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1. Introduction 
 

Steel-concrete composite structures have been widely 

used in bridge engineering due to their combination of 

advantages of steel and concrete. The composite structure 

has high strength, high ductility, and large energy-absorbing 

capacity (Kuranovas and Kvedaras 2007, Macorinia et al. 

2006, Chitawadagi and Narasimhan 2009). The use of 

composite structures for bridges could reduce the costs and 

optimise the structural performance (Su et al. 2016). During 

the service period, the bridge is always subjected to thermal 

load induced by solar radiation and surrounding air as it 

exposures to the ambient environment. The temperature-

induced stress can be more significant than that produced 

by static loads and it can cause the structural damage (Long 

et al. 2010). Zichner (1981) attributed visual cracks of 

concrete box-girders to the temperature variation, while the 

width of cracks located on the web or the bottom slab 

ranged from 0.2 mm to 0.4 mm. These structural cracks due 

to the tensile stress may subsequently grow into the large 

cracks that induce the rebar to be exposed to the 

atmosphere, and reduce the durability of the structure. 

Therefore, the long-term thermal load due to the  
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temperature variations is an important factor that must be 

taken into account in bridge design and construction. 

A literature review on thermal loads in bridges has been 

presented by Zhou and Yi (2013). From the review, the 

effect of thermal load on the performance of bridges is not 

fully understood and further study is needed to develop the 

thermal load model from the field measurement data, 

especially for the new type of composite bridges. Due to 

various thermal characteristics of different materials and the 

influence of the ambient temperature and solar radiation, 

the temperature gradient in the cross section of the 

composite structure is much complicated. Some numerical 

models have been proposed to predict the temperature 

gradient and thermal strain of composite girder using finite 

element (FE) modelling. Giussani (2009) numerically 

analyzed the long-term behavior of composite concrete-

steel T-beams under ambient temperature. Razi and 

Bradford (2007) highlighted the importance of the 

combined actions of composite concrete-steel T-beams 

subjected to elevated temperatures. Shang and Liu (2012) 

built an FE model to analyze the thermal stress of the pre-

stressed concrete box girder with corrugated steel webs and 

presented the calculation formulas of temperature stress. A 

new solar radiation model for bridge structures was 

proposed to include the shelter effect (Chen et al. 2014) and 

the model was verified using the field measurement data 

from the Tsing Ma Bridge. Westgate et al. (2015) studied  
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Abstract.  Concrete filled steel tubular (CFST) composite girder is a new type of structures for bridge constructions. The 

existing design codes cannot be used to predict the thermal stress in the CFST truss girder structures under solar radiation. This 

study is to develop the temperature gradient curves for predicting thermal stress of the structure based on field and laboratory 

monitoring data. An in-field testing had been carried out on Ganhaizi Bridge for over two months. Thermal couples were 

installed at the cross section of the CFST truss girder and the continuous data was collected every 30 minutes. A typical 

temperature gradient mode was then extracted by comparing temperature distributions at different times. To further verify the 

temperature gradient mode and investigate the evolution of temperature fields, an outdoor experiment was conducted on a 1:8 

scale bridge model, which was installed with both thermal couples and strain gauges. The main factors including solar radiation 

and ambient temperature on the different positions were studied. Laboratory results were consistent with that from the in-field 

data and temperature gradient curves were obtained from the in-field and laboratory data. The relationship between the strain 

difference at top and bottom surfaces of the concrete deck and its corresponding temperature change was also obtained and a 

method based on curve fitting was proposed to predict the thermal strain under elevated temperature. The thermal stress model 

for CFST composite girder was derived. By the proposed model, the thermal stress was obtained from the temperature gradient 

curves. The results using the proposed model were agreed well with that by finite element modelling. 
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(a) Overview of the bridge 

 
(b) The bridge truss 

Fig. 1 Ganhaizi bridge 

 

 

time-dependent thermal effects on suspension bridge using 

in-field monitored data and finite element analysis. Zhou et 

al. (2015) studied the temperature distribution of a long-

span suspension bridge using numerical simulation and 

field measurements. The temperature gradient could cause 

in-plane bending of the box girder and generate the 

rotations at the bearings. This also affects the overturning 

stability of a bridge (Wang et al. 2016). During the 

construction, the thermal deformations can combine with 

initial imperfections and construction errors to cause the 

instability of the girder (Lee 2012, Kim et al. 2015).  

