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Abstract: Based on space temperature field test in solid tower of extradosed cable-stayed bridge, the method to calculate 
the space temperature field in solid concrete bridge tower is put forward systematically. By defining a series of meteoro-
logical parameters and concrete thermal parameters, the bridge tower temperature distribution is gotten. Compared with 
the experimental data, error is found within 21.38%, which shows that the temperature field algorithm is reasonable. Un-
der the steady temperature field state, bridge tower section temperature distribution is analyzed within 24 hours, the result 
shows: maximum negative temperature difference appears on sunrise. Maximum negative temperature difference in trans-
verse and longitudinal direction of bridge is 5.1 °C and 4.2 °C respectively. The most-positive temperature difference in 
transverse direction appears at 15 PM. The temperature difference value is about 20°C. This research simulates the tem-
perature distribution in transverse and longitudinal directions of the bridge when maximum negative temperature differ-
ence appears in solid concrete bridge towers and provides the curve equation. 

Keywords: Extradosed cable-stayed bridge, maximum negative temperature difference, model test, temperature distribution, 
thermal analysis, solid tower. 

1. INTRODUCTION  

Because of the simple structure and convenient construc-
tion, solid concrete bridge tower is widely used in extradosed 
cable-stayed bridge. Concrete structures, in the natural envi-
ronment, withstand radiation from the sun and effect of envi-
ronment temperature change for a long time. Because the 
heat transfer performance of concrete is poor, as in the con-
crete structure, there is a large temperature gradient, which 
can cause temperature stress and sometimes lead to the con-
crete crack. Concrete bridge tower is an important part of 
extradosed cable-stayed bridge, so the concrete crack caused 
by temperature effect cannot be ignored. At present, there 
have been many studies about the effect of temperature on 
concrete bridge tower. By continuously monitoring the tem-
perature change of four sections of pylons of Zhanjiang Bay 
Bridge in the construction phase, DONG analyzed and sum-
marized the temperature change rule of tower, with a man-
hole in the winter, and presented a one-dimensional and non-
linear temperature distribution expression along the thick-
ness direction [1]. Based on the analysis of temperature 
stress under the action of the sunshine temperature, the inter-
nal temperature field of bridge tower is approximately ob-
tained by the following formula [2]: 

1.5ia oaT T= +  

oaT  represents the average atmospheric temperature on 
the structural surface. While analyzing the temperature field 
of concrete structure under the sun, researchers considered 
the random distribution of meteorological parameters, and 
ignored the component of longitudinal temperature gradient,  
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and compute the temperature field according to plane prob-
lems [3]. As for a suspension bridge, researchers tested the 
tower wall temperature, inside and outside the environment, 
and the surface temperature field of concrete hollow tower in 
the three seasons [4]. They analyzed the varying regularity of 
different temperature load with the time. Under the adverse 
temperature difference, they computed and analyzed temper-
ature gradient mode on the tower wall thickness direction 
and length-width direction. Researchers chosen three typical 
seasons, tested the surface temperature field of concrete 
bridge towers of a suspension bridge, and obtained the dif-
ference curve of changed temperature in the direction of wall 
thickness in three seasons, ignoring the temperature changes 
in the direction of height [5]. According to the temperature 
data measured previously, the rule of temperature change 
was simulated and temperature field and effect of tempera-
ture on the main tower of concrete cable-stayed bridge under 
different external environments influence, were analyzed [6]. 
In conclusion, spatial temperature distribution of concrete 
bridge tower is mostly associated with the bridge tower with 
hollow section and the previous studies focussed mainly on 
one-dimensional nonlinear distribution patterns. Space tem-
perature distribution of large cross-section solid bridge tower 
of extradosed cable-stayed bridge needs further research. In 
this study, based on the analysis of temperature field in 
bridge tower model, researchers have provided a calculation 
method of space temperature field of concrete solid bridge 
tower, verified the correctness of the algorithm, computed 
space temperature distribution of large cross-section solid 
bridge tower, analyzed the features of space temperature 
distribution change with time, and provided reliable tempera-
ture effect parameters for the bridge tower. 
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2. THE CALCULATION METHOD OF SPACE 
TEMPERATURE FIELD OF SOLID BRIDGE 
TOWER 

On the premise of reasonable assumptions, researchers 
ignored secondary factors influencing bridge tower tempera-
ture field, computed structural heat transfer boundary condi-
tions, assumed the initial temperature, strived for the approx-
imate solution of complex heat conduction differential equa-
tion, to obtain the internal temperature distribution of the 
bridge tower. The initial temperature is relatively easy to 
determine. According to the date of the year, researchers got 
a series of proper value. Heat transfer boundary condition of 
concrete structure includes two parts: (1) the intensity of 
solar radiation on the surface of the concrete structure; (2) 
convective heat transfer and radiation heat transfer between 
concrete structures with outside air or other objects. 

