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Abstract
Temperature changes due to hydration heat often cause cracks in the early-age concrete deck of steel–concrete composite 
girder bridges, even before opening to traffic. However, no available methods are provided in current specifications for the 
thermal effect calculation. To fill this gap, large-scale temperature measurements and fine finite-element model (FEM) analy-
sis were performed on an actual composite girder bridge. Based on the fully validated FEM, a comprehensive parametric 
study was carried out to establish the spatio-temporal pattern of hydration-caused temperature, including a vertical pattern 
and an evolutionary pattern. Finally, a simplified method was presented for the thermal stress calculation of composite gird-
ers, and a case study was also provided. Measurements showed that temperature differences of concrete deck varied below 
5 °C, much smaller than the entire composite section. FEM analysis then suggested that the influence of solar radiation can 
be basically ignored compared with hydration heat. The spatio-temporal pattern in the form of the coefficient of temperature 
rise was proposed based on the above findings and parametric study, and the reliability was properly verified with experimen-
tal or FEM results. For the final simplified method, the case study demonstrated that it can effectively facilitate the thermal 
stress calculation of composite girders during hydration process by adopting the proposed spatio-temporal pattern. As such, 
preliminary curing schemes can be easily selected to control the concrete cracking risk before casting.

Keywords  Steel–concrete composite girder · Hydration heat · Temperature distribution · Coefficient of temperature rise · 
Spatio-temporal pattern · Cracking risk

List of symbols
T	� Temperature at the calculated point (°C)
t	� Time (h)
ρ	� Density (kg/m3)
c	� Specific heat (kJ/kg °C)
λ	� Thermal conductivity (kJ/m h °C)
q(t)	� Rate of hydration heat generated per unit 

volume (kJ/m3 h)
Q(t)	� Accumulated hydration heat (kJ/kg)
Q∞	� Final amount of accumulated hydration 

heat (kJ/kg)
T0	� Initial temperature (°C)
ω, φ, ξ and ζ	� Parameters

W	� Amount of cement per unit volume of 
concrete (kg/m3)

Tr,∞	� Final adiabatic temperature rise (°C)
Ts	� Temperature of bridge surface (°C)
Ta	� Air temperature (°C)
β	� Convective coefficient (kJ/m2 h  °C)
v	� Wind speed (m/s)
βe	� Equivalent convective coefficient (kJ/

m2 h °C)
δi	� Thickness of layer i (m)
λi	� Thermal conductivity of layer i 

(kJ/m h °C)
β0	� Convective coefficient of the outermost 

layer (kJ/m2 h °C)
α	� Solar absorptivity
ε	� Emissivity
Tc	� Curing temperature (°C)
βt	� Convective coefficient of the top surface 

of deck (kJ/m2 h °C)
tc	� Thickness of concrete deck (m)
γ	� Coefficient of temperature rise (CTR)
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γc,max	� Maximum CTR of concrete deck
t0	� Occurring time of maximum CTR​
γc	� Uniform CTR of concrete deck
γsd	� CTR of the bottom flange of steel girder
Δγ	� Difference of CTR in steel girder, equals 

to γc minus γsd
n	� Power exponent
h0	� Influence height of concrete hydration 

heat on steel girder (m)
hs	� Height of steel girder (m)
MST and MSE	� Mean squares between groups and within 

groups
SST and SSE	� Sum of squares between groups and 

within groups
Im and In	� Number of groups and cases
α	� Significant level
γTc	� CTR after the hydration heat is over, 