To determine the thermal stress, the temperature 

gradient on certain cross section is needed. To compare the 

effects of different temperature gradient modes on the 

computed thermal stress, the thermal stress analysis was 

conducted by the researchers. Li et al. (2004) studied the 

thermal effect on Confederation Bridge using Canadian 

highway bridge design code and the original design 

temperature gradient curve. Song et al. (2012) studied the 

temperature gradients in a high-performance concrete box-

girder with unconventional cross-section subjected to solar 

radiation. The results showed that the temperature gradient 

models of the current codes are not appropriate for it. Miao 

and Shi (2013) calculated the thermal stress of the 

orthotropic flat steel box girder using the measured 

temperature gradient, which exceeds the value from the 

standards, including JTG D60-2004 (MTPRC 2004) and 

BS5400 (BSI 2006). And the stress due to the temperature 

gradient according to BS5400 and EN 1991-1-5 (ECS 2003) 

were determined for a box girder (Mirambell et al. 1997). A 

continuous monitoring data was collected from a full-scale 

box-girder segment over one year and empirical formulas 

were developed to predict the temperature gradient of the 

bridge (Abid et al. 2016). The above studies show there is 

the difference in thermal-stress computed values using 

different temperature gradient modes from measured data or 

different design codes. The existing design codes cannot be 

used to predict the thermal stress in the CFST truss girder 

structures. This study is to develop the temperature gradient 

curves for thermal stress prediction of the structure based 

on field and laboratory monitoring data.  

Recently, a novel type of light-weight composite bridges 

with CFST truss girders has been constructed and promoted 

in China. To authors’ knowledge, there is little study on the 

thermal load of this CFST truss girder. The paper is to 

investigate the temperature gradient of the girder. Thermal 

couples were installed on the real bridge (Ganhaizi Bridge) 

for a two-month field test. The field monitoring data was 

used to extract the temperature gradient at the cross section 

of this typical bridge. In order to further investigate the 

thermal load of this structure, a 8:1 scale CFST truss bridge 

model was also built in an outdoor laboratory. An 

experimental study was conducted to analyze the 

temperature gradient and the thermal strain in the cross 

sections of CFST truss girder. The distribution and 

evolution of temperature gradient and thermal strain were 

analyzed from both in-field and laboratory measurements. A 

temperature gradient along height was obtained. The model 

for predicting thermal stress of this type composite girder 

using the temperature gradient curves was also proposed. 

The thermal stress predicted by the proposed model was 

compared with that using the finite element model. 

 

 
2. Prototype structure-Ganhaizi bridge 

 
Composite structures have been widely used in bridge 

constructions. Recently, a new type of CFST composite 

truss bridge was adopted by many bridges in China, such as 

the Zidong Bridge, Xiangjiaba Bridge and also Ganhaizi 

bridge (Zhang et al. 1999, Peng et al. 2012). Compared 

with traditional composite girder bridges, the solid steel 

girder is replaced with this CFST composite truss girder. It 

significantly reduces the structural weight itself and the 

construction difficulty in building the long span bridge, and 

also simplifies the substructure. The CFST composite truss 

girder has a light weight and the good earthquake-resistant 

performance. As the components of the new composite 

structure can be pre-casted in the factory, the construction in 

the field becomes easy and quick and the labor cost could 

be reduced. At the first stage of the construction process for 

the CFST truss girder, the steel skeleton, which consists of 

the CFST upper chord, the steel truss web and the CFST 

bottom chord, is launched to the accurate position. And then 

the concrete is poured into the top and bottom chord tubes.  
The CFST composite truss girder consists of the 

concrete deck, the steel truss web and the upper and bottom 
CFST chords. When the structure is subjected to the 
temperature loading, the thermal stress distribution becomes 
very complicated due to the interaction of different 
components and different thermal conductivities in different 
materials. In this study, Ganhaizi bridge is selected as the 
prototype structure to conduct the research on the 
temperature gradient and thermal stress. As shown in Fig. 1, 
the Ganhaizi Bridge is located in Sichuan Province, China. 
Since there was a major earthquake occurred around this 
area, the light-weight construction is adopted for the  
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Fig. 2 Cross section of CFST truss girders (unit: mm) 
 

 

Fig. 3 Weather station in the field 
 
 

purpose of the good seismic performance. The total length 
of this bridge is 1811 m with three continuous girder units, 
in which the second unit is the longest one of 1044.7 m with 
the maximum single span of 62.5 m.  