2.1. The Intensity of Solar Radiation on the Surface of 
Bridge Tower 

The intensity of solar radiation is the main factor affect-
ing temperature field of concrete structure. Solar radiation is 
constantly reflected, absorbed and scattered by the various 
components in the atmosphere, when going through the at-
mospheric layer and reaching the earth surface. Therefore, 
the solar radiation reaching ground decays. Part of the solar 
radiation of scattering reaches the surface of the earth. So, 
the total solar radiation intensity on the structure of the 
ground is composed of the direct solar radiation intensity, the 
scattering radiation and ground reflection. 

2.1.1. The Direct Solar Radiation Intensity 

In the engineering practice, solar radiation intensity ( DI ), 
on the plane is perpendicular to the direction of the sun, can 
be approximately computed by using the formula (1): 

00.9 u at k m
DI I=   (1) 

where 0I  —— is the solar constant, whose value changes 
according to the date within a year; aK —— is the atmos-
pheric relative pressure, which changes with altitude. ut —— 
is the Linke turbidity coefficient [7], which changes with 
atmospheric conditions and seasons. The value can be calcu-
lated by the empirical formula (2): 

360cos( )
365u tu tu
Nt A B °= −   (2) 

where tuA and tuB are the empirical parameters and respective-
ly represent the value and range under different atmospheric 
conditions respectively; N  represents the ordinal number of 
days. m——is the atmospheric optical mass, it is an im-
portant parameter representing the degree of solar radiation 
attenuation. World meteorological organization provides the 
empirical formula to compute atmospheric optical mass: 

--1.235sin 0.150( 3.885)s sm β β⎡ ⎤= + +⎣ ⎦
1 (3) 

Where sβ ——is the solar altitude, it changes with latitude 
and longitude and is associated with date. 

From the formulas (1) to (3), after determining the date 
and latitude and longitude of a certain place, solar radiation 
intensity, perpendicular to the plane in the direction of the 

sun, can be calculated. We can compute the direct solar radi-
ation intensity based on arbitrary surface of the structures  
( DI ϕ ), according to angle (ϕ ) in the direction of the sun's 
rays and the outer normal of the structure surface (formula 
4). ϕ is related to the latitude, longitude, the angle of struc-
ture surface and horizontal plane. 

cosD DI Iϕ ϕ=    (4) 

The calculation results of direct solar radiation intensity 
on arbitrary surface of the structures ( DI ϕ ) may have positive 
or negative value. If DI ϕ  is a positive value, we argue that 
the surface of the structures absorbs solar radiation. Other-
wise, the direct solar radiation intensity on this surface is 
zero. 

2.1.2. The Scattering Radiation Strength 

The scattering strength is directly related to the radiation 
intensity. The stronger the direct radiation is, the lower the 
scattering intensity is. The scattering radiation of structure 
surface is irrelevant to surface azimuth but is related to the 
surface inclination. The scattering strength on horizontal 
plane dHI  [8, 9] can be computed by using the following 
formula (5). 

0(0.271 0.29 )sindH D sI I I β= −   (5) 

The sky scattering intensity on arbitrary oblique plane 
can be computed as follow: 

1 sin
2

n
d dHI Iβ

β+
=    (6) 

2.1.3. The Ground Reflection Intensity 

After the solar radiation reaches the earth surface, part of 
the solar radiation is reflected at the structure surface by 
ground. The intensity of the ground reflection rI β  can be 
computed by using the formula (7): 

1 sin
( sin )

2
n

r e D s dHI r I Iβ
β β−

= +          (7) 

In the formula (7), er  ——is the surface shortwave re-
flectivity, generally its value is 0.2; but for snow-covered 
ground, it is 0.7. 

