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Natural environment has a great impact on the performance of bridge
structures, such as the ambient temperature, solar radiation, climate
extremes and so on. Due to the lack of regional pertinence in the provisions
of the existing specifications on the temperature load standard, and the lack of
verification of its adaptability of hollow slab beam bridge in the reconstruction
and expansion project, it is necessary to study the temperature load of the beam
based on the temperature data of the area where the bridge site is located.
Based on the measured meteorological data, the cross-section temperature
distribution characteristics of the hollow slab beam and the temperature load
effect were investigated. The vertical temperature load model of the short and
medium-span hollow slab beam was proposed according to the simplified
temperature curve. Firstly, based on the annual measured meteorological data,
the plane model was established to analyze the temperature distribution
characteristics of the hollow slab beam. Secondly, according to the
temperature field distribution of the beam cross-section, the solid model of
16 m hollow slab beam was established to analyze the distribution of the
temperature load effect. Finally, based on the preliminarily proposed
temperature curve, vertical temperature load models were proposed by
introducing the theory of extreme value extrapolation. The studies have
shown that the temperature of the hollow slab beam is approximately
horizontal distributed, and temperature extreme value appear at the location
of the beam web. The roof and floor of the hollow slab beam are compressed
and the webs are tensioned in the positive temperature difference state, the
stress condition is opposite under the negative temperature difference state.
The positive and negative temperature load models can meet the extrapolation
requirements of the bridge design reference period. This study innovatively
proposed a temperature load model based on the temperature curve
corresponding to the most unfavorable effect of the beam. The
extrapolation idea in the derivation of vehicle load model is introduced as
well. And a temperature load model suitable for the extension of hollow slab
bridges in Guangdong is established in this study.
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Introduction

Bridge structures are affected by various kinds of natural
environment action in practical engineering applications, such as
solar radiation, wind load, ambient temperature, seismic action
and so on (Kim et al., 2017). Solar radiation has a vital role in the
rise of structural surface temperature, while the atmospheric
convection leads to the loss of surface temperature (Asamoto
et al., 2011). In addition, the structural temperature will also
change periodically with the periodic change of environmental
temperature. Since the bridge structure is always subjected to
complex environmental effects, it is essential to assess the impact
of environmental thermal effects on the structure itself (Nandan
and Singh, 2014). However, medium and small span bridges on
highways are mainly subjected to two types of variable loads,
vehicle live action and temperature action (Venglir and
Lamperovd, 2021). And the temperature action is directly
affected by climatic conditions (Shan et al., 2018). In addition,
due to the large differences in climate in different regions, some
adaptability problems exist in current specification for
temperature loads (Sheng et al., 2022).

Several studies have been conducted on temperature load models
of different types of structures in different region (Jiang and Yuan,
2012; Yuan and Jiang, 2012; Ma et al., 2017). He J. et al. (2021) studied
probabilistic modelling of temperature loading based on a PC girder
bridge, the temperature distribution was studied based on the
proposed heat transfer model and probabilistic models were
established. Based on this research conclusion, the proposed
temperature loading model can be applied to predicting
temperature load of studied bridge. However, the temperature
date adopted in this study is the random day in one year, the
adaption of data may have certain randomness, which cannot fully
reflect the general law of temperature load effect. Lin et al. (2020)
conducted research on the temperature distributions of different
types of box girder. Measured temperature, ambient temperature
method, mean temperature method and air element method are
applied to analysis the internal thermal boundary condition of box
girder cross section. It can be concluded that little difference exists
between the results simulated by different methods. In addition,
vertical temperature gradients for the bridge deck surface specified in
the bridge design specifications of China JTG D60 is relatively lower
than actual condition. While only the temperature distribution of box
girder was investigated in this study, the analysis of temperature effect
was ignored, further research is needed. Sheng et al. (2020) studied
the temperature distribution of 30-m small radius curved concrete
box girder bridges, the sunlit-shaded areas in bridge structure was
fully considered in this study, several conclusions have been drawn in
this study. It is found that the vertical temperature distribution is
mainly concentrated in the depth range of 40 cm from the top surface

Frontiers in Energy Research

02

of the box girder, and the temperature in other heights can be
considered to have no significant change. Hagedorn et al. (2019)
investigated the temperature gradient of concrete I-girders, and
temperature gradient experiments were conducted under the
natural environment condition. It can be concluded that uneven
heating of bridge girder sections is the direct cause of nonlinear
temperature gradients, and the shape of the girder has greatly
When the daily
temperature changes greatly, the temperature gradient obtained

influence on the temperature gradient.

on that day corresponds to the extreme working condition of girder.

The analysis of the existing research results shows that
temperature gradient is measured by arranging temperature
sensors in the beam, the finite element model is also applied to
simulate the temperature field by changing the boundary conditions.
However, this method ignored the influence of external natural
meteorological factors, and the test cycle of beam temperature
may be relatively short. In addition, only the temperature field of
beam section is studied in most studies, the related research on the
most unfavorable temperature effect caused by the temperature field
is ignored.

