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Abstract: Spatial and temporal temperature variations are critical for concrete box girders, and non-uniform temperature
distributions induced by solar radiation depend on the structural shapes and shadows cast on them. There have been many
studies of temperature distributions and temperature gradients of concrete box girders, but few have considered a high altitude
plateau climatic environment. In this study, the nonlinear temperature distributions of concrete box girders in the Sichuan-Tibet
railway caused by solar radiation were investigated based on experimental analysis, real-time shadow-selection algorithm, and
finite element method. Furthermore, a vertical temperature gradient model of the concrete box girders was obtained. The
vertical temperature gradient values first rise, then decrease, and finally rise again from Chengdu to Lhasa, with samples
forming a normal distribution. The recommended vertical temperature gradient value was 25 ℃ with a confidence interval of
95%. This provides a reference for the design and maintenance of concrete box girders on the Sichuan-Tibet railway.
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1 Introduction

In China, the operating mileage of railway net‐
works reached 146000 km by the end of 2020, and
several new railway projects are under construction.
Among them, the Sichuan-Tibet railway is the most
important part of China’s 13th Five-Year Plan, which
is of great significance to the economic and social de‐
velopment of the Tibet Autonomous Region, Sichuan
Province, and other regions in western China (Lu and
Cai, 2019). The Sichuan-Tibet railway, at a high alti‐
tude linking Chengdu and Lhasa, is in the construc‐
tion phase. The 1592-km long railway passes through
the western Sichuan basin, subsequently climbing
5000 m and running across the Qinghai-Tibet plateau
(Fig. 1) (Xue et al., 2021). The railway spans multiple
climatic zones, including the subtropical monsoon
and alpine climate zones on the Qinghai-Tibet plateau.

The effects of the complex and diverse climatic condi‐
tions on the construction of the Sichuan-Tibet railway
should not be ignored.

Concrete box girders are widely used in the con‐
struction of the Sichuan-Tibet railway due to their
convenience and low cost. They are subject to ther‐
mal actions in the natural environment (such as solar
radiation, ambient temperature, and wind speed),
causing non-uniform temperature distributions which
vary continuously with time and geographical loca‐
tion (Song et al., 2012). The extreme conditions in
Tibet, such as the great diurnal temperature variation,
intense solar radiation, and high elevation, result in
complex non-uniform temperature distributions (Niu
et al., 2008; Ma et al., 2011). Therefore, the tempera‐
ture distributions caused by solar radiation of the con‐
crete box girders in the Sichuan-Tibet railway deserve
to be studied in detail.

Some studies have focused on temperature fields
and temperature gradients of concrete structures
considering environmental conditions. The varying
temperature distributions in concrete bridges exposed
to complex environmental actions have been stud‐
ied, based on a temperature experiment involving a
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full-scale segment of a box-girder bridge (Tayşi and
Abid, 2015). A heat transfer analysis of bridge struc‐
tures has been carried out to calculate temperature dis‐
tributions, based on a solar radiation algorithm consid‐
ering the shelter of environmental factors (Chen et al.,
2014). Empirical equations used to calculate the tem‐
perature gradient values in concrete bridges have
been obtained, based on experimental analysis of tem‐
perature gradient values (Abid et al., 2016). The de‐
sign standard values of equivalent linear temperature
gradient models and cross-section temperature gradi‐
ent models have been obtained, based on a stationary
binomial probability model (Song et al., 2012). How‐
ever, because the Sichuan-Tibet railway spans a vari‐
ety of climate zones under different environmental
actions, the temperature gradient values of concrete
box girders vary. Thus, the temperature distributions
and vertical temperature gradient values of the con‐
crete box girders warrant further detailed study con‐
sidering the natural environments encountered along
the Sichuan-Tibet railway.

In this study, the temperature distributions of the
Jiacha No. 2 concrete box girder in the Sichuan-Tibet

railway were analyzed, based on experimental temper‐
ature data and a finite element model (FEM). The
distribution characteristics of the time-varying tem‐
perature fields of concrete box girders were studied in
detail, and a vertical temperature gradient model of
the concrete box girders was proposed. Furthermore,
based on a large number of engineering examples and
statistical analysis of vertical temperature gradients in
the Sichuan-Tibet railway, the recommended vertical
temperature gradient value in Sichuan-Tibet railway
is proposed.