The total radiation intensity on arbitrary structure surface 
qϕ  is computed as follows: 

D d rq I I Iφ φ β β= + +  

2.2. Convective Heat Exchange 

The solar radiation acts on concrete structures in the nat-
ural environment leading to the convective heat transfer in 
the meanwhile. In general, the structures dissipate or absorb 
heat in two ways, convection heat transfer and radiation heat 
transfer. When calculating the temperature of concrete field 
structures, researchers usually consider the two altogether by 
a factor- i.e. the total heat exchange coefficient h  [10]. 

3.060 0.035 9.550c xh h h v t= + = + Δ +  (8)
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        a. Install the sensor                                                            b. Test pylon segment 

 
c. Test section of bridge tower and sensor layout 

Fig. (1). General situations of test. 
 
where ch  —— is the convective heat transfer coefficient, it 
is related to the natural wind speed v ; xh  —— is the radia-
tion heat transfer coefficient, which is affected by the tem-
perature difference between concrete structure surface and 
air. 

In conclusion, by inputting a series of parameters, such as 
the geographical latitude and longitude, the date of tempera-
ture field calculation, the angle of the bridge tower surface 
and the horizontal plane, wind speed, reflection coefficient, 
atmospheric relative pressure, and Linke turbidity, we can 
obtain the heat transfer boundary of concrete bridge towers. 
Then, we assume the initial temperature as the thermal 
boundary condition and compute spatial temperature distri-
bution by using finite element model. 

2.3. Heat Conduction Computation 

As intensity of solar radiation and heat exchange coeffi-
cient of outside surface is obtained, heat conducts inside the 
pylon section. The speed and range of the heat effection is 
depend on the thermal conduct conductivity λ . For 2-D 
section, fomula (9) is commonly used to compute the tem-
perature field inside the structure. 

2 2

2 2

T T Tc
tx y

λ ρ⎛ ⎞∂ ∂ ∂+ =⎜ ⎟ ∂∂ ∂⎝ ⎠
  (9) 

where λ is thermal conductivity (unit: -1 -1W m K⋅ ⋅ ); ρ is 
density (unit: 3kg/m ); c is the specific heat capacity  
( -1 -1J kg K⋅ ⋅ ). T  is unsteady temperature field, and 

( , , )T T x y t= , x, y represent transverse and longitudinal 
coordinates. 

3. EXPERIMENTAL VERIFICATION OF ALGO-
RITHM 

In this paper, the theoretical value is compared with the 
test value — temperature field data of solid bridge tower of 
extradosed cable-stayed bridge is measured, in order to veri-
fy the correctness of temperature field calculation method. 

3.1. Temperature Field Test of Bridge Tower 
3.1.1. General Situations of Test 

Test site is located in Chang’an University in Xi’an 
(34.23 degrees north latitude and 108.95 degrees east longi-
tude). Longitudinal direction of bridge tower model is along 
east-west line. There are eight temperature sensors lying the 
cross sectionally. Two sensors measuring surface tempera-
ture are respectively set at the midpoint of north and south 
sides. Overall, there are ten temperature sensors out on 
which nine measure temperature distribution in the section 
and one test the environment temperature. The material of 
bridge tower is the reinforced concrete C50. Test data is col-
lected in five consecutive sunny days, form January 23, 2013 
to January 27, 2013. Tower bridge test model and sensor 
layout is shown in Fig. (2). 
3.1.2. The Actual Heat Transfer Boundary Conditions 

Sunrise and sunset time is about 8:00 and 18:00. When 
the sun is down, it is thought that there is no solar radiation, 
no scattering intensity and no ground reflection. The parame-
ters related to the calculation are shown in Table 1. The solar 
radiation intensity on south surface of bridge tower in five 
consecutive days is shown in Fig. (2). 
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Table 1. Calculation parameters. 

Parameters Symbols Value 

Longitude  108.95° 

Latitude  34.23° 

Number of days  23~27 

Angle of bridge tower surface and horizontal plane  90° 

Linke turbidity coefficient   

Atmospheric relative pressure  0.6 

Reflection coefficient  0.2 

 

 
Fig. (2). Solar radiation intensity on south surface in five consecutive days. 
 

 
Fig. (3). Environment temperature in five consecutive days. 
 

