/m3) 2500 2100
Specific heat capacity, c (J/kg·°C) 980 1170
'ermal conductivity, k (W/m·°C) 2.4 0.98
Absorptivity, α 0.65 0.9
Emissivity, ε0 0.88 0.95
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those in the eastern web, and the maximum transverse
temperature differences in the western web of section T1 for
the four sunny days were 9.9°C, 13.2°C, 9.2°C, and 11.0°C,
respectively, while those in section T2 were 6.7°C, 8.1°C,
5.6°C, and 6.0°C, respectively.

From Figures 12 and 13, it can be concluded that the
temperature distribution shapes in the girder for the four
sunny days were all similar, but the girder size has a great
influence on the vertical and transverse temperature dis-
tributions in the girder, and this topic should be carefully
studied. To study the effect of the girder size on the tem-
perature distribution of the CBG, thermal analyses of an-
other four cross-sections, which are called T3, T4, T5, and
T6, respectively, were carried out. 'e fourth sunny day was
selected for analysis. 'e locations and some characteristic
dimensions of the six cross-sections are shown in Figure 14.
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Figure 10: Comparison of the measured and predicted temperatures: (a) T1/2 and T1/4, (b) T1/7 and T1/19, (c) T2/2 and T2/4, and (d) T2/8
and T2/19.

Table 2: Weather conditions of the four sunny days.

Data Weather Maximum air temperature (°C) Minimum air temperature (°C) Average wind speed (m/s)
June 7, 2010 Sunny 20.7 20.1 3.0
June 19, 2010 Sunny 32.1 23.2 3.5
July 22, 2010 Sunny 34.0 28.0 4.7
August 3, 2010 Sunny 37.6 32.0 2.7
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Figure 11: 'e calculated positions of vertical and transverse
temperature distributions.
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'e predicted vertical temperature distributions along
the depth of the girder at the six cross-sections on August
3, 2010, when the vertical temperature differences reached
a maximum value, are depicted in Figure 15. According to
the figure, the temperature profiles in the deck, web, and
bottom slab of the six sections all exhibited similar shapes.
'e temperatures in the deck of the six sections were
almost the same. However, the temperatures in the webs
were dependent on their thicknesses; the thicker the web,
the lower the temperature would be. 'e maximum
temperature difference between the webs was 2.5°C. 'e
temperatures on the outer surface of the bottom slabs were
almost the same, but the minimum temperatures in the
bottom slabs were also dependent on their thicknesses; the
thicker the bottom slab, the lower the minimum tem-
perature would be. 'e maximum temperature difference
between the minimum temperatures in the bottom slab
was 3.9°C. Further analysis showed that the temperature
in the webs and the minimum temperature in the bottom
slabs all varied almost linearly with their thicknesses.

Table 3 shows the predicted maximum vertical tem-
perature difference and its equivalent linear temperature

difference in the girder at the six cross-sections. 'e
equivalent linear temperature difference can be calculated
using the following equation:

ΔTy �
1
Ix

B
A

T(y)ydA, (11)

where ∆Ty is the equivalent linear temperature difference
(ELTD), Ix is the moment of inertia of the section about the
x-axis, T(y) is the temperature gradient at depth y from the
outer surface of the deck, and A is the cross-sectional area of
the girder. As shown in Table 3, if the temperature gradient
in the bottom slab is ignored, the equivalent linear tem-
perature difference in the girder would be underestimated.
When the bottom slab thickness is greater than 0.6m, the
values of the underestimations were more than 20.8%, which
would result in a substantial underestimation of the tem-
perature-induced stresses and deflections.

Figure 16 depicts the predicted transverse temperature
distributions along the web of the girder at the six cross-
sections on August 3, 2010, when the temperatures on the
outer surface of the web reached a maximum value. As
shown, the maximum temperatures on the outer surface of
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Figure 12: 'e predicted vertical temperature distributions along the depth of the girder for the four sunny days: (a) section T1 on June 7,
2010; (b) section T1 on June 19, 2010; (c) section T1 on July 22, 2010; (d) section T1 on August 3, 2010; (e) section T2 on June 7, 2010; (f )
section T2 on June 19, 2010; (g) section T2 on July 22, 2010; (d) section T2 on August 3, 2010.
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the webs at the six cross-sections, except section T2, were
almost equal.'is phenomenon indicated that the cantilever
slabs of girders except the girders near the midspan were not
long enough to protect the web from solar radiation. When
the maximum temperatures appeared on the outer surface of
the eastern webs, the transverse temperature differences in
the western webs were all small, and vice versa. 'e tem-
peratures on the inner surface of the webs at the same section
were nearly equal, and all temperatures depended on their
thicknesses; the thicker the web, the lower the minimum
temperature would be. Further analysis shows that the
minimum temperatures in the webs varied almost linearly
with their thicknesses.

