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At present, there are few studies on the thermal effect of solar radiation on a separated double-sided box steel-concrete composite
girder cable-stayed bridge. In this paper, the beam element and mixed element models are combined with the theory of transient
heat transfer analysis and meteorology; this approach is adopted to carry out a thermodynamic analysis of a related bridge project.
The calculation results of the thermal field and structural thermodynamic analysis of bridge sections show that, in terms of a
separated double-sided box steel-concrete composite girder cable-stayed bridge, the thermal field distributions of the main girder
and the pylons are extremely complex under conditions of solar radiation. Therefore, the real thermal field cannot be accurately
described as a one-dimensional temperature gradient. The traditional beam element model cannot accurately simulate the
temperature effect, and it will underestimate its thermal effect. The calculated temperature stress values of the mixed element
model are quite different from those of the of beam element model. The mixed element model can precisely reflect the local
thermal effect of each component in this system under solar radiation. Compared with the calculation results of the beam element
model, the maximum temperature stress of the bridge deck in each section of the main girder is generally 20% larger; the
maximum temperature stress levels of the steel-beam top and bottom plates are 14.7 MPa and 15.9 MPa larger, respectively. The
maximum shear stress of the steel-concrete interface is 0.2 MPa larger. The research results of the temperature effect calculated by
the mixed element have an important guiding significance for the design and maintenance of bridges.

cantilever length and beam height. Mosavi et al. [4]
conducted all-weather field tests regarding the temperature
(ambient temperature and main girder section temperature)
and structural natural frequency of a two-span steel-con-
crete composite girder in the summer. The relationship
between the measured frequency and the measured tem-
perature of the bridge was analyzed through field obser-

1. Introduction

Cable-stayed bridges with steel-concrete composite girders
have been widely used in modern long span bridge design
and construction [1, 2]. The separated side-box cross section
has multiple advantages, such as excellent stability during
construction and convenience in terms of setting up the steel

anchor box and also maintaining it [1].

In recent years, some scholars have researched the
distribution of a thermal field and conducted various ana-
lyses of the thermal effect created by solar radiation. Jiang
etal. [3] fitted two positive temperature gradient distribution
modes and a negative temperature gradient distribution
mode of the main beam section of a steel-concrete composite
girder cable-stayed bridge with a small proportion of

vation data, and the influence of environmental temperature
variation on the modal characteristics of the steel-concrete
composite beam bridge was studied. Based on elastic theory,
Zhou et al. [5] deduced the calculation formulas of the shear
stress, relative slip deformation, and bending deformation
curvature of steel-concrete composite beams under different
temperature gradient modes. The thermal effect on an
I-beam under a specified temperature gradient was analyzed
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by the derived formulas. Wang [6] analyzed the thermal field
of the main girders, main pylons, and stay cables of a double-
beam steel-concrete composite cable-stayed bridge under
solar radiation according to the basic theories of meteo-
rology and heat transfer theory and fitted the maximum
temperature gradient mode of each component section.
Then, based on the fitted temperature gradient mode of each
component, the beam element model was adopted to analyze
the thermal effect on bridges under solar radiation. Zhu and
Meng [7] proposed a three-dimensional shading algorithm,
which can automatically calculate the thermal field of a
bridge under solar radiation, taking into consideration the
mutual shading effect between components in the finite
element model. Then, taking a steel-concrete composite
girder cable-stayed bridge as an example, the temperature
effect was analyzed considering the shading effect. The
calculation results show that the temperature effect is greatly
affected by the mutual shading effect between the compo-
nents because the temperature value and temperature stress
of the occluded section are significantly lower than those of
surrounding part. The characteristics of a cable-stayed
bridge with separated side-box steel-concrete composite
girders under conditions of solar radiation are listed as
follows: the complex distribution of the thermal field of the
cross section, relatively high local stress in the steel-beam
web, which is easily exposed to the solar radiation, mis-
distribution of thermal stress in the flat bridge deck, and
structural thermal stress that is influenced dramatically by
the slip effect [8, 9].