The provisions of temperature load in the existing design
specifications are formulated nationwide. However, due to the
large differences in temperature characteristics in different
regions of China and the relative universality of the
specifications, the design requirements of temperature load in
the specifications are relatively low. Therefore, further research
needs to be carried out in specific regions. In addition, the
temperature load model specified in the specification is
formulated for different cross-section beams, which may not
be applicable to hollow slab beam bridges with additional integral
layers in the reconstruction and expansion project. Therefore, it
is necessary to carry out the adaptability research of the
temperature load model for the hollow slab beam bridge in
the reconstruction and expansion project, and recommend the
temperature load model of the hollow slab beam suitable for the
bridge site area. In this paper, the vertical temperature gradient of
the medium and small span hollow slab beam is studied. In order
to study the temperature load model suitable for hollow slba
beam bridge in the reconstruction and expansion project, the
vertical temperature distribution characteristics of the hollow
slab beam are studied based on the measured meteorological
data. And the measured temperature and the finite element
simulation results are compared to prepare the study of
temperature effect. Through the load effect analysis based on
the long-term test of temperature field and meteorological data,
the temperature load model of the hollow slab was proposed
which can meet the design reference period of 100 years.

In the existing research, the temperature model is mostly
based on meteorological data acquired in a certain day or a short
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period of time, which has a certain randomness. However, this
paper studies the temperature field of hollow slab beam based on
the meteorological observation data for up to one year. In
addition, the influence of cavity effect of hollow slab beam
and the influence of integral layer thickening in the
reconstruction and expansion project are considered as well.
In this through the
meteorological data and measured beam temperature data, the

study, introduction of measured
established finite element model is more consistent with the local
actual situation. Compared with the method of establishing
the
temperature difference in traditional research, the temperature

temperature model based on time of maximum
load model established in this study is based on the time of beam
with maximum temperature effect. The proposed model can be
more conducive to the calculation of temperature effect of hollow
slab beam. In addition, the extreme value extrapolation theory in
the study of vehicle load is introduced in this study to ensure the
safety of bridge structure in the design cycle. This study proposes
a more precise and applicable temperature load model, which can
provide a more scientific basis for the utilization, reinforcement
and maintenance of old bridges in the reconstruction and

expansion project.

Basic principles of temperature field
calculation

Temperature field and its boundary
conditions

In bridge engineering, the transient temperature field
presents the characteristics of multi-dimensional distribution
in space (Sousa et al, 2018), it can be expressed by using
Fourier transform as Eq. 1.

= 1

ar_ (9T, T 9T
Pear "\ ox2 "oy " o2

Where: T denotes temperature; x, y and z is space coordinates; t
represents time; p is the density; ¢ is material specific heat; and k
is thermal conductivities.

The heat conduction equation can be established based on
the Fourier law (Nandan and Singh, 2014; Narasimhan, 1999).
Transient temperature field can be solved by the heat conduction
equation, as shown in Eq. 2. However, it is difficult to solve the
partial differential equation for the complex structure. The finite
difference method or finite element method should be applied.

o k(_, dQ
ot (V +kdt>

= 2
ot pc @
Where: k denotes the thermal conductivity, p is the density, ¢

represents the specific heat capacity, and Q is expressed by
internal heat source function.
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The initial temperature information needs to be determined
in the process of solving differential equation of Eq. 2, and the
following boundary conditions should be confirmed as well.

(1) The first boundary condition: the temperature at different
ry p
positions of the structural surface changes with time, and it
can be expressed as Eq. 3.

Tlr = g(x, 3 2t) ®)

Where: T denotes the outer boundary.

(2) The second boundary condition: variation of heat flux on
concrete surface as shown in Eq. 4.

oT
A 4

R . 9> (4)
Where: q, is the density for surface heat flux, and its value is generally
positive. 71 denotes the normal direction of boundary. In which, the
density for surface heat flux q, is mainly including solar radiation,
radiation between objects and so on. It can be expressed in Eq. 5.

~q» = g, +q. = ogR + eoF (T% = T*) (5)

Where, g, and g, represent the radiation absorbed from solar and
other objects, respectively. ar is radiation absorption rate, R
denotes the radiation intensity, and e is the radiation emissivity. o
is the blackbody radiation constant, and it should be taken as
5.67 x 10-8 W/(m*K"). F denotes the shape coefficient, and To
represents the temperature of the irradiated object. The unit of
temperature in the equation should be taken as K.

(3) The third type boundary condition: for the law of convective
heat transfer on the known object surface, it can be expressed
as Eq. 6.

oT

k=
o#

(6)

=h(T -Ty)
r
Where, h denotes the convection heat transfer coefficient, and T¢
represents fluid temperature.

Calculation theory based on
continuous meteorological data

In very short periods of time, meteorological data generally do
not change significantly. When the temperature field is calculated
using the meteorological data measured within a short time interval,
it can be considered that the calculated results are close to the actual
temperature field distribution based on the differential correlation
principle (Jia and Xiong, 2017). That is to say, the meteorological
boundary conditions in the period of ti to ti+1 is considered to be
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FIGURE 1
Graphics of calculation method.

equal to the value of pi at time of ti, as shown in Figure 1. In the case
of high-density measured data, the research on the values of initial
conditions and boundary conditions can be realized.