6. Recommendations forTemperatureGradient
Models in the Long-Span PCBG Bridge

6.1. Temperature Gradient Models. For design purposes,
simplified vertical and transverse temperature gradient
models that can consider changes along the longitudinal
direction of the long-span PCBG bridge were proposed on
the basis of the results described earlier. 'e proposed
vertical temperature gradient model is shown in
Figure 17(a), and the notations are defined as follows.

(1) Td is the temperature on the top surface of the deck
and is kept constant along the longitudinal direction
of the bridge. Td(yd) is the continuous temperature
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Figure 13: 'e predicted transverse temperature distributions along the web of the girder for the four sunny days: (a) section T1 and the
temperature on the outer surface of the eastern web reached amaximum value; (b) section T2 and the temperature on the outer surface of the
eastern web reached a maximum value; (c) section T1 and the temperature on the outer surface of the western web reached a maximum
value; (d) section T2 and the temperature on the outer surface of the western web reached a maximum value.
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distribution decreasing from Td on the top surface of
the deck to Tw in the web and can be expressed as
follows:

Td yd(  � Tw + Td − Tw( e
− 4yd , (12)

Tw �
dwi − dwp

dwm − dwp
 Twm, (13)

where dwp, dwm, and dwi are the web thicknesses of
the cross-section at the intermediate pier, midspan,
and other locations, respectively, and Twm is the
temperature in the web of the cross-section at the
midspan.

(2) Tb is the temperature on the outer surface of the
bottom slab and is also kept constant along the
longitudinal direction of the bridge. Tb(yb) is the
continuous temperature distribution decreasing
from Tb on the outer surface of the bottom slab to Tbt
on the inner surface and can be calculated by

Tb yb(  � Tbt + Tb − Tbt( 
db − yb

db
 

5

, (14)

Tbt � Tbtp +
dbi − dbp

dbm − dbp
  Tbtm − Tbtp ,

(15)

where dbp, dbm, and dbi are the bottom slab thicknesses
of the cross-section at the intermediate pier, midspan,
and the other locations, respectively, and Tbtp and Tbtm
are the temperatures on the inner surface of the bottom
slab at the intermediate pier and midspan, respectively.

Figure 17(b) shows the proposed transverse temperature
gradient model. For the temperature gradient, only the
temperature in the web is taken into consideration. 'e
notations are defined as follows:

(1) T1 is the temperature on the outer surface of the web
and is kept constant along the longitudinal direction
of the bridge. T0 is the minimum temperature in the

Table 3: 'e predicted maximum vertical temperature difference and its equivalent linear temperature difference in the girder at the six
cross-sections.

Section Vertical temperature difference
(°C)

ELTD
(°C)

ELTD (ignore the temperatures in the bottom
slab) (°C)

Difference between the two
ELTD (%)

T1 16.0 6.4 4.5 29.7
T3 14.8 8.9 5.7 36.0
T4 14.4 7.3 4.6 37.0
T5 14.4 7.2 5.7 20.8
T6 14.0 7.3 6.0 17.8
T2 13.8 7.8 7.3 6.4
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Figure 16: 'e predicted transverse temperature distributions along the web of the girder at the six cross-sections on August 3, 2010, when
the temperatures on the outer surface of the web reached a maximum value: (a) eastern web; (b) western web.
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webs. 'e value of T0 depends on the web thickness
and can be calculated by

T0 �
dwi − dwp

dwm − dwp
 T0m, (16)

where T0m is the temperature on the inner surface of
the web at the midspan.

(2) Tw(x) is the continuous temperature distribution in
the web and can be calculated by the following
equation:

Tw(x) � T0 + T1 − T0( 
dwi − x

dwi

 

5

, (17)

6.2. Validation of the Recommended Temperature Gradient
Models. 'e structural response of the bridge to the tem-
perature gradient was determined using a 3D solid FEM (see
Figure 18). 'e SOLID186 element, which is a higher order
3D 20-node solid element that exhibits quadratic dis-
placement behaviour, was adopted. 'e deck, web, and

bottom slab were meshed with five, two, and four elements
through their thicknesses, respectively. 'e web was meshed
with twelve elements along the depth of the girder, and the
deck and bottom slab were meshed with twenty and eight
elements along the width of the girder, respectively. At the
side piers, the nodes on the bottom surface of the girder were
fixed in the vertical and lateral directions, while the nodes on
the bottom surface of all the piers were fixed in all directions.
'e thermal expansion coefficient of the concrete was
computed as the slope of the least-square line relating the
measured strains to the temperature of the nonstress strain
sensors. 'e average thermal expansion coefficient calcu-
lated by this method was 10.06 με/°C for the concrete. 'e
density, Young’s modulus, and Poisson’s ratio for the
concrete were 2500 kg/m3, 36.5GPa, and 0.2, respectively.