2 Temperature distributions caused by solar
radiation

2.1 Thermal environment and time-varying solar
radiation

2.1.1 Thermal environment of a box girder

Concrete structures exchange heat with the natu‐
ral environment all the time. The forms of heat ex‐
change can generally be divided into solar radiation,
convective heat transfer, and radiative heat transfer
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(Fig. 2). These three types of heat energy are con‐
verted into boundary conditions of heat flux, and the
total heat flux on the surfaces of the structure can be
expressed by (Tong et al., 2002):

q = qs + qc + qr (1)

where qs is the thermal irradiation (J/(m2·s)), qc is the
heat flux of convective heat transfer (J/(m2·s)), and qr

is the heat flux of radiative heat transfer on the struc‐
ture’s surfaces (J/(m2·s)).

Duffie and Beckman (1991) presented the calcu‐
lation of the total solar radiation on a tilted surface of
a structure. However, due to differences in the type,
smoothness, and color of the structural surface materi‐
als, and various components in the atmosphere, the
solar radiation will not be absorbed completely by the
structure. The energy gain of a structure subjected to
solar radiation is calculated using

qs = αI t (2)

where α is the solar radiation absorptivity, and It is the
total solar radiation on a tilted surface of the structure.

The total solar radiation It on the tilted surface
varies due to the sun’s movement, which is described
in Eq. (3) (Zhang et al., 2020):

I t = IbH

cos θ
sin H

+ IdH( 1 + cos β
2 ) +

ρ ( IbH + IdH ) ( 1 - cos β
2 )  (3)

where IbH is the solar radiation on the horizontal sur‐
face, IdH is the diffuse radiation on the horizontal sur‐
face, ρ is the reflection coefficient of the ground, θ is

the solar incidence angle, β is the tilted angle, and H
is the solar altitude angle.

Convective heat transfer occurs between the sur‐
faces and the air. There is a temperature difference be‐
tween the air and the structure, with air flowing
through the structure’s surfaces. It is stipulated that
heat transfer in the structure’s interior is positive, and
convection qc is given by Newton’s cooling law:

qc = hc(Ts - Ta )  (4)

where Ts is the temperature of the structure’s surfaces
in contact with the air, Ta is the ambient temperature,
and hc is the convective coefficient (Zhou and Yi,
2013).

The effect of wind speed is considered in the
thermal boundaries converted to the heat convection
between the surfaces and ambient air. The convective
coefficient hc is computed by the empirical formula in
Eq. (5) when the wind speed on the surface of the
concrete structure is v≤5 m/s (Song et al., 2020):

hc = 2.5( ||Ts - Ta

4

+ 1.54v) . (5)

The structure’s surfaces are exposed to complex
environmental actions such as solar radiation, ambi‐
ent temperature, and windy conditions, emitting elec‐
tromagnetic waves and radiating and absorbing energy
by electromagnetic waves from other objects. The in‐
fluence of radiative heat transfer on heat flux cannot
be ignored. The heat flux of radiative heat transfer on
the structure’s surfaces is calculated using

qr =A l(Gaβ +Uaβ ) -E l (6)

where Al is the thermal radiation absorptivity of the
materials, Gαβ is the thermal radiation from the atmo‐
sphere on the structure’s surfaces, Uαβ is the heat radi‐
ation from the ground to the structure’s surfaces, and
El is the energy radiated by the structure.

2.1.2 Time-varying solar radiation conditions

The thermal environment of the structure is di‐
rectly related to the real-time position of the sun. The
solar orientation varies with time, which is described
by the longitude and latitude coordinates (λ, φ) of the
structure (Meng and Zhu, 2018; Liu et al., 2020a).
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Fig. 2 Thermal environment of the structure
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According to the relationship between the position of
the sun and the structure, Eq. (7) relates the solar alti‐
tude angle H to other angles (Fig. 3) as follows (Sheng
et al., 2019, 2020a):

sin H = cos φ cos δ cosω + sin φ sin δ (7)

where δ is the solar declination angle (the angular po‐
sition of the sun at noon, −23.45°≤δ≤23.45°), φ is the
latitude of the structure’s surfaces (−90°≤φ≤90°), and
ω is the solar hour angle related to the longitude of
the structure’s surfaces.