Relevant research shows that the ambient temperature can be
taken as the structural temperature for concrete structure when
calculating the temperature field at the moment of t0. After the
calculation of continuous temperature field is completed, only the
convergent calculation results are regarded as effective results.

In addition, boundary conditions of bridge structures mainly
include external environment, heat transfer conditions between
environment and structure (Zhou et al., 2017).

External environment

The
meteorological parameters collected hourly or shorter time

external environment is mainly continuous

interval. The parameters include temperature, radiation
intensity, wind direction, wind speed, solar altitude angle and
solar azimuth angle (Yan et al., 2018). Among them, temperature,
radiation intensity and wind speed can be directly measured by
small weather stations. And the solar elevation angle and solar
azimuth angle can be calculated by ASHRAE model as follows
(Yao et al., 2020).
Solar Elevation Angle h can be calculated by Eq. 10.

7)

sinh = sin ¢ sin & + cos ¢ cos § cos t

Where: h denotes the height angle, which is the angle with the
horizontal plane, and its unit is degree. ¢ and § are respectively the
time angle and solar latitude angle, and their unit are degree. ¢
represents the latitude of location.

Solar Azimuth Angle A can be calculated by Eq. 11.
cos A = (sinhsing — sin 8)/ (coshcosy) (8)

Where: A denotes the azimuth angle, which is the angle with the
south direction, and its unit is degree.
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Heat transfer conditions between
environment and structure

This boundary conditions mainly include convection
boundary and radiation boundary when calculating the
temperature field of bridge engineering (Dogonchi and Ganji,
2016).

For normal concrete structure, convection coefficient is
mainly affected by wind speed, and it can be calculated as follows:

he; = 12.47 + 3.33v, ©9)

Where: h.; denotes total convective heat transfer coefficient of
normal concrete at the time step of i. v; represents average wind
speed at the time step of i.

While for the asphalt concrete, the convection coefficient is
determined by wind speed, asphalt surface temperature and air
temperature (Han et al., 2020). Convection coefficient of asphalt
concrete can be calculated by the following equation.

0.3

Tsi + Tui
hyi = 698.24[0.00144(f) W7 +0.00097 (T — Tay)"

(10

Where: h,; denotes total convective heat transfer coefficient of
asphalt concrete at the time step of i. is the calculated surface
temperature of asphalt concrete at the time step of i. T,;
represented the atmospheric temperature at the time step of i.

The radiation intensity of bridge structure mainly includes
the sunlit side and shaded side (Yan et al., 2018). Total radiation
intensity should only be considered for sunlit side, and ground
reflection radiation intensity should be considered for the shady
side. Therefore, equivalent temperature of structure caused by
radiation intensity can be calculated by Eq. 14.

' llRR,‘
To= Tos +
8 ;5 hi

1m
Where: T°,; is th equivalent temperature at the time step of i.
In fact, the photosensitive elements of radiation test sensors are
always arranged horizontally. That is to say, their normal direction is
generally consistent with that of the structural surface. In the process
of testing the meteorological parameters of bridge structures, test
sensors are generally arranged on the surface of the structure. Thus,
for the sensors arranged on the upper and lower surfaces of
structure, the radiation intensity obtained can be directly
adopted. While for sensors arranged on the side of structure, the
radiation intensity obtained should be converted according to the
inclination angle of the side wall and the solar altitude angle. The

conversion formula is as follows.
R; =R /sina- sin(f-a) (12)

Where: R’; is the radiation intensity of the side wall, « denotes the
solar altitude angle, § represents the angle between the wall and
the horizontal plane.
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When
engineering, the accuracy of temperature calculation often

analyzing the temperature field of practical

depends on whether the parameters are accurate. As concrete
is a kind of mixed material, its thermal and mechanical
parameters are related to components and curing conditions.
Both thermal and mechanical parameters have high uncertainty,
which affects the prediction accuracy of temperature effect.
According to the calculation theory of heat transfer, the
solution of temperature field needs to provide necessary
thermal parameters. It is divided into material parameters
and boundary parameters. Among them, the material
parameters include density p, thermal conductivity k,
specific heat capacity ¢, heat generation Q, radiation
absorption rate ag, and radiation emissivity ¢ and so on.
Boundary parameters include: initial temperature T,
R, fluid Tp solid
temperature T, convective heat transfer coefficient h and

radiation temperature radiation
so on. Among the above parameters, except that density p,
initial temperature T, fluid temperature Tyand radiated solid
temperature T can be obtained by simple test method, other
materials or boundary parameters need to be completed by

complex test methods or test equipment.

Fitting of meteorological parameters
of temperature field

Setup of continuous observation

The actual distribution of the temperature field of the
hollow slab beam should be studied, and the relevant
field should be
determined (Wang et al., 2015). Meihua Bridge Expansion

temperature calculation parameters
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FIGURE 3
Arrangement of meteorological stations.

Project in Maozhan highway is researched in this paper. The
temperature field of hollow slab beam is measured, and the
mid-span section of the hollow slab beam is selected. The
temperature of slab beam is obtained by the embedded
temperature sensor. The temperature sensor is arranged in
advance before concrete pouring. The arrangement of
temperature measuring points is shown in Figure 2A. After
the beam reinforcement cage binding is completed, the
temperature acquisition device is arranged as shown in
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TABLE 1 Distribution of date collected.