A typical CFST truss girder in this bridge is shown in 

Fig. 2. It comprised a concrete deck on top, a bottom CFST 

chord and the steel truss web members made of hollow steel 

tubes with a diameter of 406 mm. The width of the concrete 

slab is 12.2 m and its depth is 4.4 m. The thickness of the 

concrete deck is 50mm and it is 70 mm at the connection to 

web member. The web members are made of hollow steel 

tubes with a diameter of 406 mm and the bottom CFST 

chords with a steel tube of 813 mm diameter and 18 mm to 

32 mm thickness that is filled with concrete. The strengths 

of the concrete adopted in the deck and the bottom chord is 

50 MPa and 60 MPa, respectively. All the steel members 

employ Q345C steel plate with the yield strength of 345 

MPa. 

 

 

3. In-field investigation 
 

3.1 Sensor layouts 
 

A field testing has been carried out on Ganhaizi Bridge. 

The last span of the bridge with the length of 45.10 m was 

chosen as the test span and there is enough clearance under 

the bridge that can avoid the influence of the reflect 

radiation from the ground. Fig. 3 shows the weather station 

that was set-up nearby the test span. The sensors were 

embedded in the concrete slab when the bridge was built. 

Due to the good conductivity and thin thickness of the steel 

web member, the temperature in the whole web is 

considered as uniform. The temperature gradient of the 

CFST bottom chord is ignored. 

The sensor layout is shown in Fig. 4 and the installation 

of thermal couples on the truss web and the concrete deck is 

shown in Fig. 5. 12 thermal couples were installed in the 

cross section at the middle of the span. Eight of them were  

 

Fig. 4 Thermocouples layout on the truss girder 

 

 
(a) Measurement points on the web member 

 
(b) Measurement points on the concrete deck 

Fig. 5 Installation of thermal couples 

 

 

installed on the concrete deck, two sensors were on the web 

members and other two sensors were on the bottom chore 

member. In these figures, letters ‘D’ and ‘X’ refer to the 

east-side and the west-side of the cross-section, and ‘M’, ‘F’ 

and ‘CFST’ refer to the sensors on the concrete deck, the 

steel truss web and the CFST bottom chore, respectively. 

According to the local historical weather records, the 

maximum air temperature difference between the morning 

and evening often happens in August or September every 

year. Hence, in order to explore the greatest cross-sectional 

temperature gradient, the field testing data was continuously 

recorded using the DH3816 temperature measurement 

system at a time interval of 30 minutes from 1 August 2011 

to 30 September 2011.  

 

3.2 Temperature gradient 
 

The objective of this paper is mainly to study the 

vertical temperature gradient along the cross section. The 

term “temperature gradient” will refer to the cross-sectional 

temperature gradient unless specially stated in this paper. 

Normally the maximum temperature gradient in a whole 

day occurs in summer. With the sunlight movement in  
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(a) Eastside sensors 
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(b) Westside sensors 

Fig. 6 Time-history of temperatures (1st August-3rd August: 

Cloudy) 
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(a) Eastside sensors 
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(b) Westside sensors 

Fig. 7 Time-history of temperatures (15th August-17th 

August: Sunny) 

 

 

summer, the solar radiation from a high altitude strikes 

horizontal surfaces, which receives much higher intensities 

of solar radiation than that at vertical surfaces. The 

temperature changes in the surrounding air and the 

observation points at the cross section were continuously 

recorded in these two months. As a typical example, Figs. 6 

to 8 show the temperature time histories at observation 

points during three different observation periods: 1st-3rd 

August, 15th-17th August and 29th-31st August. 1st-3rd August 

were cloudy days and other days were sunny. From the 

results, the structural temperature and temperature gradient 

in cloudy days are much smaller than those in sunny days.  
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(a) Eastside sensors 
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(b) Westside sensors 

Fig. 8 Time-history of temperatures (29th August-31st 

August: Sunny) 
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Fig. 9 Time-history of temperature difference 

 

 

Compared with that in sunny days, the intensity of solar 

radiation in cloudy days is much small.  

From Figs. 7 and 8, there are similar temperature 

variation patterns at the cross section under the solar 

radiation. The results show that the temperatures at Sensors 

DM1 and XM1 increase rapidly when the ambient 

temperature increases. DM1 and XM1 are sensor location at 

the east and west sides of the concrete slab respectively. 

Those two sensors are located at the top of the concrete slab 

and faced the sunlight directly. The temperatures at those 

two locations are increased with the solar radiation intensity 

increasing, and the values are much larger than that of the 

ambient temperature. Therefore, the solar radiation is the 

main factor that results in the change of temperature in this 

area rather than the increase of the ambient air temperature. 