'e validation of the model was verified by a comparison
of the measured curvatures and FEM-computed curvatures
using the predicted maximum temperature gradients on
August 3, 2010. 'e measured curvatures were calculated
from the slope of the line through the section depth or width
fitting the short-term changes in the total strain. For the
predicted maximum vertical temperature gradients, the
parameter values of Td, Twm, Tbtp, Tbtm, and Tb were 15.9°C,
2.5°C, −2.0°C, 1.9°C, and 4.0°C, respectively, while for the
transverse temperature gradient model, T1 and T0m were
11.0°C and 2.5°C, respectively. Figure 19 shows the com-
parison of the measured curvatures and FEM-computed
curvatures. As shown, the FEM-computed curvatures and
measured curvatures closely matched for the two sections.

7. Effects of the Temperature Gradients on the
Long-Span PCBG Bridge

7.1. Effects of the Vertical Temperature Gradients on the Long-
Span PCBG Bridge. Based on the FEM of the auxiliary
shipping channel bridge of the SuTong Bridge, the defor-
mations and stresses derived from the proposed temperature
gradient model and the temperature gradient model
according to four codes were studied and compared. Four
bridge design codes (see Figure 20), including the China
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Figure 17: 'e proposed (a) vertical and (b) transverse temperature gradient models of the long-span PCBG bridge.

Figure 18: FEM of the auxiliary shipping channel bridge of the
SuTong Bridge.
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general design specification for highway bridges and culverts
(JTG D60-2015) [27], AASHTO LRFD Bridge Design
Specifications (AASHTO 2017) [28], the New Zealand
Bridge Specification (Bridge manual 2013) [29], and

Eurocode 1 [30], were selected. 'e predicted maximum
vertical temperature gradients on August 3, 2010, were used.
For comparison purposes, the temperature differences in the
deck of the four codes were all set to 14.7°C, which was the
average temperature difference in the deck of the proposed
model. 'erefore, the temperature gradients in the four
codes were all multiplied by a corresponding coefficient.

Figure 21 shows the vertical deformations derived from
the proposed model and the model according to the four
codes. As shown, the shapes of the vertical deformations
were similar; the girders of the side spans produced upward
deformations, while the girders of the main span produced
downward deformations. 'e maximum values of the de-
formations in the side span were very small and varied from
1.99mm∼3.36mm; however, the maximum values of the
deformations in the main span were very large. 'e maxi-
mum deformations in the main span of the proposed model
and the models proposed in JTG D60-2015, AASHTO 2017,
Bridge manual 2013, and Eurocode 1 were 32.39mm,
16.37mm, 13.13mm, 23.20mm, and 12.89mm, respectively.
'e temperature gradient models of the four codes all
underestimated the maximum deformations in the main
span. 'e two main reasons for this phenomenon were that
the temperature gradients in the deck for the four codes
decreased faster than that of the proposed model, and the
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Figure 19: Comparisons of the measured and FEM-computed curvatures: (a) vertical curvatures and (b) transverse curvatures.

2.53

AASHTO-2017

13.5

6.725

14

T3T2T1

JTG D60-2015

Temperature (°C)
Models

AASHTO-2017

JTG D60-2015

20 1.5

5.5

T1T2

T3

1015
20

12
0

25

Eurocode 1

Bridge manual 2013

/

/

/Bridge manual 2013

Eurocode 1

Figure 20: Vertical temperature gradient model (unit: cm).

Advances in Civil Engineering 15



four codes do not consider the negative temperature gra-
dients in the bottom slab. As mentioned in Table 3, ignoring
the temperature gradient in the bottom slab will lead to a
substantial underestimation of the deflection.

Table 4 depicts the maximum and minimum longitu-
dinal stresses (MMLS) in the deck and bottom slab derived
from the proposed model and the model according to the
four codes, respectively. It can be seen from the table that the
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Figure 21: Comparison of the vertical deformations.

Table 4: Comparison of the MMLS in the deck and bottom slab (unit: MPa).