However, too little research has been devoted to the
thermal effect of solar radiation on a cable-stay bridge with
separated side-box steel-concrete composite girders
[3-5, 7, 9, 10]. Although previous scholars have simplified
the thermal field into a pattern of unidimensional distri-
bution by means of the traditional beam element method
[6, 11], this method cannot properly reflect the local tem-
perature variations or reveal the features of the thermal field
and the mechanical effect. Significant differences exist be-
tween the calculation results of the thermal effect of the
beam element model and the mixed element model
[9, 12, 13]. Hence, it is important to conduct research using
the mixed elements’ model on the thermal effect of solar
radiation on a cable-stayed bridge with separated side-box
steel-concrete composite girders.

In this passage, the sequential thermal-mechanical
coupling was adopted to accurately analyze the thermal
effect of solar radiation on a cable-stayed bridge with sep-
arated side-box steel-concrete composite girders. According
to the heat transferring theory and also to meteorological
data, the transient thermal field was applied to the cross-
section analysis. Then, the data of the thermal field were
imported into finite element models for mechanical analysis,
which took into account the influence of the environment.

2. Theories and Methods

The thermal effect analysis of a bridge under solar radiation
which is presented in this paper consisted of two parts: heat
transfer theory and mechanical behavior under thermal
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loads. The detailed relevant theories and simulation method
are shown below.

2.1. Heat Transfer Analysis. Studies usually neglect the
temperature differences along the longitudinal direction of a
bridge [1, 14]. A section can be used to analyze the tem-
perature distribution of the bridge. The thermal environ-
ment is shown in Figure 1.

2.2. Heat Conduction Theory. The analysis of the thermal
field of a bridge under solar radiation should be regarded as
transience, which can be described as a two-dimensional
transient thermal conductivity differential [13, 14]:

ox’ 0y*) ot

where T=T (x, y), x and y are the coordinates of a cartesian
coordinate system, t is time, and « is the thermal diffusivity
of material.

The heat exchange at the outer surface boundary in-
cludes the sum of solar radiation g,, convective heat transfer
q.» and long wave radiation g,, as shown in equation (2). The
thermal boundary condition is a mixed boundary condition
including the second and third boundary conditions, which
can be written as [13, 14]

aT

A(a_n>r =4s+4q. 14, (2)
oT

A(%)r = h(Ta - T) 495 — 9ra> (3)

where A is the thermal conductivity of the material, dT/0n is
the temperature variation rate along the normal direction of
the boundary T, h is the general convective heat transfer
coeflicient, T, is the atmospheric temperature of the envi-
ronment, T'is the surface temperature of the structure which
contacts the air, ¢, is the heat flux of shortwave radiation,
which is actually absorbed by the structural surface, and g,,
is a subitem of g,.

2.3. Shortwave Radiation. The shortwave actually absorbed
by the surface structure includes 3 items: direct solar ra-
diation, sky diffusion, and ground reflection. Thus, the heat
flux of shortwave radiation is actually absorbed by the
structural surface, g,, which can be given as follows [13, 15]:

1 +sin f3
qszAs IDCOS¢+%I(1H
(4)
1 —si
+%ﬁ”r2(11)sin Bs+ L) |,

where A, is the absorption factor of the solar radiation, I, is
the solar direct radiative intensity, calculated as
Ip = 0.9%k™] (where t, is the atmospheric turbidity co-
efficient, k, is the relative barometric pressure, m is the
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FiGure 1: Thermal environments of a bridge.

optical air mass, and I, is the solar constant), ¢ is the solar
incident angle, f3,, is the angle between the exterior normal
area of the structure surface and the ground plane, S is the
sun elevation angle, I is the scattering intensity of hori-
zontal plane, calculated as I;; = (0.271 I,— 0.294
Ip) - sin B, and r, is the reflectivity of the shortwave of the
ground.