γTc = (Tc − T0)/Tr,∞
t1	� Corresponding ages to γc,max/2 in ascend-

ing stage
t2	� Corresponding ages to (γc,max + γTc)/2 in 

descending stage
p and q	� Coefficients
AAE	� The average absolute error
RMSE	� The root-mean-square error
R2	� Coefficient of determination
ti	� Age of concrete (days)
Δεtot,i(y)	� Increment of total axial strains
yiG	� Distance from the centroid of composite 

section to the interface
Δε0,i	� Increment of centroidal axial strain
Δφi	� Increment of curvature
Δεe,i	� Increment of elastic strain
ΔεT,i	� Increment of temperature strain
αc	� Coefficient of thermal expansion of 

concrete
αs	� Coefficient of thermal expansion of steel
ΔTi(y)	� Vertical distribution of the temperature 

increment
ΔTc,i	� Temperature increment of concrete
ΔNi	� Centroidal axial force
ΔMi	� Moment around the centroidal axis
Ac	� Area of concrete deck
As	� Areas of steel girder
Ei(y)	� Elastic modulus
Ec,i	� Elastic modulus of concrete
Es	� Elastic modulus of steel
ft,i	� Tensile strength of concrete
Ec,28	� Elastic modulus of concrete at a 28-day 

age
ft,28	� Tensile strength of concrete at a 28-day 

age
s	� Coefficient

ycG	� Coordinate of the centroid of concrete 
deck

Ic,0	� Moments of inertia of concrete deck 
around the centroidal axis

Is,0	� Moments of inertia of steel girder around 
the centroidal axis

ftd	� Design value of tensile strength (MPa)
ft,k	� Characteristic value of tensile strength 

(MPa)

1  Introduction

Concrete hydration is an exothermic reaction that can pro-
duce high amounts of heat during curing, especially in the 
first few days after concreting. Temperature changes due to 
hydration heat will cause thermal cracks not only in mass 
concrete structures [1, 2], but also in relatively thin concrete 
slabs in bridges [3]. During the cooling phase at the end of 
hydration, contraction occurs in the concrete deck. These 
cracks develop due to the stud-caused constraint of steel 
girder on the contraction of concrete deck [4]. Generally, 
these cracks occur shortly after the concrete casting of deck 
slabs, even before opening to traffic. As such, not only the 
early-age performance of concretes but also the service life 
of composite girder bridges will be adversely affected [5, 6].

To avoid early cracking in concrete decks, effects of 
hydration should be estimated before concrete placement. 
In this regard, priority should be given to the temperature 
distribution of composite girder during hydration process. 
In situ measurements should be performed on large-scale 
segments or actual bridges to reflect the actual distribution 
of the hydration heat temperature of real bridges as much as 
possible. William et al. [7] instrumented a reinforced con-
crete deck on a three-span continuous steel girder to measure 
the temperature development and regressed the linear rela-
tionship between temperature changes and stress changes. 
Subramaniam [8] studied the variation of temperature rise 
in the concrete deck and steel girder by field test on a com-
posite girder during hydration process. Choi et al. [9, 10] 
execute a model test on a simple-supported composite girder 
at a depth of 0.76 m and a length of 8.0 m to investigate 
the characteristic of temperature distribution in the concrete 
deck and steel girder. All these measurements suggested that 
the temperature distribution of composite girder was exactly 
uneven during hydration process. Also, obvious temperature 
differences were observed between steel and concrete. How-
ever, temperature measurements are often limited in number 
of measuring points, making it difficult to obtain a spatially 
continuous bridge temperature field, with which the ther-
mal effect cannot be directly calculated. The most comment 
used method of fine calculation is the unidirectional thermo-
mechanical coupling analysis, in which the temperature 
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distribution is firstly calculated and a mechanical analysis 
is secondly performed. Faria et al. [11] and Huang et al. 
[12] calculated the thermal effect of a restrained concrete 
slab and a massive concrete pier during concrete hydra-
tion successfully by using this method, respectively. Other 
than that, Lee et al. [13] employed the microplane model 
of hydration heat and simulated the temperature field and 
the cracking patterns of concrete structures with early age. 
Zhang et al. [14] applied this method in the calculation of 
temperature and stress fields of a concrete pylon under solar 
radiation. The unidirectional thermo-mechanical coupling 
analysis is detailed but technically difficult, time-consuming 
and laborious, thus not convenient for direct applications in 
engineering.