10.3389/fenrg.2022.998074

Season Meteorological Beam temperature date
date distribution distribution
Spring 2021/3/3-2021/4/6, 2021/5/5-2021/6/12 2022/01/01-2022/03/31
Summer 2020/8/16-2020/9/18, 2021/7/17-2021/8/21 /
Autumn 2020/10/21-2020/11/24, 2021/9/22-2021/12/10 /
Winter 2020/12/27-2021/1/29, 2022/1/18-2022/2/2 2021/11/01-2021/12/31
Surface thermal convection 1 + solar radiation
T I I I I I T I I I T I Il ————— T
I Intergral
| layer (0.2m)
© | wv Y
£ | E
= =
g | = Surface tharmal g
= | Surface thermal =
§ [ o convection 3 5 Hollow
(] (e}
g | g g Q S slab beam
o | z B E = 4uhi
Q| s 8 o o +%2 hinge
=] Q —~ Q = o .
= g. s g. = Joint
[¢]
o w g w o
= = Surface thermal =
I convection 3
I
___________________ _____ 1
Surface thermal convection 4+ground anti-radiation
FIGURE 4
Temperature field simulation model of slab beam and its boundary condition (Unit:m).

Figure 2B. The temperature acquisition device is powered by
solar panels, and the monitoring frequency is 60 min/time.

The temperature field of hollow slab beam is affected by
environmental temperature, atmospheric radiation, wind speed
and other factors. Meteorological stations are arranged near the
bridge site (110.8°E, 21.58°N) as shown in Figure 3. Temperature,
radiation and wind speed data around the bridge site can be obtained,
and the continuous monitoring frequency is 10 min/time.

Due to that the meteorological stations and beam
temperature data acquisition devices are arranged in the
field, there are power outages and data acquisition
interruptions the acquisition process. The
distribution of the data collected is shown in the Table 1.
Since the material and thermal conductivity of the hollow
the
temperature calculation parameters will not change as

in time

slab beam will not change after construction,

well. In the fitting process of the temperature calculation
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parameters of the hollow slab beam, the temperature field of
the hollow slab beam is mainly simulated by using the
meteorological data, and the beam temperature measured
data are only used to verify the fitting effect. Therefore,
although the beam temperature data are only distributed
in spring and winter, the calculation parameters of the beam
temperature field determined by the annual meteorological
data fitting will not be significantly affected.

Temperature field simulation based on
continuous meteorological observation

Due to the influence of construction progress, when
collecting the temperature data of the hollow slab beam,
the hollow slab beam bridge only completes the laying of
the integral layer. Therefore, the temperature simulation
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TABLE 2 Boundary conditions at different time.

Location 0-12h

Before sunrise

Top surface of integral layer AT + TC1
Outer side of the web AT + TC2
Inner cavity of slab beam AT + TC3
Bottom side of slab beam AT + TC4

After sunrise

10.3389/fenrg.2022.998074

13-24h

Before sunset After sunset

AT + TCI+SR AT + TC1
AT + TC2 AT + TC2
AT + TC3 AT + TC3
AT + TC4+GR AT + TC4

Tip: AT, denotes ambient temperature; TC, denotes surface thermal convection; SR, denotes solar radiation, and GR, denotes ground anti-radiation.

TABLE 3 Main parameters of temperature field simulation.

Item Symbol Unit Concrete
Thermal conductivity —k w/ 1.7
m*K
Specific heat capacity ¢ kJ/kgK 965
Radiation absorption/  ag/e / 0.65
emissivity of concrete
Convection heat h w/ h,; (roof surface, web surface)
transfer coefficient m>K

2.0 (inner cavity surface)

0.2 h,,; (floor surface after sunrise
and before sunset) h; (floor
surface before sunrise and after
sunset)

finite element model of hollow slab beam is established
according to the actual construction situation of Meihua
Bridge as shown in Figure 4. The finite element analysis
model mainly includes two parts: hollow slab beam and
integral layer. The concrete grade of hollow slab beam and
integral layer is C50, but they are poured separately. The
elastic modulus of C50 concrete is 3.45 x 10* MPa, and the
density is 2,600 kg/m”.

In order to facilitate grid division and simulation, the
hollow slab beam part is simulated by rectangular section
with considering the actual situation of the structure. That is
to say, both sides of the hollow slab beam contain 1/2 hinge
joint area. The thickness of integral layer is 0.2 m. The height
of hollow slab is 0.95m, and the width is 1.24 m. The
thickness of roof, web and floor are 0.12, 0.24 and 0.12 m,
respectively. The finite element analysis model is established
by the simulation software ANSYS, and the element type
adopted is PLANE 55.

According to the actual construction condition of hollow
slab beam, the temperature field of hollow slab beam at
different times is simulated. The boundary conditions of
slab beam at different times is shown in Table 2. Before
sunrise and after sunset, the temperature change of hollow
beam is mainly caused by surface thermal convection. The
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heat dissipation of surfaces is different, which is mainly
reflected in the difference of convection coefficient in the
finite element model. For the inner cavity of slab beam, the
convection coefficient is generally relatively small due to the
obstruction of air flow. While after sunrise and before sunset,
the influence of solar radiation should be considered for the
top of the integrated layer, and the influence of ground anti-
radiation should be considered for the floor of hollow slab
beam as well. In addition, the change of ambient temperature
should be considered throughout the simulation process
as well.