2.4. Longwave Radiation. Based on the general effect of the
combination of emitted and absorbed radiation, the influx
indicates longwave radiation passing from the atmo-
spheric environment into the structural interior through
the structural surface, as given by equations (5)-(7)
[13, 15]:

qr = hr (Ta - T) ~ YGra> (5)
h, = eC, (546 + T, + T)[ (273 + T,,) + 273+ T)*],  (6)

1+ sin
9ra = Tﬁn (1 - ea)eco (273 + Ta)4’ (7)
where h, is the radiant heat exchange coefficient; ¢ is the
material emissivity, C, is the disposal of Boltzmann’s con-
stant, and T, can be taken as the average atmospheric
temperature.

2.5. General Convective Heat Transfer Coefficient. The gen-
eral convective heat transfer coefficient represents the
comprehensive effect of convection and radiation. When the
wind speed is lower than 5 m/s above the structure’s surface,
it can be written as follows [15-17]:

h=h,+h, =h,+ 2.6({’/|Ta -T|+ 1.541/), (8)

where h is the general convective heat transfer coefficient, h,
is the heat exchange coefficient, v is the wind speed above the
structure’s surface, and T, can be taken as the average at-
mospheric temperature.

2.6. The Temperature of Environment. Daily temperature
changes can be simplified as a sine curve to describe the
environmental temperature variation [15, 16]:

a, max

Ta(t):%(T +T

a, min)

. ‘-3 9)
. (=3

+ E (Tu,max - Ta, min)Slrl 12

where T, . and T, ., are the maximum temperature and

minimum temperature, respectively.

3. Simulation Method

3.1. Thermal Field Analysis. The thermal field of the cross
section is usually regarded as having a two-dimensional
distribution of temperature [1, 14], which is regarded as a
plane problem. To analyze the thermal field of a cross
section, it is necessary to model the components precisely in
the finite element model. The thermal boundary condition,
the geometric dimensions of the bridge components, and the
thermodynamic parameters of the material need to be
modelled accurately [7]. According to thermodynamics, the
air inside the box girder should be regarded as a finite el-
ement mesh, and it should be included in the numerical
calculation, since the closed atmosphere inside the box



girder can significantly impact the temperature distribution
[18].

The beam element model uses the temperature gradient
as the traditional method. This model is fitted with the
average temperature of each position along the height of the
section which corresponds to the time when the cross
section reaches the highest temperature; this is adopted in
the thermal effect analysis. In the mixed element model, the
two-dimensional thermal field of the cross section can be
directly imported as the analysis thermal effect.

3.2. The Mechanical Behavior Analysis. The mechanical
model can be built as a three-dimensional beam element
model or a mixed element model. However, the beam
element model cannot take temperature inhomogeneity
into account; it can only consider the unidimensional
vertical temperature distribution of the cross section [1].
The unidimensional temperature gradient is applied to the
both ends of the element to calculate the temperature
stress [19]. The mixed element model can fully consider
the temperature inhomogeneity of the cross section; it can
calculate the value of the thermal effect caused by local
temperature variations. The rise and reduction of tem-
perature of each node within the mixed element model are
used to calculate the value of the thermal stress of each
element. The initial stress field (displacement field) and
thermal field should be analyzed before the analysis of the
mechanical behavior [7]:

3.2.1. Initial Stress Field (Displacement Field). The calcula-
tion of thermal loading was based on the initial stress field
(displacement field). Before analyzing the thermal field, the
existing stress was obtained by the calculation of the initial
stress field (displacement field) of the cable-stayed bridge
after it underwent each construction stage.