In Fig. 3, n is the normal direction of the inclined
surface. The azimuth angle V and the solar incidence
angle θ are defined as follows:

cos V =
sin H sin φ - sin δ

cos H cos φ
 (8)

cos θ = cos β sin H + sin β cos H cos (V -Vs )  (9)

where Vs is the surface’s azimuth angle.
Based on this, the solar orientation is calculated,

and the time-varying solar radiation surfaces of the
concrete box girder are obtained using a real-time

shadow-selection algorithm, considering the self-
shadow area and mutual shadow area (Bourges, 1985;
Zhou et al., 2015; Zeng et al., 2018).

Fig. 4 shows that the external surfaces of the
right web are self-shadowing areas under the action of
light 1, and the sheltered areas of the right web are
mutual shadow areas under the action of light 2. As
for the self-shadow area, ε is the angle between the
vector of the sunlight and the normal vector of the
web’s external surface. When ε is less than 90° , the
web is sheltered from the sunlight, and the external
surfaces of the web are unable to be cast.

The selection of the mutual shadow area is as
follows. The coordinates of point J are obtained based
on the coordinates of the center point W on the external
surface element of the web, the solar altitude angle H,
and the solar azimuth angle V. The coordinates of
point W are obtained from the coordinates of the ele‐
ment node, and the relationship between the point W
and the intersection point J is defined as follows (Kim
et al., 2009):

JX = f cos H sin V +WX (10)
JZ = f cos H cos V +WZ (11)

f =
h -WY

sin H
 (12)

where WX, WY, and WZ are the X, Y, and Z coordinates
of the point W, respectively, JX and JZ are the X and Z
coordinates of the intersection point J, respectively, f
is the distance between the points J and W, and h is
the distance from the bottom of the cantilever flange
to the bottom flange. If point J falls within area A, the
web is sheltered from sunlight by the cantilever flange.
Otherwise, the sunlight is not obscured by the canti‐
lever flange. Therefore, the time-varying solar radia‐
tion conditions of the concrete box girders are obtained.
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Fig. 3 Relationship between the position of the sun and
the structure
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2.2 Calculation flow of time-varying temperature
distributions

Solar radiation acting on each surface of a con‐
crete box girder differs due to the sun’s movement,
and the illuminated and shadowed surfaces of the
structure have different convective coefficients, af‐
fecting the accuracy and reliability of the temperature
distribution computations (Abid et al., 2018; Sheng
et al., 2020b). Based on this, a method was devel‐
oped based on a real-time shadow-selection algo‐
rithm and finite element method. The calculation flow
of temperature distributions induced by solar radia‐
tion is shown in Fig. 5.

3 Solar radiation temperature distributions
of concrete box girders in the Sichuan-Tibet
railway

The temperature distributions caused by solar
radiation of concrete box girders are influenced by
atmospheric temperature, wind speed, altitude, and
weather conditions, varying continuously with time.
The temperature of the Jiacha No. 2 concrete box
girder was measured on Sept. 2, 2019, to study the
time-varying characteristics of the temperature distri‐
butions of a concrete box girder on the Sichuan-Tibet
railway.

3.1 Experimental progress

The Jiacha No. 2 concrete box girder is located
in Jiacha County, Shannan City, Tibet Autonomous
Region (29.14°N, 92.59°E). The orientation of the
structure is from east to west, and it is located in a

mountainous area. The midspan section of the girder
was measured, and the measured conditions included
the temperatures of the web and top flange. The
trends of temperature variation of the web and top
flange were investigated and the FEM results were
verified (Tayşi and Abid, 2015). The dimensions of
the characteristic section and the layout of the sensors
are shown in Fig. 6.

From Fig. 6, the temperature sensors T2, T5, and
T7 were arranged in the middle of the top flange, mid‐
dle of the north web, and middle of the south web, re‐
spectively. The temperature sensors T1 and T3 were
arranged on the top and the bottom edges of the top
flange, respectively. The temperature sensors T4 and
T6 were arranged on the external edges of the north
web and south web, respectively. Based on this tem‐
perature experiment, the non-uniform temperature dis‐
tributions of the concrete box girder were obtained,
and the data from Sept. 2, 2019, were used for further
research.