Determination of calculation parameters
of hollow slab beam

Typical points of the roof (Measuring Point 7#), web (Measuring
Point 4#) and floor (Measuring Point 1#) of the hollow slab beam
were selected to fit the calculation parameters of hollow slab
temperature field. Based on the measured meteorological data, the
temperature field of hollow is calculated by using the established
finite element numerical model. The calculation parameters are fitted
by adjusting thermal conductivity, specific heat capacity, radiation
absorption and emissivity of concrete, convection heat transfer
coefficient, and so on. The temperature at the key points is
extracted and compared with the measured temperature curve at
the corresponding position as shown in Figure 5. Due to that the
initial boundary condition adopted in calculation model of this study
is the ambient temperature, the structural temperature needs to
gradually increase and converge through the ambient temperature
when the calculation starts from the initial calculation step. This
process is generally about 72 h. Therefore, the first 72h of the
calculated temperature results are rejected.

By comparing the measured values and calculated values
of the roof, web and floor in Figure 5, the deviation is basically
between +2°C. Among them, the temperature deviation of the
roof measuring point is 100% within + 2°C, while the
probability of the temperature deviation of the web and
floor measuring points less than + 2°C is 96.9 and 93.8%
respectively. The proportion of the deviation between the test
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FIGURE 5

Fitting effect of temperature field calculation parameters. (A) Beam roof. (B) Beam web. (C) Beam floor.

value and the calculated value of the roof, web and floor is less
than £1°Cis 90.5%, 78.9 and 69.5% respectively. It can be seen
from the comparson that the calculation deviation of the floor
is slightly larger than that of other parts, and the simulation
effect is best for roof in this model. This is due to that the
temperature change of the roof is mainly affected by solar
radiation and environmental convection. The thermal
properties of concrete materials are highly linear with this
kind of meteorological parameter, and the prediction
accuracy is relatively higher. Due to the influence of
ground anti-radiation and other factors, the coupling effect
between the floor and environmental convection and other
factors cannot be considered in the display calculation
method. Therefore, there is a certain deviation in the
temperature simulation of beam floor, but the simulation
result is still within the acceptable range. The finite element
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model proposed in this paper can be adopted to simulate the
temperature field of hollow slab beam. The main calculation
parameters determined after fitting are shown as Table 3.

Temperature field simlulation of slab
beam

Finite element analysis model

In order to study the temperature field of hollow slab beam
bridge, it is necessary to calculate the temperature distribution of
hollow slab beam section at each time based on the annual measured
meteorological data. Combined with the actual bridge structure under
service condition, asphalt pavement layer with thickness of 0.1 m is
added to the proposed finite element model, as shown in Figure 6.
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FIGURE 6

Temperature field simulation model of slab beam and its boundary condition (Unit:m).

The finite element analysis model is established by the simulation
software ANSYS, and the element type adopted is PLANE 55 as well.
The density of C50 concrete and asphalt concrete is 2,300 kg/m® and
2,600 kg/m® respectively.

Due to the existence of asphalt at the top of the hollow
slab beam, the boundary condition of top of asphalt layer
after sunrise and before sunset is mainly the blackbody
radiation on asphalt layer (He Z. Q. et al., 2021). While
the boundary condition before sunrise and after sunset
mainly include surface thermal convection of asphalt
layer, which is different from the boundary of top surface
of integral layer. Therefore, only the boundary condition of
Top surface of asphalt layer after sunrise and before sunset
are different from that model without asphalt layer. For
asphalt concrete, the thermal conductivity is equal to
1.2W/m*K and the specific heat capacity is taken as
920 kJ/kgK.The radiation absorption/emissivity of asphalt
concrete is taken as 0.85, and the convection heat transfer
coefficient is equal to 2.0 h, ;. The boundary condition of the
model with asphalt layer is shown as Table 4.

Analysis of temperature field distribution
characteristics of hollow slab beam

Temperature field distributions of hollow slab beam under the
maximum positive and negative temperature difference conditions
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are extracted as shown in Figures 7C,D. According to the simulation
result, it can be learnt that the temperature field distribution of hollow
slab is characterized by horizontal stratification and symmetrical
distribution. Generally, the temperature of each point at different
heights can be extracted, and the average value can be calculated to
represent the temperature at each height of slab beam. Temperature
extraction method of the simplified gradient temperature curve is
shown in Figure 7A. However, this temperature curve calculation
method is relatively complicated. Considering that the distribution
characteristic of the temperature field of hollow slab beam,
temperature curve of web centerline is selected to represent the
average temperature at the corresponding height. Temperature
extraction method of the temperature curve of web centerline is
shown in Figure 7B. Both simplified gradient temperature curve and
temperature curve of web centerline are recognized as simplified
temperature curve in this article. Therefore, the simplified
temperature curve under the maximum positive and negative
temperature difference conditions are compared in Figures 7C,D.
It can be seen that the two simplified temperature curves in the roof
and floor regions of the hollow slab beam are basically close, while the
two simplified temperature curves in the web height region are
slightly different, which is mainly caused by the small web thickness
of the hollow slab beam.