In Figs. 7 and 8, the temperature changes in the truss 

web and the bottom CFST chord under the concrete deck 

are much smaller than that at the top of the concrete slab. 

This part of the girder is mainly affected by the ambient air  
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Table 1 Temperature peak values at main measurement 

points and occurred time (unit: °C) 

Location 

Date 

DM1 DF CFST1 Ambient air 

Temperature time temperature time temperature time temperature time 

29-08-

2011 
42.55 14:30 26.13 16:30 22.34 17:00 31.4 16:30 

30-08-

2011 
43.43 15:30 27.12 17:00 22.97 18:00 32.2 17:00 

31-08-

2011 
41.82 14:30 27.78 16:30 24.85 17:30 31.7 16:30 

 

 

temperature and the heat transferred from the concrete deck. 

Due to the weak heat conductivity of the concrete material 

and the shade effect provided by the concrete deck, the 

temperature values of these measurement points are much 

smaller than the ambient temperature. The concrete deck’s 

temperature on the top reaches the peak value first due to 

the plenty of sunlight and there is a delay for the lowest 

chore members to reach their peak temperatures. Hence, the 

temperature gradient of the cross section is occurred. 

Fig. 9 demonstrates the temperature difference at the 

testing points DF and DM4, which can be calculated by 

subtracting the temperature at DF from the temperature at 

DM4. DF is in the middle of the truss web and DM4 is at 

the bottom of the concrete deck. From the figure, affected 

by the hot air convection, the steel truss web can obtain the 

higher temperature than that of the bottom edge of the deck 

slab, and the maximum difference was about 4°C at the 

noon. 

Table 1 lists the temperature peak values of the east-side 

testing points and they occurred during 29th-31th August 

2011. The monitoring data on 29 August 2011 was used to 

demonstrate the evolution of temperature field and the 

average air temperature in that day was 19.7°C. As shown 

in Table 1, there is a clear time delay phenomena. The 

different locations reach their peak temperatures at the 

different time. When the top surface of the decking reaches 

the peak temperature, the highest temperature gradient at 

the cross section occurs. DM1 is at the top edge of deck 

slab, and its temperature increased rapidly with the intensity 

of solar radiation. It reaches the highest temperature of 

42.6°C at 14:30. And after two hours, the ambient air 

obtained the highest temperature of 31.4°C at 16:30 and 

there was one two-hour time delay for the deck slab. Almost 

at the same time, the testing point DF located on the steel 

truss web captured the peak temperature of 26.1°C. The 

CFST bottom chord was the last one to attain the peak 

temperature of 22.3°C at 16:00 and had a half-hour delay 

for the truss web. It is clear that sometimes were needed for 

other components to obtain their highest temperature values 

after the top surface of deck slab had reach peak 

temperature. Therefore, when the top surface of the decking 

reached the peak temperature, the largest gradient happened 

and it could cause a great thermal stress and excessive 

displacement. With reducing the intensity of the solar 

radiation, the temperature value of testing points started to 

decrease. Specially, after the sunset, the air convection was 

the main factor to influence the structural temperature. The 

temperature difference between the measurement points 

decreased gradually and the temperature field returned to 

equilibrium. Until around 7:00 to 8:00, the deck slab, the  
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Fig. 10 Temperature gradient 

 

 
(a) Side-view 

 
(b) Cross-section 

 
(c) Top-view 

Fig. 11 The layout of the experimental CFST truss girder 

(Unit: mm) 

 

 

ambient air, the truss web member and the CFST bottom 

chord reached lowest temperature respectively. The lowest 

temperature values were 16.3°C, 16.7°C, 14.7°C and 

12.6°C respectively. 

Fig. 10 shows the temperature gradient of the cross 

section when the top surface of the concrete deck reaches 

the peak value in these three days. A multi-linear gradient 

mode can be obtained from the figure. The heat induced by 

solar radiation transferred from up to down along the depth 

of the cross section. Therefore, the structural temperature 

decreased gradually along the vertical direction of the cross 

section. Due to the good conductivity of steel materials and 

the effect of the air convection under the bridge, the steel 

truss web had a higher temperature than the bottom edge of 

concrete deck in the gradient multi -line. Thus, the 

temperature differences are observed at the top and bottom 

edges of the concrete deck, concrete deck and truss web,  
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(a) Steel skeleton 

 
(b) Lashing and embedded steel bars 

 
(c) Pouring concrete deck 

 
(d) Laboratory model 

Fig. 12 Construction stages of the 1:8 scale model 

 

 

truss web and bottom CFST chord, respectively.  