According to the meteorological data collected in Xi’an, 
average wind speed is 4.4 m/s in the test period. We ignored 
the fact that the temperature difference of the concrete struc-
ture surface and air have an influence on the radiation heat 
transfer coefficient. The convection coefficient is 23.074

2W/(m )⋅℃ . Both convection coefficient and environment 
temperature are necessary to simulate the convection heat 
transfer. The environment temperature is measured by the 
sensor in the air, which is not affected by the solar ray. The 
environment temperature in five consecutive days is shown 
in Fig. (3). Considering the test is operated in January, we 
assume the initial temperature is 0°C which is consistent 
with the actual situation. 

3.2. Finite Element Model 

Concrete solid bridge tower belongs to the slender mem-
bers whose longitudinal size is larger than the lateral size. In 

this paper, we assume that the temperature distribution in the 
cross section is two-dimensional. Because the change of 
temperature field in the direction of height is small, it can be 
ignored. In the finite element model, we used 8-node quadri-
lateral plane strain element to simulate the solid bridge tower 
section. There are 7550 elements and 23081 nodes in the 
model. Heat flux is put on the cross section boundary. On the 
convection boundary, we simulate intensity of solar radiation 
and convection heat transfer. The initial node temperature is 
0°C. Entity model of solid cross section of bridge tower is 
shown in Fig. (4).  

3.3. Comparison of the Theoretical Value and Experi-
mental Value 

By comparing the finite element analysis results to the 
experimental data, there are two conditions found to be met: 
(1) in analysis period, the heat transfer boundary in finite 

JD

φ

N

nβ

ut 3.7, 0.5tu tuA B= =

ak

er
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element must be consistent with the actual situation; (2) the 
section temperature distribution based on starting point theo-
ry must be consistent with the test results. Through the finite 
element calculation software, we computed the temperature 
distribution of 5 days and found that the section temperature 
field is basically stable and consistent with the actual tem-
perature field of the fifth day. So, we compared calculation 
results with the test data of the fifth day. We should howev-
er, consider that the concrete thermal parameters have a 
greater influence on the calculation results. GB 50176—
1993 civil building thermal design code stipulates: heat con-
ductivity of reinforced concrete λ=1.74 W/(m•K); specific 
heat capacity c=920 J/(kg•K) [11]. GB 50010—2010 Code 
for Design of Concrete Structures the Part 4 4.1.8 rule stipu-
lates: heat conductivity of reinforced concrete λ=2.94 
W/(m•K); specific heat capacity c=960 J/(kg•K) [12]. In this 
study, two kinds of thermal parameters were used to calcu-
late the results respectively, then we compared the accuracy 
of the calculation results. 
 

 
Fig. (4). Model of solid cross section of bridge tower. 

There are 4 representative channels. The comparison of 
theoretical value and experimental value is shown in Fig. (5). 
Value 1 is the result calculated by standard Code for Design 
of Concrete Structures. Value 2 is the result calculated by 
civil building thermal design code. The trend and value of 
the four channels’ data and theoretical calculation results are 
basically similar. The result calculated by thermal parame-
ters in standard Code for Design of Concrete Structures 
meets the test temperature field requirements even more ap-
propriately. 

In order to ensure the reasonable calculation results, we 
analyzed the average error of ten channels within 24 hours 
(Table 2). After the temperature field gets stable, in the later 
24 hours, the average error of channel 14 test value and cal-
culated value is about 24.97%. Channel 15 average error is 
about 33.77%. In the cross section, the maximum average 
error of test value and calculated value is 28.93% for 7 chan-
nels, and minimum maximum average error is 3.07 % for 5 
channels. 

The errors of calculated values and each channel’s meas-
ured values at sunrise and sunset moment (Fig. (6)) were 
analyzed. The results show that: the average error of each 
channel’s test value and calculation value at corresponding 
position is within 21.38% at 8:00 and 18:00. Because the 
error is within the engineering permissible range, this kind of 
calculation method is reasonable to compute temperature 
field of concrete bridge towers. 

 

  
a. Channel 14  

 
b. Channel 5 

 
c. Channel 12  

 
d. Channel 10 

Fig. (5). Comparison of theoretical value and experimental value of 
4 representative channels. 
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Fig. (6). Calculated values and measured values at sunrise and sunset. 

 
Table 2. Average error of each channel. 