In order to verify the rationality of the simulation results of
the temperature field of the hollow slab beam, temperature curve
of web centerline is compared with the temperature load model
specified in the different specifications, as shown in Figure 8.
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TABLE 4 Boundary conditions at different time.

Location 0-12h

Before sunrise

Top surface of asphalt layer AT + ATC
Outer side of the web AT + TC2
Inner cavity of slab beam AT + TC3
Bottom side of slab beam AT + TC4

After sunrise

AT + ATC + BR
AT + TC2

AT + TC3

AT + TC4+GR

Before sunset

10.3389/fenrg.2022.998074

13-24h

After sunset

AT + ATC
AT + TC2
AT + TC3
AT + TC4

Tip: AT, denotes ambient temperature; TC, denotes surface thermal convection; SR, denotes solar radiation, and GR, denotes ground anti-radiation; ATC, denotes surface thermal

convection of asphalt layer, and BR, denotes blackbody radiation on asphalt layer.
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Temperature extraction method and temperature field distributions at time of maximum temperature difference (without asphalt layer). (A)
temperature extraction method of the simplified gradient temperature curve. (B) temperature extraction method of the temperature curve of web
centerline. (C) time of maximum positive temperature difference. (D) time of maximum negitive temperature difference.

The comparison results show that for the positive
temperature difference curve, the temperature curve calculated
in this paper is close to other temperature load model in the range
of the hollow slab beam roof. Within the range of hollow slab
beam floor, the curves calculated in this paper are slightly larger
than those specified in American specification AASHTO and

Frontiers in Energy Research

British specification BS5400. However, the positive temperature
difference curve at the position of the web is not considered in
several specifications. It is unreasonable to apply this kind of
curve to characterize medium and short span bridges with small
beam height, such as the hollow slab beam structure. In addition,
the non-linear distribution of temperature difference is not
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considered in German specification DIN101, which is quite
different from the actual situation.

While for the negative temperature difference curve, the negative
temperature difference variation in the range of hollow slab roof is
smaller than that in the range of web and floor is considered in the
temperature curve calculated in this paper. Besides, the change rate of
temperature difference in the beam floor is smaller than that in the
range of beam roof. It is regarded in many specifications that the rate
and amplitude of temperature decreasing in the beam roof are
significantly greater than those in floor. However, such
temperature change situation exist in the rapid large-scale heating
after continuous cooling, such as fire, which is obviously not
consistent with the change law of natural weather. Even the
temperature decreasing of the beam floor is not considered in the
Chinese specification JTG D60, which obviously does not conform to
the actual temperature field distribution of the hollow slab beam.

Therefore, it is necessary to further study the vertical temperature
load model of hollow slab beam according to the actual load effect of

beam by using the temperature field distribution characteristics.

Temperature effect analysis of slab
beam

Basic analysis theory
The initial strain is produced by temperature, and the stress

effect is produced under constraint boundary condition (Wang
et al,, 2015). The initial strain is calculated by Eq. 16 as follows.
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€y = aAT (13)
In which: ¢, denotes initial strain, « is the linear expansion
coefficient, AT represents temperature variable.o
For the complex temperature difference effect, it is often
considered as a space or plane problem (Yan et al., 2018). Taking
the space problem as an example, the temperature stress can be
calculated according to Eqs (17) to 20).

{e} = [Bl{o} (14)

{0} = (D (fe} - feo}) (15)

ey = |[[ 181" 1D1eoNdxdyaz (16)
K13} = (P} (17)

In which: {¢} and {0} are the element strain matrix and the
element stress matrix respectively. [D] and [B] denotes the elastic
matrix and the strain matrix respectively. {P}® is the node load
generated by the initial strain, and [K] represents the stiffness
matrix of the whole structure.

Temperature effect analysis

In the existing specifications, the temperature field
distribution law of the beam is generally applied to establish
the temperature load model (Wang et al., 2020). However, this
method has some limitations. The finite element model of hollow
slab should be established, and the temperature load effect should
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FIGURE 9

Temperature effect calculation model of 16 m hollow slab beam (without asphalt pavement) and stress analysis results. (A) Finite element
model. (B) At maximum positive temperature difference time (Unit: N/m?). (C) At maximum negitive temperature difference time (Unit: N/m?).

be further analyzed and calculated by using the actual
temperature field as shown in Figure 9A. The finite elemnt
analysis model is established by the simulation software
ANSYS, and the element type adopted is SOLID 65. The
density of C50 concrete is 2,600 kg/m?, the elastic modulus is
3.45 x 10* MPa, the Poisson ratio is 0.167, the density is 2,600 kg/
m?, and the linear expansion coefficient is 1 x 107°. The
temperature field data obtained in the above plane model is
adopted to calculate the temperature load effect of the hollow slab
beam at each time. The boundary of the model is set as four-point
simple supported. Mid-span section is selected to analyze the
stress at maximum temperature difference time, and the analysis
results of mid-span section at maximum temperature difference
time is shown in Figures 9B,C.