From the above analysis using the field monitoring data, 

the cross-sectional temperature gradient curve of the CFST 

girder has been obtained and it is mainly caused by the solar 

radiation. When the top surface of the bridge deck reaches 

the highest temperature, the structure has the biggest 

temperature gradient and it induces the largest thermal 

stress. 

 

 

4. Laboratory study 
 
4.1 Specimen 
 

In order to further prove the correctness of the 

temperature fields at the cross-section of the CFST  

 
(a) Cross-section 

 
(b) Along the bridge direction 

Fig. 13 Installation of thermal couples on the model (Unit: 

mm) 

 

 

composite truss girder and analyse the temperature strain 

evolution, an outdoor testing had been carried out in the 

structural laboratory at Fuzhou University. The two-span 

specimen, as shown in Fig. 11, was built to simulate the 

continuous girder of the Ganhaizi Bridge as studied in 

Section 3. Due to the limitation of the test site, the scale 

ratio was set to be 1:8. Fig. 12 showed the construction 

stages of the specimen. Both the concrete and the steel used 

in this model had the similar strength with that in the real 

full-scale bridge. The total length of the model was 13.63 

m, and the width and the height were set to be 3.06 m and 

0.55 m, respectively. There were 12 truss units in each span 

with the space interval of 0.55 m. The upper and bottom 

chores were built with steel tubes which were stuffed by 

concrete and had the size of ϕ34×3 mm and ϕ102×4 mm, 

respectively. The size of the web that is made of the hollow 

steel tubes was ϕ51×3.5 mm. The average thickness of the 

bridge deck was 50 mm, and it was 110 mm at the 

connection of the deck and the web member. The composite 

truss girder was separated by two units along transverse 

direction during construction, and there was 1 mm interval 

between two deck flanges. Also, four lateral braces 

composed of the hollow steel tubes with the size of ϕ34×3 

mm were set between two adjacent units to ensure a 

sufficient torsional stiffness. 

 

4.2 Layout of sensors and experimental procedure 
 

The CFST girder model was moved to the outside of the 

building for thermal tests after it was built. According to the 

layout of the real bridge, the model was set up to the north-

south direction. To simulate the actual environment for the 

ground reflected radiation and allow the free fluent of air 

under the bridge, the specimen was lift from the ground 

using steel supports with rolling constraints, which ensure 

the specimen can stretch freely in the longitudinal direction. 

Thermal couples were installed on the specimen and the 

temperature data was collected using the DH2816 system 

every 30 minutes automatically. 

To investigate the temperature distribution of truss 

girders, four typical cross-sections, Cross-sections 1 to 4, 

were selected and 96 thermal sensors were used. Among  
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(a) Concrete deck 

 
(b) Steel web 

 
(c) Bottom chore 

Fig. 14 Installation of Strain gauges on the deck and the 

truss structure (Unit: mm) 

 

 

them Cross-section 2 was the middle of the span, Cross-

sections 1 and 3 were at the one-quarter span and three-

quarter span respectively, and Cross-section 4 was at the 

middle support section. 16 thermal couples were installed in 

each section, including eight on the deck, one each on the 

upper, lower ends and one in the middle of steel web 

member, and one each for the upper and lower chores. The 

detail of the sensor layout is shown in Fig. 13, in which ‘D’ 

and ‘X’ refer to the east-side and west-side of the cross-

section, and ‘M’,’F’ and ‘CFST’ refer to the direction on the 

concrete deck, steel web and CFST chores, respectively. 

Strain gauges were also installed on the selected cross-

section for monitoring the strain caused by temperature 

changes. As shown in Fig. 14, there were 16 strain gauges 

in total, with eight installed on the concrete deck and six on 

the truss web. 

 

4.3 Temperature gradient 
 

Thermal data as well as the strain data were collected 

continuously from 18th July till 16th August in 2012. There 

are the similar temperature distributions on the four cross-

sections, which indicate the temperature field varies little 

along the longitudinal direction. In the following study, the 

monitoring data at Cross-section 2 was chosen for the detail 

analysis. Partial typical temperature data collected from the 

mid-span section is plotted in Fig. 15. The temperature field 

has also a clear distribution along the height of the cross 

section. Fig. 16 shows the typical temperature data from 

each test point during 31st July and 1st August in 2012. 