3.2.2. Initial Thermal Field. In previous studies, the tem-
perature at midnight (0 o’clock) has typically been used as
the initial temperature of the bridge [6, 7]. However,
according to the existing bridge monitoring data, the
temperature of the bridge structure (especially the steel-
concrete composite girder) reaches its minimum during 5 to
7 o’clock in the morning, falling to a temperature that is
relatively close to the atmospheric temperature [7, 18, 20].
Hence, in this paper, the time of the initial thermal field was
set as 5 o’clock, and the time of the heat transfer analysis of
both the cross section and the overall structural mechanics
analysis was set as 5 o’clock.

4. Case Study

4.1. Overview. In this passage, the model was set up as a
three-span, double pylon, double cable plane, and steel-
concrete composite girder cable-stayed bridge, with a var-
iation diamond type of pylon with a height of 123 m and
separated side-box steel-concrete composite girders. The
stander span is composed of (30 + 95+305 + 110 + 30) m. The
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steel boxes and concrete bridge deck are connected by shear
studs. The stay cables are parallel steel cables; there are a total
of 96 cables with 5 specifications: PES7-73 (Cable 1#~3#),
PES7-91 (Cable 4#~5#), PES7-109 (Cable 6#~7#), PES7-139
(Cable 8#~9#), and PES7-139 (Cable 10#~12#). The general
layout of the cable-stayed bridge and the horizontal cross-
section graph are shown in Figure 2. The material mechanics
parameters of the main components are shown in Table 1
(15, 16, 18, 20-22].

The cable-stayed bridge is located at longitude
116.41°East and latitude 23.24°North, and the angle between
the axial direction of the bridge and due north is 12.3°. The
hottest month of the year in the local area is August (the
average daily maximum temperature is 35°C); the coldest
month of the year is February (the average daily maximum
temperature is 18°C).

4.2. Model of Heat Transfer Analysis. The transient heat
transfer analysis model was analyzed as a plane plate
element, and the element models of the girders, pylons,
and stay cable are shown in Figure 3. The maximum and
minimum thermal effects occur in summer and winter,
respectively [1, 7]. Thus, this paper focuses only on the
thermal effects in summer and winter. The parameters of
the element are shown in Table 1. According to equation
(3), the total daily solar radiation at the horizontal plane
of summer and winter are 25MJ/m? and 17.3 MJ/m?,
respectively. Based on the observation of the local me-
teorological station, the total daily solar radiation at the
horizontal plane of summer and winter are 18.7 MJ/m?
and 11.2MJ/m?, respectively [25]. The reason for the
differences is that the actual local meteorological con-
ditions deviated from the assumption made in
equation (3).

This paper studies the variation law and character-
istics of the temperature effect solar radiation on a
separated double-sided box steel-concrete composite
girder cable-stayed bridge; however, because the mete-
orological monitoring system was not installed on the
bridge, the hourly solar radiation data at the bridge site
cannot be obtained. Therefore, this paper referred to the
relevant research [6] and reduced the calculated value of
the theoretical formula according to the total amount of
horizontal daily solar radiation recorded by local me-
teorological stations. Thus, the results from equation (3)
were corrected as multiplied by 0.75 (18.7/25) and 0.65
(11.2/17.3) [6], and the corrected heat flux intensity on
the bridge surface (solar radiation intensity) is shown in
Figure 4. The temperature variation of the atmosphere is
shown in Figure 5.

The heat transfer analysis model needs to define the heat
flux intensity and heat exchange boundary on the outer
surface of the component. The surface heat flux intensity is
defined to simulate the total radiation absorbed by the
cross-section surface, and the heat exchange boundary is
defined to simulate the convective and radiative heat ex-
change between the cross-section surface and the
atmosphere.
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FIGURE 2: General layout and the cross section of the girder. (a) General layout (cm). (b) Cross section of the main girder (cm).

TaBLE 1: Material mechanics parameters.