It can be seen from the calculation results that the
maximum longitudinal compressive stress of the beam roof
at the time of the maximum positive temperature difference
is —3.40 MPa, and the maximum longitudinal tensile stress of
the 0.38 MPa. The
compressive stress of the hollow slab beam roof at the

floor is maximum longitudinal

maximum negative temperature difference is —2.50 MPa,
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and the maximum longitudinal tensile stress at the floor is
0.40 MPa. The extreme values of compressive stress on the
roof and tensile stress on the floor should be focused on for
simply supported hollow slab beams. However, the maximum
temperature difference time does not completely correspond
to the most unfavorable situation of hollow slab beam.

The temperature effect calculation results at the time of
maximum compressive stress existing in beam roof and
maximum tensile stress exsiting in beam floor are plotted in
Figure 10. It can be seen that the distribution of stress contours is
relatively uniform. The stress distribution characteristic is
similiar to the temperature field distribution, and it is also
basically horizontal distributed. The maximum longitudinal
compressive stress of roof at the time of maximum stress
exsiting in beam roof is 3.66 MPa, and the maximum
longitudinal tensile stress of the beam floor at the time of
maximum stress existing in beam floor is 1.68 MPa.

Considering that the temperature field distribution of the
hollow slab beam generally presents the distribution
characteristics of horizontal stratification, the temperature
curve of web centerline and the simplified gradient
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temperature curve are applied to calculate the temperature
effect of hollow slab beam. The moments of maximum
compressive stress existing in beam roof and maximum
tensile stress existing in beam floor are selected for
comparison. The stress of beam roof and floor obtained by
the calculated temperature field, the temperature curve of web
centerline and the simplified gradient temperature curve are
compared in Figure 11.

the

comparison of the temperature effect results calculated by

Several conclusions can be conducted from
temperature field and different simplified temperature
curves. The longitudinal stress obtained by the simplified

temperature curve is more evenly distributed along the
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transverse section. In a certain range on both sides of the
hollow plate, the longitudinal stress of the hollow plate
calculated by the temperature field is less than that
calculated by the simplified temperature curve. It is mainly
due to the actual temperature field at the corners of hollow
slab beam are relatively low, while the simplified temperature
model is relatively ideal. For the middle area of the hollow
slab beam roof, the longitudinal stress calculated by each
model are roughly similar. For the middle area of the hollow
slab beam floor, the longitudinal stress calculated by the
simplified temperature curve is more evenly distributed.
The longitudinal stress of beam calculated by the two
simplified temperature models are within the range of
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Preliminary proposed temperature load model. (A) Positive temperature difference curve. (B) Negative temperature difference curve.
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Sectional stress distribution calculated by preliminary proposed temperature model (Unit: N/m?). (A) Positive temperature difference condition.

(B) Negative temperature difference condition.

result calculated by the actual temperature field. In addition,
the stress values obtained by temperature curve of web
centerline are higher than those obtained by the simplified
gradient temperature curve. It is more conducive to ensure
the safety of bridge structure in engineering design.
Therefore, it can be considered that the temperature curve
of web centerline is more reliable to calculate the temperature
load effect of beam roof and floor.
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Temperature load model
presumption of slab beam

Extrapolation principle of temperature
load effect

According to extreme value theory (Falk et al, 2011),
assuming that random variables X;, X5, ..., X, are independent
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TABLE 5 Comparsion of extremum value before and after extrapolation.

Item

Maximum positive

Maximum negative

10.3389/fenrg.2022.998074

Compressive stress of Tensile stress of

temperature temperature beam roof (MPa) beam
difference ("C) difference (°C) floor (MPa)
Result before 17.86 -3.47 —-3.48 1.00
extrapolation
Result after extrapolation ~ 19.85 -3.53 -3.89 1.55
Extrapolation coefficient 1.11 1.02 1.12 1.55
124
v s
Intergral layer I S 1~
ffffffffffffff | o 2
1
®© 1
1
w
o
bal
<
—()°
= T4=0°C B T=-3°C
- 0
ot Ts=2°C 1 &
— L _ o —
T=6.5°C [ ] T=-8.5°C
Positive temperature model 12 12 76 12 12

-3.66E+06
-3.12E+06
-2.58E+06
-2.04E+06
-1.53E+06
-961877
-422868
116140
655149
1.19E+06

Positive temperature difference condition

FIGURE 14

The extrapolated temperature load model and its stress distribution of mid-span section. (A) Extrapolated temperature load model (Unit: °C,
cm). (B) Positive temperature difference condition (Unit: N/m?). (C) Negative temperature difference condition (Unit: N/m?).

of each other. And they can meet the same distribution function
F(X). Let M,, equal to { X;,

Unit: N/m?

Proposed temperature model

..y X}, then if sequence a,, > 0 exists

Extrapolated temperature load model

M

Negative temperature model
—— JTG D60 recommended model

-607430
-377585
-147739
82106
311951
541797
771642
1.00E+06
1.23E+06
1.46E+06

and b, € R, P{(M,, - b,)/a, < x} will tend to G(x) when n tends

to oo.