There were plenty of sunlight during these two days and the 

average atmospheric temperature was around 31.8℃. The 

highest and lowest temperatures were captured around 

15:30 and 6:30, respectively. Due to expose to the direct 

sunlight, the temperature on the top of the concrete deck 

increases quickly. Because of the shade provided by 

flanges, an obvious temperature hysteresis happens on the 

measurement points underneath the concrete deck. By 

comparing the peak temperatures at all measurement points, 

the highest temperature of the concrete deck observed  

0 25 50 75 100 125 150 175 200

20

25

30

35

40

45

50

55

60
August 6thAugust 5thAugust 4thAugust 1stJuly 31stJuly 25thJuly 24thJuly 19thJuly 18th

T
em

p
er

a
tu

re
  

/0
C

Time  /h

 DM1

 DM2

 DM3

 DM4

 DF2

 CFST1

 
(a) East-side 
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(b) West-side 

Fig. 15 Temperature time-histories of test points at Cross-

section 2 

 

 

Fig. 16 Typical temperature data by eastside sensors at 

Cross-section 2 
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Fig. 17 The typical temperature gradient along the height of 

the CSFT truss girder 

 

 

around 12:30, while the bottom chore reached its highest 

temperature around 14:00. Therefore, the most adverse 

temperature fields occur in this period. As the time goes by, 

the irradiance becomes less and the air circulation reaches 

balance. The deviance of the temperature distribution also 

reaches its minimum value. 

 

4.4 Simplified temperature gradient curve 
 

By further examining results at all measurement points 

along Cross-section 2 in the period with most severe  
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deviance in the temperature distribution, the temperature 

gradient curve can be obtained and it is shown in Fig. 17. 

Compared the temperature gradient curves from the full-

scale bridge in Fig. 11 with that from the model at the 

laboratory in Fig. 17, they have the similar patterns. The 

critical values in the temperature gradient curve along the 

cross-section depend on the location, climate and the 

direction of the bridge structure. The values in the brackets 

in Fig. 17 are from the construction site when the maximum 

deviance on temperature distribution of the CFST truss 

girder occurs. At that time, the top surface of the concrete 

deck reaches its peak temperature.  

For the concrete deck, assuming the uniformity of the 

material, the temperature distribution is linear inside the 

concrete deck. And the thickening segment at the bottom 

surface of the deck reflects the temperature hysteresis due 

to back to the sun. Meanwhile, as the concrete and the steel 

have different thermal conductivities, there is a sudden 

change at the connection point at the bottom of the deck.  

For the steel truss structure, it is believed that the steel 

has a high conductivity. The whole part of the truss web can 

be assumed to have the same temperature as a straight light 

shown in Fig. 17. 

For the CFST bottom chord which also has different 

thermal conductivities, a sudden change is noticed at the 

connection between the truss web members and the bottom 

chord. As the bottom chord is escaped from direct sunlight, 

the temperature change is mainly due to the environmental 

temperature. In addition, the diameter of the member is 

small for the CFST’s conductivity. Therefore, the 

temperature distribution is approximate to be a straight line 

on the whole bottom chore part. 

 

4.5 Thermal strains 
 

Figs. 18 and 19 show the strain captured by the strain  

 

 

gauges in this period. From these figures there are similar 

patterns for both the strain variations at the east-side and the 

west-side. The thermal strain is small between 20:00 to 2:00 

in the next morning. Noticed that there is no solar radiation 

during this time interval, and also the temperature gradient 

tends to reach its balance due to the strong air flow after 

sunset. The strain is increased between 2:00 and 6:00 and 

the increasing temperature gradient during this period 

without sunlight is also captured. The key factor on the 

temperature gradient is that there are different temperature 

changes in the concrete and steel materials due to their 

different thermal conductivities. After 6:00 in the morning, 

the sunlight radiation becomes stronger and imposes on the 

top of the concrete deck directly. The fast-increasing 

temperature on the top surface disturbs the balance and the 

thermal strain is induced. From the figures, the highest 

strain is captured around 14:00 and the temperature on the 

top of the concrete deck reaches its peak value. That is 

exactly the time when the temperature difference between 

the concrete deck and the steel truss web reaches the 

maximum value.  

Due to the weak tensile strength, the stress state of 

concrete deck must be always paid to attention in the CFST 

truss girder. With the action of solar radiation, the top 

surface obtained much higher temperature because of facing 

the sunlight directly and induced much larger longitudinal 

expansion than that of subsequent levels in the concrete 

deck, especially during the noon. Thus, the uncoordinated 

deformation between different longitudinal fibers along the 

depth of the concrete deck would lead to the constraint each 

other, and then the thermal internal force occurred, even in 

simply supported spans. Normally the structural strain 

changed with temperature. Specially, the sensor at the top of 

concrete deck DM1 was the most sensitive one among all 

measurement points under the adequate sunlight.  