Parameters Steel Asphalt Concrete Air HDPE Steel wire of stay cable
Elastic modulus (MPa) 206000 — 36000 — — 205000
Poisson ration 0.3 — 0.2 — — 0.3

Density (kg/m?) 7850 2400 2600 — — 7850

Thermal expansion coefficient (1/°C) 1.2e-05 — 1.0e-05 — — —

Solar radiation absorptivity 0.75 0.9 0.65 — 0.63 —

Solar radiation emissivity 0.8 0.92 0.88 — 0.93 —

Thermal conductivity W/(m-"C) 60 1.8 2.71 0.026 0.42 1.2

Specific heart capacity (J/kg/’C) 460 1075 960 1.007 2250 508

Note: Poisson ratio, solar radiation absorptivity, and solar radiation emissivity are dimensionless parameters. The material properties in the table are derived
from [23, 24].

HDPE

HH Asphalt cover
Precast concrete slab

N

Stiffened steel plate

Bridge tower

Air elements

Parallel wire {3

Air elements

FIGURE 3: The heat transfer analysis in the finite element model.
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5. Model of Mechanical Analysis

5.1. Beam Element Model. The main girder and pylon were
modelled by a space beam element, and the stay cable was
modelled by a spatial truss element. The schematic diagram
of the finite element model (beam element) of the main
bridge is shown in Figure 6. The model adopts the linear
elastic material constitutive relationship, and the entire
bridge is divided into 898 beam elements and 96 truss
elements.

5.2. Mixed Element Model. The main components include
stay cables, pylons, and main beams. The stay cables were
simulated by a truss element; each stay cable is a truss el-
ement. The segments of pylons and main beams were di-
vided according to the actual construction process. Each
pylon was divided into 20 segments, and each main beam
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was divided into 54 segments. The mixed element model
adopts a linear elastic material constitutive relationship, with
530,000 nodes and 510,000 elements. The finite element
model of the main bridge is shown in Figure 7.

The three-dimensional mixed element model was set up
to include the following: solid elements (pylons and bridge
deck), plate elements (steel boxes), truss elements (stay
cables), and interface contact elements (simulation of the
interface of steel and concrete) and boundary elements
(simulation of boundary conditions). The shear rigidity and
the vertical rigidity of the interface contact element were
3N/mm? and 7 N/mm?, respectively [24]. The mechanical
parameters of other elements are shown in Table 1. Each
pylon was divided into 800-1000 mm tetrahedral units. The
bridge deck was divided into hexahedral elements of
300 x 300 x 125 mm and 250 x 300 x 125 mm (above the steel
beam). The steel longitudinal beam was divided into
300 x 400 mm (web) and 300 x 285 mm four-node plate el-
ements. The steel beam was divided into 300 x 300 mm (top
plate and bottom plate) and 300 x 280 mm (web) four-node
plate elements. The interface of the steel beams and the
concrete was divided into 300 x 300 mm and 300 x 285 mm
four-node interface contact elements.

The finite element model of the bridge with a mixed
element model is shown in Figure 7.

6. Results and Discussion

In the finite element model, the deployment of temperature
observation points of the pylons and then of the main girder
are shown in Figure 8, including 4 temperature observation
points on the pylons and 26 temperature observation points
on the main girder. The bridge deck and steel box top plate
shared the temperature observation points at GT9-GT11 and
GT14-GT1e.

6.1. Thermal Field Analysis of Stay Cables. Five sizes of stay
cables, including Cable 1# (PES7-73), Cable 4# (PES7-91),
Cable 6# (PES7-109), Cable 8# (PES7-139), and Cable 10#
(PES7-163) in the midspan were selected to show the average
cross-section temperatures of the stay cables in summer and
winter, as shown in Figure 9. The maximum temperature of
the stay cables in summer was 41.0°C (rising 14.5°C) and in
winter it was 24.3°C (rising 16.5°C). Thus, the temperature
rising behavior is basically identical with the temperature
variation of the atmosphere. In addition, the temperature of
the cables with a small cross section is slightly lower than the
temperature of cables with a large cross section. As the cables
with a small cross section have a large angle horizontal plane,
the solar radiation intensity received by the cables with a
small cross section is less than that of cables with a large
cross section.