Channel number 14 15 5 6 4 2 7 10 13 12 

Average error (%) 24.97 33.77 3.07 27.90 13.25 5.46 28.93 18.79 28.21 12.78 

 

      
a. Temperature distribution at 8:00                  b. Temperature distribution at 15:00 

      
c. Temperature distribution at 11:00               d. Temperature distribution at 16:00 

Fig. (7). Section temperature distribution at different moments. 
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Fig. (8). The temperature distribution curve when the maximum negative temperature difference appears in the longitudinal direction. 
 

 
Fig. (9). The temperature distribution curve when the maximum negative temperature difference appears in the transverse direction. 
 
4. SPATIAL TEMPERATURE DISTRIBUTION PAT-
TERN OF SOLID BRIDGE TOWER 

The solar temperature field of concrete bridge tower is 
similar to concrete box girder temperature field. Both are 
unsteady temperature fields, whose characteristics change 
with time. In this study, we analyzed the temperature distri-
bution in the later 24 hours, after the temperature field gets 
stable. The result shows that the temperature distribution, 
both in longitudinal and lateral directions, basically remains 
the same during the night. Its characteristics are as follows: 
the surface temperature is relatively low; temperature in-
creased first and then decreased from outside to inside; the 
highest temperature appears at about 20 cm ~ 40 cm away 
from the surface; the maximum negative temperature differ-
ence appears at sunrise (Fig. 7a); and the maximum negative 
temperature difference in longitudinal and transverse direc-
tions is 5.1°C and 4.2°C respectively. In the daytime, the 
temperature distribution is basically same in the transverse 
direction. Its characteristics are as follows: the highest tem-
perature appears on the surface; the temperature sharply de-
creases within the scope of about 20 cm to 40 cm inwards; at 
15:00 PM, the maximum positive temperature difference 
appears in the transverse direction (Fig. 7)) and its value is 
about 20 °C. At 11:00 and 16:00, the east and west maxi-
mum positive temperature differences appear in the longitu-
dinal direction (Fig. 7c & d) and their value is 8.6 °C and 
13.1 °C respectively. 

Under the act of positive temperature gradient, as for sol-
id concrete bridge towers, all the parts of the concrete bridge 
towers are in different state of strain. The deformation of 
external concrete is restrained by the internal concrete, so 
tensile stress appears in the internal concrete. But since the 
internal concrete has a larger area and is wrapped by external 
concrete, the tensile stress caused by positive temperature 
gradient has a small effect on the bridge tower. On the con-
trary, negative temperature gradient will exert a large tensile 
stress on the surface of solid bridge tower. In this paper, un-

der the maximum negative temperature difference, we simu-
late the temperature distribution both in longitudinal and 
transverse directions (Figs. 8 & 9). 

The equation for temperature distribution curve in the 
longitudinal direction is as follows: 

[ ]
( ]
[ ]
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The equation for temperature distribution curve in the 

transverse direction is: 
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CONCLUSION 

The method to calculate the space temperature field of 
concrete solid bridge tower is put forward systematically. By 
defining a series of parameters, such as the geographical 
latitude and longitude, the date of temperature field calcula-
tion, the angle of the bridge tower surface and the horizontal 
plane, wind speed, reflection coefficient, atmospheric rela-
tive pressure, and Linke turbidity, we can obtain the heat 
transfer boundary value for the concrete bridge towers. Then, 
by assuming the initial temperature as the thermal boundary 
condition, the spatial temperature distribution was computed 
by using thermal analysis function of finite element soft-
ware. 

The comparison of calculation value and experimental 
value of temperature field of the bridge tower model is pre-
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sented. After a stable temperature field is maintained, in the 
later 24 hours, the average error of each channel is within 
33.77%. The average error of all of channels is within 
21.38% at sunrise and sunset. The calculation results are 
more accurate and the numerical computation method of 
concrete bridge tower temperature is reasonable. 

The maximum negative temperature difference appears at 
sunrise time, and the maximum negative temperature differ-
ences in longitudinal and transverse directions are 5.1 °C and 
4.2 °C respectively. At 15:00 PM, the maximum positive 
temperature difference appears in transverse direction, and 
its value is about 20 °C. We simulate the temperature distribu-
tion both in longitudinal and transverse directions, under the 
maximum negative temperature difference. Finally, the tem-
perature distribution curve equation is derived, which can pro-
vide the temperature effect parameter for the bridge tower. 
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