Based on the experimental data in Figs. 15, 18 and 19,  
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Fig. 18 Strain variations of east-side strain gauges 
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Fig. 19 Strain variations of west-side strain gauges 
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Fig. 20 Strain difference at the top and bottom surfaces of 

concrete deck 

 

 

the strain difference of the top and bottom edge of concrete 

deck was approximately linear with the temperature change. 

The linear relationship was plotted in Fig. 20 by regression 

analysis and the R of correlation was 0.59. The structural 

strain difference between the top and bottom surface of 

concrete deck Δε can be obtained 

616.079.10  T  (1) 

where Δε=εtop−εbottom−αcΔT, ΔT=Ttop−Tbottom∙αc is the 

thermal expansion coefficient for concrete. ε and T are 

behalf of the structural strain and temperature respectively; 

the subscript “top and bottom” refer to the top and bottom 

surface of concrete deck respectively. 

The total strain mainly includes the structural strain due 

to the internal force, thermal strain induced by the 

temperature change and the small creep and shrinkage 

strain. To get the structural strain, the thermal strain, αcΔT, 

must be eliminated from total strain. Eq. (1) can be used to 

predict the structural strain increment in the concrete deck 

when the temperature is increased and the structural 

condition could also be inspected and evaluated. Note that 

the monitoring strain data suffered from obvious 

discreteness due to many factors, such as the model scale, 

the geometry of the structure, the surrounding, the 

shrinkage creep and measurement error, etc. Eq. (1) should 

be further verified using the monitoring data from the full-

scale bridge next step. 

 

 

5. Thermal stress of CFST truss girder 
 

5.1 Finite element model 
 

As shown in the Fig. 21, a 2D finite element model with 

total 161 nodes and 210 elements was built to analyze the 

thermal behaviour of the two-span continuous truss girder 

using the commercial software ANSYS. In which, the 

Beam3 element were adapted for structural members with 

the same geometry size and material properties as that of 

the experimental model. The thermal expansion coefficients 

of the concrete and the steel, αc and αs, are 1×10-5/°C and 

1.2×10-5/°C, respectively. And the elastic modulus of the  

 

Fig. 21 Finite element model of the girder 

 

Table 2 Temperature values 

Time 
Temperature values (°C) 

D1 D4 DF CFST Ambient 

13:30 45.25 37.55 34 33 26.7 

 

 

Fig. 22 Micro-segment of the CFST truss girder 

 

 

concrete and the steel, Ec and Es, are 3.45×1010 MPa and 

21.0×1010 MPa, respectively. The longitudinal thermal 

behaviour was taken into account. As an example, the 

temperature field at 13:30 on 18 July 2012 was used to 

obtain the structural response. The details about the 

temperature gradient were listed in Table 2. The 

temperature difference between the top and bottom of the 

concrete deck was 7.7°C and the structural strain 73.0 με 

was observed from the laboratory test in Section 4. It was 

close to the calculated value of 83.7 με by Eq. (1) with the 

error of %12 . Eq. (1) was verified and the further research 

is needed to improve the accuracy. 

 

5.2 Analytical model for thermal stress of CFST truss 

girders 
 

For traditional solid web girders, the thermal stress 

caused by the temperature gradient could be found in 

articles (Ranzi and Bradford 2007, Lin 2007). However, the 

CFST truss girder has the different temperature distribution 

with the traditional girder. A new model is needed to predict 

the thermal stress of the CFST truss girder from 

temperature gradient curves. 

The micro-segments of the composite truss girder are 

regarded as separate bodies shown in Fig. 22. As shown in 

Figs. 10 and 17, the temperature gradient curves have been 

obtained from field and laboratory monitoring data. In Fig. 

22, t1, t2, t3, t4, t5 and t6 refer to the temperature values 

located on the top and bottom surfaces of the concrete deck, 

the truss web and CFST bottom chord, respectively. The 

temperature in the truss web and CFST bottom chord are 

assumed uniform. h1 and h2 are distances from the centroid 

of the concrete deck to its top and bottom edges, 

respectively. ht and hb are the distances between the centroid 

of the cross section to the bottom surface of concrete deck 

and the top surface of CFST bottom chord respectively. h3 

and h4 are equal to the radius of the CFST bottom chord. 

The temperature t2 is measured at the bottom of concrete 

deck and it depends on the heat transfer from the top of the 

concrete deck. The temperature t3 is measured at the steel 
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truss web and it is mainly affected by the environmental air 

temperature. Due to the low conductivity of the concrete, t3 

is larger than t2. 