6.2. Thermal Field Analysis of Pylon. The temperature var-
iations of pylons in winter and summer are shown in Fig-
ure 10. In summer, the east side of the pylon (TT3) started to
heat up at 7 o’clock and reached the maximum temperature
at 10 o’clock; then, the temperature tended to the ambient
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temperature after noon. The temperature variation on the
west side of the pylon (TT1) lagged behind that of the east
side of the pylon. In winter, because of the influence from the
sun azimuth variation, the north side of the pylon (TT2)
started to heat up rapidly at 8 o’clock and then reached the
maximum temperature at noon, and the temperature
eventually fell back to the ambient temperature after 18
o’clock.

6.3. Thermal Field Analysis of Main Girder. The trend of the
temperature variation of the main girder in summer is
basically identical with that in winter. The temperature
variations of the main girder in summer are shown in
Figure 11. The temperature variation of GT4 and GT5 were
identical, and the temperature variation of GT12 and GT13
were also the same, which shows that the two separated
boxes have the same temperature distribution. The
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temperatures of GT9 and GT11 (the area of the bridge deck
near the web of the steel box) were lower than that of GT10
(the area right above the box), which show that the tem-
perature distribution is influenced by the atmosphere inside
the boxes. The temperature of the external web gradually
decreased from the top of the steel web to the bottom (GT9-
GT17-GT21). The temperature of the inner web was basically
similar because of the influence of solar radiation. The
temperature of the bottom plate of the box gradually de-
creased from the outside to the inside (GT21-GT22-GT23).
The temperature of the main cross section of the main girder
reached the maximum at 14 o’clock. The bridge deck

between the two separated steel boxes (GT4 and GT5)
reached the highest temperature at 54.1°C (rising 28.5°C).
The upper edge of the bridge deck right above the steel box
(GT2) reached the highest temperature at 55.4°C (rising
29.8°C).

Based on the above analysis of the temperature of the
main girder and the stay cables, it was found that they all
reached the maximum temperature levels at 14 o’clock.
Thus, in the beam element model, the vertical temperature
gradient, fitted by the average temperature at 14 o’clock as
shown in Figure 12, was adopted to analyze the thermal
effect on the main girder, and the temperature at 14 o’clock
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FiGure 12: The vertical temperature gradient of the main girder.

(rising 14.5°C in summer) was adopted in the analysis of the
thermal effect on the stay cables. In the mixed element
model, the temperature variation at each hour from 5 o’clock
to 24 o’clock was adopted to analyze the thermal effect on the
structure.

6.4. Thermal Effect of Bridge. The stress observation points of
the cross section of the main girder were deployed as shown
in Figure 13, including 17 stress observation points on the
concrete bridge deck and 8 on each top plate and bottom
plate of the steel boxes.

6.5. Stress of Bridge Deck. The average stress values of the
upper edge of each section of the bridge deck (average values
of DS1~DS17) are shown in Figure 14. It can be seen that
each section of the bridge deck was under compression, and
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all sections reached the maximum stress at 13 o’clock. The
stress distribution (DS1~DS 17) of the upper edge of each
section of the bridge deck at 13 o’clock is shown in Figure 15.
The compressive stress on the bridge deck near the top plate
of the steel box (DS1~DS4 and DS14~DS17) was lower than
that on the bridge deck between the two separated steel
boxes (DS5~DS13). After 13 o’clock, the stress gradually
decreased. The reason for this phenomenon is that the steel
boxes heated up faster than the bridge deck, and then, the
restraint on the bridge deck was decreased after the steel
beam heated up, which reduced the compressive stress on
the bridge deck. In summer, the maximum compressive
stress on the bridge deck was 3.30 MPa, and the stress

nonuniform coefficient (maximum value of stress/average of
stress) on each section was between 1.15 and 1.32. In winter,
the maximum compressive stress on the bridge deck was
2.16 MPa, and the stress nonuniform coeflicient (maximum
value of stress/average of stress) on each section was between
1.30 and 1.41.