The cumulative probability distribution function of extreme

values can be expressed as follows:
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Negative temperature difference condition

G(x)=exp{—(1+£xf;‘u)71/£},1+£xf;#>0 (18)

Where: y, 0 and & are position parameter, scale parameter and

shape parameter of distribution function respectively, and their

values are all greater than 0. When & is equal to 0, the cumulative
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probability distribution is Gumbel distribution; When £ is greater
than 0, the cumulative probability distribution is Fréchet
distribution; When £ is less than 0, the cumulative probability
distribution is Weibull distribution (Sarmadi and Yuen, 2022).
The solution method of extreme vehicle load is introduced
into the solution of temperature load. The sample observation
time T, of random variables X(t) is divided into Nj,, intervals
with the same duration of (T}, = T,efNiu). According to the
classical extreme value theory, if the number of samples is
sufficient, the maximum distribution X(#) of each time period
follows the GEV distribution (Liu et al., 2018).
If the distribution function of random variable X;, X, ..., X,, is
F(X;), the distribution function of M,, can be expressed as follows:
F(M, <x) = [TF(X; %) = F"(x) (19)
Where: n represents the average occurence time in the design
reference period T.

Preliminary formulation of temperature
load model

In order to establish a unified temperature load model, the
temperature curve of web centerline when the roof has compressive
stress is selected to establish a positive temperature difference model,
and the temperature curve of web centerline when the floor has
tensile stress is selected to establish a negitive temperature difference
model. Due to the high similarity of temperature curve, the extreme
value of the temperature difference curve is uniformly shifted to 0°C.
According to the extracted temperature distribution curve, the
preliminary temperature load models are proposed as shown in
Figure 12.

In order to verify the rationality of the preliminary proposed
temperature model, the stress distribution of mid-span section of
hollow slab is extracted as shown in Figure 13. For the positive
temperature difference condition, the maximum compressive stress
of the beam roof calculated by preliminary proposed temperature
load model is —3.48 MPa, which is consistent with the maximum
compressive stress calculated by the positive temperature curve of
web centerline (-3.48 MPa). For the negitive temperature difference
condition, the maximum tensile stress of the beam floor calculated by
preliminary proposed temperature load model is 1.00 MPa, which is
close to the maximum tensile stress calculated by the negitive
temperature curve of web centerline (1.27 MPa). Therefore, it can
be considered that the preliminary proposed positive and negative
temperature difference curve has certain reliability.

Extrapolation of temperature load model

The effect extrapolation method is widely used in the study of
vehicle load (Chen et al., 2015). Based on its basic principle,
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vertical temperature load model of hollow slab is deduced
according to design reference period of 100 years. The results
of temperature extremum and stress extremum of hollow slab
beam before and after extrapolation are compared in Table 5.

The preliminary proposed temperature difference model is
extrapolated by using the extrapolated coefficient, as shown in
Figure 14A. The secetional stress distribution calculated by the
extrapolated positive and negative temperature load model are
shown in Figures 14B,C. It can be seen that the maximum
compressive stress of beam roof obtained by the extrapolated
positive temperature model is —3.66 MPa, and the maximum
tensile stress of beam floor obtained by the extrapolated negative
temperature model is 1.46 MPa, which is close to the theoretical
value after extrapolation (—3.89 MPa for positive temperature
difference condition, and 1.55 MPa for negative temperature
difference condition in Table 5). It can be considered that the
extrapolated temperature load model of hollow slab beam ploted
in Figure 14A has certain reliability, which can be applied to the
temperature effect analysis of hollow slab beam.

Conclusion

Based on the measured meteorological data and measured
temperature fleld, this paper studies the temperature distribution
characteristics of the hollow slab beam. The temperature load
effect of 16-m hollow slab beam is calculated by using the
obtained temperature field. According to the simplified
temperature curve, the vertical temperature load model of
hollow slab beam is established by introducing the extreme
value extrapolation theory from the vehicle load research. The
main conclusions are as follows:

1) The temperature field of hollow slab beam is roughly distributed
horizontally, and the extreme temperature is generally located in
the beam web. The calculated positive temperature difference
curve is similar to the temperature load model specified in
different standards. While the negative temperature difference
curve is quite different, it is mainly due to that the height of the
hollow slab beam roof and floor is relevant small, temperature
changes greatly in the beam web. Besides, the rate and amplitude
of temperature decreasing in the beam roof are significantly
greater than those in floor regarded in many specifications
only exist in the rapid large-scale heating after continuous
cooling condition.

2) At the time of positive temperature difference, the roof and
floor of the hollow slab beam are in the state of compression,
and the beam web is in the state of tension. While at the time
of negative temperature difference, the roof and floor of the
hollow slab beam are in the state of tensile, and the beam web
is in the state of compression. The time when the maximum
stress exists in the beam roof and floor is not completely
corresponding to the time of beam with maximum
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temperature difference. The temperature load model should
be established based on the temperature curve of beam with
maximum temperature effect.

3) The temperature effect of hollow slab obtained by the
extrapolated temperature load model is close to the stress
extrapolation result. The extrapolated positive or negative
temperature difference load model can meet the extrapolation
requirement of bridge design reference period, which can be
adopted to the temperature effect calculation of hollow slab beam.
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