3.2 FEM simulation

According to the meteorological data from the
China Meteorological Administration (NMIC, 2021),
it was cloudy on Sept. 2, 2019, with mid-level cloud,
an air temperature of 15.0 to 23.3 ℃, and an average
wind speed of 1.8 m/s. The calculation parameters in
the FEM of the Jiacha No. 2 concrete box girder are
listed in Table 1. Wang (2013) proposed that the sky
conditions (i.e., weather conditions and cloud form)
influence the solar radiation and ground radiation,
which are critical for the temperature fields of a con‐
crete box girder. The radiation correction coefficients
influenced by the sky conditions are described in
Table 2 (Wang, 2013).

Solar 
orientation

Time-varying solar radiation 
conditions

Heat transfer boundary conditions
Solar radiation energy, convective heat transfer, radiative heat transfer

FEM of the concrete box 
girder

Heat transfer analysis,
time history analysis

Temperature distributions 
caused by solar radiation

Applying as thermal
boundary conditions

Real-time shadow-selection 
algorithm

Fig. 5 Calculation flow of temperature distributions caused by solar radiation
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From Tables 1 and 2, the correction coefficient of

solar radiation was 0.4, and the correction coefficient

of effective radiation was 0.59 in this study, with the

sky condition of cloudy weather and mid-level cloud.

It is customary to assume that the minimum ambient

temperature (15.0 ℃) and the maximum ambient tem‐

perature (23.3 ℃) occur at 3:00 and 15:00, respectively.

The ambient temperature variation is described by
Eq. (13) (Dilger et al., 1983).

TA (t)=
1
2 (TAmax + TAmin ) +

1
2 (TAmax - TAmin )sin

π ( )t - to

12


(13)

where TAmax is the maximum ambient temperature, TAmin

is the minimum ambient temperature, t is the time,
and to is the parameter representing the time of occur‐
rence of the minimum and maximum ambient temper‐
atures (Dilger et al., 1983). The minimum and maxi‐
mum ambient temperatures occur at 3:00 and 15:00,
respectively, when to=9.

Based on this, the FEM of the Jiacha No. 2 con‐
crete box girder was established by Solid75 elements
using ANSYS 19.0 (Fig. 7).
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Fig. 6 Dimensions of the characteristic section and the arrangement of sensors (unit: cm)

Table 1 FEM simulation parameters on Sept. 2, 2019

Parameter

Material

Location

Wind speed (m/s)

Ambient temperature (℃)

Weather

Cloud form

Description

Concrete

Jiacha (29.14°N, 92.59°E)

1.8

15.0–23.3

Cloudy

Mid-level cloud

Table 2 Radiation correction coefficients influenced by the sky conditions

Weather condition

Sunny

Partly cloudy

Cloudy

Overcast

Total cloud cover

0

2.5

7.5

10

Cloud form

–

High cloud

High cloud

Mid-level cloud

Mid-level cloud

Low cloud

Correction coefficient of
solar radiation

1.00

0.80

0.40

0.40

0.19

0.19

Correction coefficient of
effective radiation

1.00

0.96

0.87

0.59

0.45

0.25

380



J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(5):375-387 |

3.3 Temperature distributions caused by solar
radiation

Fig. 8 compares the experimental temperature
variations and the finite element analysis results of the
above concrete box girder.

From Fig. 8, the trends in the temperature varia‐
tion of measured and numerical values were almost the
same: the temperature of the concrete box girders first
decreased, then increased, and finally decreased, dur‐
ing one day. Due to the effect of solar radiation, the
temperature variation of the top flange of the girder
was the most dramatic. The temperature variation of
the web was similar to that of the top flange, and the
time of occurrence of the maximum temperature value
of the web lagged behind that of the top flange. The
temperature distributions induced by solar radiation of
the concrete box girder were generally non-uniform
and time-dependent. The FEM analysis following the
adopted procedure could predict the time-varying tem‐
perature variation and temperature distribution accu‐
rately, with an average relative error between the mea‐
sured and calculated data of only 4.46%.

4 Non-uniform temperature distributions
and temperature gradient models

4.1 Nonlinear temperature distributions

The Jiacha No. 2 concrete box girder is located
in a high plateau climatic zone, with intense solar
radiation, small radiation differences, and large temper‐
ature differences between day and night. Based on the
meteorological data from the China Meteorological
Administration, the largest fluctuation of monthly
average temperature and the maximum temperature

in the summer of 2020 occurred in June. Therefore,
June 10, 2020 with sunny weather was selected as the
calculation date to simulate the temperature distribu‐
tions of the concrete box girder. The calculation param‐
eters of the FEM are listed in Table 3, and the temper‐
ature fields of the concrete box girder caused by solar
radiation are shown in Fig. 9.