The solar radiation results in the change of the 

temperature field at the cross section and this induced the 

longitudinal deformation difference between the members, 

even element fibers. Due to the temperature gradient, the 

stress would be redistributed at the cross section. The truss 

web is mainly subject to shear force in the girder structure. 

Ignoring the contribution of the tube web to the flexural 

behavior of the structure, the curvature of the top concrete 

deck and the CFST bottom chord will be the same under the 

bending moments, 

22
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where M1 and M2 denate to the bending moments in the 

concrete deck and CFST bottom chord, respectively, I1, α1 

and E1 are the moment of inertia, the thermal expansion 

coefficient and the elastic modulus of the concrete deck, 

and I2, α2 and E2 are the characteristic values of CFST 

bottom chord, respectively. E2 and I2 can be obtained as 

follow, 
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where As1 and Ac1 are the cross-sectional areas of the outer 

steel tube and in-filled concrete of the CFST bottom chord, 

respectively; Is1 and Ic1 are their moments of inertia. The 

equilibrium of internal forces at the cross section can be 

written as 

021 NN  (5) 

)()( 322121 bt hhNhhNMM   (6) 

Eqs. (2), (5) and (6) are solved simultaneously, and it 

can be obtained 
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N1, N2 are axial forces at the top and bottom of the cross-

section. 
Assumed the construction connection is rigid, there is 

no slip between steel truss web and other members. At the 
connections between the truss web and other member, the 
strains due to the internal forces are equal to that by the 

temperature change. By this deformation compatibility 
condition, the following equations can be obtained, 
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By substituting Eq. (7) into Eq. (9), the internal force of 

the concrete deck can be obtained 
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And the stresses at the surfaces of the concrete can be 

obtained as 
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where σ1t, σ1b, σ2t and σ2b denote the stresses at the top and 

bottom surfaces of the concrete deck and CFST bottom 

chord, respectively. 

Table 3 shows the stress values at the top and bottom 

surface of the concrete deck by the proposed model and the 

results from the FE modelling are also listed as comparison. 

As the CFST bottom chord has high strength and rigidness, 

the stress state of the concrete deck is always a common 

concern due to the weak tensile strength of concrete 

material. In the table, the compression is positive and the 

tension is negative. Under the temperature gradient, the top 

and bottom edges of concrete deck are subject to the 

compressive and tensile stresses, respectively. Fig. 23 

shows the stress distribution at the bottom of the concrete 

slab and the maximum tensile stress is around the middle 

support. The maximum tensile stress at the bottom edge of 

the concrete deck is 1.22 MPa, which is close to the result 

of 1.44 MPa by the finite element method. The difference of 

the results by the proposed method is mainly caused by 

neglecting the action of the truss web in the flexible 

behavior of the structure. As a whole, the proposed method 

for the thermal stress of the CFST truss girder has a good 

precision and a further study is needed to improve it. 
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Fig. 23 The stress distribution at the bottom of the concrete 

deck 

 

Table 3 Stress of the concrete deck under temperature 

gradient (unit: MPa) 

Location method 
Experimental girder 

Top surface Bottom surface Strain difference 

Analytical results 0.58 -1.22 62με 

FE method 0.66 -1.44 73με 

 

 

6. Conclusions 
 

A two-month in-field testing and an outdoor laboratory 

testing were carried out for the temperature gradient of the 

CFST truss girder by taking the Ganhaizi Bridge as the 

prototype structure. The bridge is a newly constructed with 

the lightweight CFST truss composite girders. The 

evolution of the temperature gradient along the height at the 

cross-section has been studied using both in-field and 

laboratory testing data. The main conclusions can be drawn 

as follows: (1) The temperature gradient varies little along 

the longitudinal direction of the span, but there is a large 

change along the height of the cross-section; (2) The solar 

radiation is the main factor for rising the temperature on the 

top surface of the concrete deck, while the temperature of 

the steel truss member is mainly affected by the thermal 

conduction in the ambient condition; (3) The thermal strain 

has been observed from the laboratory testing, and the stain 

varies with the unbalance temperature field. The highest 

temperature strain happens when the temperature on the top 

surface of the concrete deck reaches its peak value; (4) As 

steel, concrete and CFST members have different thermal 

conductivities, the abrupt change of the temperature is 

noticed at the connections of the concrete deck to web 

members and the web members to the bottom chords, and 

attentions should be paid to this area for possible stress 

concentration problems. 
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