The calculation results of the maximum stress on the
bridge deck in both the mixed element model and the
beam element model in summer are shown in Figure 16.
The maximum values of the stress on each segment of the
bridge deck in the mixed element model were all larger
than those in the beam element model, and the maximum
stress value of the mixed element model was more than
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20% larger than that of the beam element model in most of
the segments. This occurred because the stress of the
mixed element model reached its maximum at 13 o’clock
rather than at 14 o’clock, corresponding to the maximum
level of the beam element model. The stress on the bridge
deck between the two separated steel boxes was larger than
the average stress of the cross section. The mixed element
model can incorporate the inhomogeneity of the stress in
each section.

6.6. Stress of Top Plate of Steel Box. Taking segments S7 and
M13 as examples, the stress variation of the top plate of the
steel boxes in summer is shown in Figure 17. In summer, the
east side of the web was heated up in the morning; the
deformation was restricted at STS8 with relatively high
stress, and it then reached the highest temperature at 9
o’clock. The stress gradually decreased as the bridge deck

and the top plate of the steel box heated up continuously.
The area near the stiffeners of the top plates of the boxes was
gradually heated up to the same temperature as the bridge
deck. Because the expansion coeflicient of steel is greater
than that of concrete, the elongation of the stiffeners was
restricted, which increased the stress on STS6 and STS7.
From 15 o’clock to 18 o’clock, the temperature of these
stiffeners began to decrease, but the temperature of the steel
girder around the stiffeners decreased much more slowly
than that of the bridge deck, which caused the stress to
increase continually to the maximum at 18 o’clock. Figure 17
shows that STS2 and STS3 at the west side of the steel girder
of the segment M13 reached the maximum stress at this
cross section at 19.4 MPa at 17 o’clock. The maximum stress
variation of each segment of steel girder in summer is shown
in Figure 18. The two stress peaks of the east side of the steel
girder correspond to the external web (STS8) and the
stiffener (STS6 and STS7), respectively. The stress peak of the
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west side of the steel girder corresponds to the stiffener
(STS2 and STS3). In winter, the top plate of the steel girder
reached the maximum stress (17 MPa) at 10 o’clock, and the
maximum value was located at STS8 of the segment M12.

The calculated maximum stress value of the top plate of
the steel girder in both the beam element model and the
mixed element model in summer are shown in Figure 19.
The maximum thermal stress calculated by the mixed ele-
ment model was 14.7 MPa higher than that calculated by the
beam element model, which was located in segment M13.
The reason for this is that the mixed element can take the

local thermal effect into account, but the beam element
model can only consider the average thermal effect of the
entire cross section.

6.7. Stress of the Bottom Plate of the Steel Box. Taking seg-
ments as S7 and M13 as examples, the stress variation of the
bottom plate of the steel boxes in summer is shown in
Figure 20. The exterior web of the east side of the steel girder
was heated up rapidly in the morning, which induced rel-
atively high stress because of the deformation restricted at
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SBS8. The stress at each of the observation points
(SBS1~SBS7) reached the maximum at 15 o’clock. The stress
at SBS1 of the exterior web on the west side of the steel girder
decreased from 12 o’clock to 17 o’clock. The reason for this is
that the exterior web was heated up gradually to offset the
thermal tensile stress after noon. The maximum stress
variation of the bottom plate of each segment of the steel
girder is shown as Figure 21. Figure 21 shows that the
maximum stress of the bottom plate (31 MPa) appeared at 15
o’clock, located at SBS8 of segment S7.

The calculated maximum stress values of the bottom
plate of the steel girder in both the beam element model and
the mixed element model in summer are shown in Figure 22.
The average stress and maximum stress of the bottom plate

of the steel girder calculated by the mixed element model
were both larger than those of the beam element, and the
difference of the calculated maximum thermal stress be-
tween the two models was larger than 15.9 MPa at segment
S7, since the mixed element can take the local thermal effect
into account.