From Fig. 9, the temperature values of the con‐
crete box girders varied from 12.39 to 44.28 ℃. Be‐
cause the ambient temperature was low in the morn‐
ing, and the short-wave radiation was zero from 22:00
to 5: 00, the minimum temperature value occurred
at 5:00 on the cantilever end of the concrete box girder.
The maximum temperature value occurred at 16:00
on the top flange of the girder due to the effect of pro‐
longed solar radiation. The variation of the tempera‐
ture value and the temperature difference between the
top and bottom flanges in the girder are described in
Fig. 10.

As shown in Fig. 10, the temperature values varied
from 17.70 to 44.28 ℃ and from 22.37 to 28.25 ℃
on the top and bottom edges of the top flange, respec‐
tively. The maximum temperature difference was
19.74 ℃ between the top and bottom edges of the top
flange, occurring at 16: 00. The trend in temperature
variation of the bottom flange was the same as that of
the top flange. This phenomenon shows the spatial
and temporal variation characteristics of the tempera‐
ture fields in the concrete box girder. The temperature
distributions induced by solar radiation are closely
related to the structural characteristics, geographical
location, and environmental conditions, which are not
universally applicable. Therefore, to be applied in the
design and calculation of a concrete box girder in the
Sichuan-Tibet railway, it is necessary to obtain a uni‐
fied temperature gradient model of the girder, which
can represent the most unfavorable effect of the solar
radiation.

4.2 Vertical temperature gradient models

Based on the analysis of the nonlinear tempera‐
ture distributions, the maximum temperature differ‐
ences of the concrete box girder occur at 16:00. The
“temperature benchmark” refers to the minimum tem‐
perature along the web. The most unfavorable temper‐
ature difference in the concrete box girder is the dif‐
ference between the temperature value at y m from the
top flange and the temperature benchmark, at 16:00

X
Y

Z

Fig. 7 Finite element model of the Jiacha No. 2 concrete
box girder
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(Lou et al., 2018). The most unfavorable tempera‐
ture difference and the fitted temperature gradient

model of the concrete box girder are shown in

Fig. 11.

From Fig. 11, the vertical temperature gradient

model follows the exponential function T(y) =Toe
−ay,

where To is the temperature gradient value (℃) and a

is the attenuation coefficient. The vertical temperature

gradient model of the Jiacha No. 2 concrete box girder

in the Sichuan-Tibet railway is described by

T ( y) = 25e-5y. (14)
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Fig. 8 Experimental data and numerical values of the temperature variations: (a) T1 (top flange); (b) T2 (top flange); (c)
T4 (north web); (d) T5 (north web); (e) T6 (south web); (f) T7 (south web)

Table 3 Calculation parameters of the FEM on June 10,

2020

Parameter
Material

Location

Wind speed (m/s)

Ambient temperature (℃)

Weather

Description
Concrete

Jiacha (29.14°N, 92.59°E)

1.0

11–24

Sunny
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5 Discussion

5.1 Variation of vertical temperature gradient
values in the Sichuan-Tibet railway

Based on the above vertical temperature gradient
model, a series of FEM analyses of concrete box gird‐
ers in the Sichuan-Tibet railway were carried out, and
the trend in the variation of the vertical temperature
gradient values was explored. The variation of vertical
temperature gradient values of the box girders is shown
in Fig. 12.

From Fig. 12, the vertical temperature gradient
values vary because the Sichuan-Tibet railway spans
a variety of climatic zones. The vertical temperature
gradient values first rise, then decrease, and finally rise
from Chengdu to Lhasa. The vertical temperature gra‐
dient values rise with increasing diurnal temperature
differences. The diurnal temperature difference of 13 ℃
in Litang is the largest in the Sichuan-Tibet railway,
and the vertical temperature gradient value of the

concrete box girder in Litang reaches the peak value
of 25.0 ℃.

5.2 Statistics of vertical temperature gradient
values in Sichuan-Tibet railway

Based on the above analysis, the vertical temper‐
ature gradient values ∆T of the concrete box girders at
100 different sites in Sichuan-Tibet railway were cal‐
culated (Fig. 13).