Temperature gradient model
Section S2 Section T2

MMLS in the deck MMLS in the bottom slab MMLS in the deck MMLS in the bottom slab
Proposed model 0.49, −5.09 0.62, −1.83 0.07, −5.21 2.95, 2.32
JTG D60-2015 1.01, −5.91 0.02, −0.08 0.77, −5.96 1.80, 1.43
AASHTO 2017 0.78, −6.06 0.02, −0.07 0.59, −6.09 1.45, 1.14
Bridge Manual 2013 0.72, −5.43 0.10, −0.68 0.53, −5.55 2.37, 1.73
Eurocode 1 1.27, −6.01 0.19, −0.83 1.04, −5.95 1.43, 0.37
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Figure 22: Horizontal deformation.

Table 5: MMTS in the deck, webs, and bottom slab (unit: MPa).

Cross-section MMTS in the web MMTS in the deck MMTS in the bottom slab
Section S2 1.20, −2.94 0.25, −0.48 0.25, −0.25
Section T2 0.96, −1.60 0.44, −0.44 0.55, −0.55
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four codes all underestimated the longitudinal stress in the
bottom slab. It is worth noting that the maximum longi-
tudinal stresses in the bottom slab near the midspan were
very large and could be compared to the tensile strength of
the concrete. 'erefore, the stress caused by the vertical
temperature gradient could be one of the major factors that
cause cracking, and the temperature gradient in the bottom
should not be ignored.

7.2. Effects of the Transverse Temperature Gradient on the
Long-Span PCBG Bridge. For the four codes, only Eurocode
1 notes that substantial temperature differences can occur
between the inner and outer web walls of large PCBG
bridges, and 15°C may be recommended as a linear tem-
perature difference between the inner and outer web walls.
However, Eurocode 1 does not provide transverse tem-
perature gradient distributions. 'erefore, only the trans-
verse deformations and transverse stresses derived from the
proposed model are analysed in this section.

'e horizontal deformations derived from the proposed
model are shown in Figure 22. As shown, the values of the
horizontal deformations induced by the transverse tem-
perature gradient were much less than the values of the
vertical deformations induced by the vertical temperature
gradient. 'e side span and main span were deformed in
opposite directions, and the maximum deformations of the
side span and main span were 0.97mm and 4.81mm,
respectively.

Table 5 depicts the MMTS in the deck, webs, and bottom
slab derived from the proposedmodel. As shown, theMMTS
values in the deck and bottom slab were all small, while those
in the web were relatively large.'eMMTS values in the web
near the intermediate pier were all greater than those near
the midspan.'e maximum transverse tensile stresses in the
web near the intermediate pier and midspan were 1.20MPa
and 0.96MPa, respectively. 'erefore, the lack of consid-
eration of the transverse temperature gradient may cause the
web to easily crack, which is also in agreement with the crack
inspections performed by the Swedish Road Administration
[20].

8. Conclusions

In this paper, the temperature gradient and its effect on a
long-span PCBG bridge were studied. From the results
presented in this paper, the following conclusions are
obtained:

(1) 'e critical temperature gradients in the girder all
occurred on sunny days after a substantial warming
trend for several days. 'e temperatures in the deck
along the longitudinal direction of the long-span
PCBG bridge were almost the same. However, the
temperatures in the web and bottom slab were dif-
ferent from each other, and the longitudinal tem-
perature difference in the web and bottom slab
reached 5.4°C and 2.5°C, respectively, according to
the measured data.

(2) 'eminimum temperature in the bottom slab can be
lower than the web temperature; if the temperature
gradient in the bottom slab is ignored, the equivalent
linear temperature difference in the girder will be
underestimated. When the thickness of the bottom
slab is greater than 0.6m, the values are under-
estimated by more than 20.8%, which will lead to a
substantial underestimation of the temperature-in-
duced stresses and deflections.

(3) To accurately calculate the thermal behaviour of the
long-span PCBG bridge, simplified vertical and
transverse temperature gradients that can consider
its changes along the longitudinal direction of the
bridge were proposed.

(4) 'e temperature gradient models of JTG D60-2015,
AASHTO 2017, Bridge Manual 2013, and Eurocode
1 all underestimated the maximum deformations
and the maximum longitudinal stress in the bottom
slab of the long-span PCBG bridges. 'e maximum
longitudinal stress, which is caused by the vertical
temperature gradients in the bottom slab near the
midspan, is very large and can be compared to the
tensile strength of concrete.

(5) 'e cantilever slab of the long-span PCBG bridge is
not long enough to protect the web from solar ra-
diation, except for the web near the midspan is
protected; therefore, the lack of consideration of the
transverse temperature gradient may cause the web
to easily crack.
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