6.8. Stress of Interface between Concrete Deck and Steel Boxes.
The shear stress and vertical tensile stress of the interface
between the concrete deck and the steel boxes reached the
maximum at 15 o’clock and 17 o’clock, respectively. The
maximum interface shear stress and maximum interface
tensile stress on the interface of the main beam are shown in
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Figures 23 and 24. The maximum shear stress on the in-
terface was about 0.25MPa, which appeared near the in-
terface position corresponding to the beam (the beam
corresponding to the anchorage cable), namely, position 2 in
Figure 25. The maximum tensile stress on the interface was
about 0.68-0.74 MPa, which appeared at the interface po-
sition corresponding to the beam (the beam corresponding
to the anchorage cable), namely, position 2 in Figure 25. The

position where the second largest stress occurred was the
corresponding section position of the other beams (i.e.,
positions 1 and 3 in Figure 25), and the value of the tensile
stress was about 0.51-0.60 MPa. The times when the max-
imum shear stress and the maximum tensile stress appeared
on the interface of the main beam were not identical, and
they were not at the 14 o’ clock time that corresponds with
the maximum temperature gradient of the section.
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7. Conclusions

In this paper, the thermal effect of a separated double-sided
box steel-concrete composite girder cable-stayed bridge
under solar radiation is analyzed by comparing the calcu-
lation results of the mixed element model and the beam
element model (using the maximum temperature gradient).
The following conclusions can be drawn from this technical
application and results analysis:

(1) The thermal field distribution of each component
section of the separated double-sided box steel-
concrete composite girder cable-stayed bridge under
solar radiation is affected by multiple factors, such as
ambient temperature, solar azimuth angle and ele-
vation angle, and field wind speed. It is inaccurate to
describe the real cross-section thermal field by means
of a traditional one-dimensional temperature dis-
tribution model. Moreover, the mechanical effect
under solar radiation is complex, so the mixed el-
ement model, rather than the beam element model,
should be used for detailed analysis because the beam
element model will underestimate the thermal effect.

(2) The temperature stress distribution on the bridge
deck is not uniform. In summer, the maximum
temperature stress on the bridge deck is 3.3 MPa, and
the stress nonuniformity coefficient of the bridge
deck in each section is between 1.15 and 1.32. In
addition, the calculation results of the mixed element
model are generally 20% larger than those of the
beam element model.

(3) The temperature stress of the steel box girder is
greatly affected by direct solar radiation. In summer,
the maximum temperature stress on the steel box
girder is 31 MPa, and the maximum difference be-
tween the maximum temperature stress on the steel
beam calculated by the mixed element model and
that calculated by the beam element model is
15.9 MPa.

(4) From the calculation results of the mixed element
model, it can be seen that the shear studs at the
interface near the beam (the beam corresponding to
the anchorage of the stay cable) should first be in-
creased in the separated bilateral box steel-concrete
composite girder cable-stayed bridge, and then, the
shear studs at the interface near the remaining beams
should be increased.

(5) For the same season, the time when each component
(bridge deck, steel beams, and girder interface)
reaches the maximum stress is not completely
consistent with the time when the maximum tem-
perature gradient of each section occurs. Adopting
only the maximum thermal field (temperature gra-
dient) of the section for structural thermal analysis
will underestimate the temperature stress value of
the components.

(6) Because a temperature monitoring system has not
been installed in the project, the actual

Advances in Civil Engineering

meteorological data and the temperature stress data
of the bridge cannot be obtained. Therefore, this
paper mainly analyses and draws conclusions based
on the numerical calculation results. The numerical
results of this paper still need to be verified by means
of field monitoring data. Using the monitoring data
to verify and modify the finite element calculation
model has research value, and this further step will be
pursued in the future research.
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