Fig. 13 shows the vertical temperature gradient
values form a “bell-shaped distribution”. The Shapiro
Wilk test was used to test the null hypothesis that the
sample random variable ∆T comes from a normal dis‐
tribution (Royston, 1992; Razali and Wah, 2011;
Hanusz and Tarasińska, 2015). The p-value of 0.34 was
higher than the significance level of 0.05. Therefore,
the null hypothesis of normality cannot be rejected.
Moreover, the normal quantile plot was used to visual‐
ize the extent to which the sample random variable ∆T
was distributed normally in Fig. 14 (Tan et al., 2004).

Nodal solution
STEP=77
SUB=1
TIME=77
TEMP (AVG)
RSYS=0
SMN=12.391
SMX=25.4991

Nodal solution
STEP=82
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Nodal solution
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SUB=1
TIME=84
TEMP (AVG)
RSYS=0
SMN=17.1178
SMX=32.9232
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From Fig. 14, the sample random variable ∆T was
normally distributed, with the normal quantile plot
approximating a diagonal straight line. Therefore, the
sample random variable ∆T comes from a normal dis‐
tribution, and the normal distribution equation is ex‐
pressed as

f ( x) =
A

w
π
2

e
-2 ( )x - xc

w

2

 (15)

where A=50.73, w=1.83, and xc=23.36.
Based on Eq. (15), the sample random variable

∆T coming from the normal distribution is described
simply by

DT~N(23.360.837). (16)

From the analysis of the normal distribution
equation, the cumulative probability density curve of
the vertical temperature gradient value ∆T was calcu‐
lated (Fig. 15).

From Fig. 15, the distribution of cumulative prob‐
ability density of the vertical temperature gradients
∆T, can be described as an S-shaped curve. The verti‐
cal temperature gradient values with various confi‐
dence intervals are obtained. Table 4 shows the verti‐
cal temperature gradient values with confidence inter‐
vals of 98%, 95%, or 90%.

As shown in Table 4, the vertical temperature
gradient value in Sichuan-Tibet railway is 24.72 ℃
with a confidence interval of 95%. The representative
vertical temperature gradient value of a concrete box
girder in Lhasa was 24.678 ℃ (Liu et al., 2020b), ver‐
ifying that the estimated value was reasonable. The
vertical temperature gradient value of 24.72 ℃ is
larger than that of 20 ℃ in the China highway bridges
design code (MOT, 2015), and smaller than that of
25 ℃ in the China railway bridges design code (NRA,
2017). Based on the complex and diverse climatic con‐
ditions in Sichuan-Tibet railway, a vertical temperature
gradient value of 25 ℃ of a concrete box girder in
the Sichuan-Tibet railway is recommended.
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Table 4 Vertical temperature gradient values based on

probability statistics

Vertical temperature gradient (℃)

24.97

24.72

24.45

Confidence interval (%)

98

95

90
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6 Conclusions

In this study, the nonlinear temperature distribu‐
tions of concrete box girders in the Sichuan-Tibet rail‐
way caused by solar radiation were investigated. A
vertical temperature gradient model of the concrete
box girder was obtained and the trend in the variation
of the vertical temperature gradient values was an‐
alyzed. A recommended vertical temperature gradient
value of the concrete box girders in the Sichuan-Tibet
railway is proposed. The main conclusions of this study
were as follows:

1. Based on a temperature experiment and finite
element analysis, the temperature variation of the
Jiacha No. 2 concrete box girder in the Sichuan-Tibet
railway was analyzed. FEM analysis verified that the
adopted procedure could predict the time-varying tem‐
perature distributions accurately.

2. The nonlinear temperature distributions of the
concrete box girders in the Sichuan-Tibet railway
caused by solar radiation were studied, and a vertical
temperature gradient model was obtained, which is
described by T(y)=25e−5y.

3. The vertical temperature gradient values first
rise, then decrease, and finally rise from Chengdu to
Lhasa and the samples ∆T come from a normal distri‐
bution, shown as ∆T~N(23.36, 0.837).

4. The recommended vertical temperature gradi‐
ent value in the Sichuan-Tibet railway is 25 ℃ with a
confidence interval of 95%, providing a reference for
the design and maintenance of concrete box girders in
the Sichuan-Tibet railway.
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