In current specification system, such as AASHTO LRFD 
[15] and Eurocode 1 [16], the uniform temperature caused 
by air temperature changes and the temperature gradient 
caused by solar radiations in the bridge service stage are 
clearly specified. However, no applicative temperature pat-
terns are available in current specifications for the thermal 
effect calculation of composite girders during hydration pro-
cess, during which the concrete deck is more prone to crack-
ing when the early-age concrete is inappropriately cured. 
When solar radiation acts on the top surface of bridges, tem-
peratures are generally nonlinearly distributed within the top 
range of 0.3–0.5 m [17, 18]. Scholars have proposed sev-
eral temperature gradient patterns, including polyline forms 
[15, 16], multiple parabolic forms [19–25] and exponential 
forms [22], for concrete, steel and composite girder bridges. 
Among them, Priestley [18] proposed a temperature gradient 

pattern with a 5th parabolic curve for concrete box girders. 
Li et al. [26] measured a deep concrete girder and proposed 
a third parabolic temperature gradient pattern. For steel 
girders, Tong et al. [27] established a similar temperature 
gradient pattern based on Priestley’s finding. Liu et al. [19, 
28] established the 2nd–4th parabolic gradient patterns for 
composite girders. Additionally, in the calculation of solar-
caused thermal effect, only the most unfavorable pattern 
needs to be concerned and the time-dependent characteristic 
is usually ignored [15, 16, 19, 21].

Influenced by hydration heat of composite girders, signifi-
cant distinctions of thermal effect calculation exist between 
hydration stage and service stage [8–10, 22]. Firstly, the 
source position and form of internal hydration heat are 
totally different from solar heat source, causing quite dif-
ferent temperature distribution patterns. In addition, the 
time-dependent characteristic needs to be concerned in the 
thermal effect calculation during hydration process, because 
not only the mechanical properties of concrete but also the 
hydration temperature develops fast at the early age [23]. 
Therefore, the calculation of hydration heat-caused thermal 
effect is a spatio-temporal problem, and relevant conclusions 
of the solar-caused temperature actions and thermal effects 
are not exactly suitable for that.

This study focuses on developing a suitable spatio-tem-
poral pattern of hydration heat temperature for the thermal 
effect calculation of composite girders. Figure 1 shows the 
flowchart of the methodology. Large-scale temperature 
measurements were firstly performed on an actual compos-
ite girder bridge, and the measured results were used for the 

Fig. 1   Flowchart of methodol-
ogy
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verification of FEM method. Then, a comprehensive para-
metric study was carried out involving five basic parameters 
including final adiabatic temperature rise Tr,∞, initial tem-
perature T0, curing temperature Tc, convective coefficient βt 
and deck thickness tc. After that, a spatio-temporal pattern 
was proposed in the form of the coefficient of temperature 
rise (CTR) by curve fitting. Through multiple regression 
analysis, parametric study results were used to establish a 
series of empirical formulae to predict the key coefficients 
in the pattern. Finally, by adopting the proposed pattern, a 
simplified method was presented to facilitate the thermal 
stress calculation of composite girders and cracking risk of 
concrete decks.

2 � Hydration temperature field 
measurement

2.1 � Tested composite girder

A field measurement was performed to investigate the tem-
perature distribution of a composite girder bridge during 
hydration process. The bridge is situated at a mountainous 
area with an altitude of 491 meters, where the geographic 
coordinates are 108.51° E and 32.98° N. The composite 
girder with a span of 20 meters is grouped by a concrete deck 
lying on two longitudinal steel girders and three transverse 
steel beams. Figure 2 shows the layout of mid-span section. 
The height and width of the girder are 1.17 m and 3.70 m, 
respectively. The concrete deck has a general thickness of 

0.19 m and a thickened part of 0.27 m. Reinforcement ratios 
of concrete deck in longitudinal and transverse are 0.85% 
and 2.54%, respectively. The two longitudinal steel gird-
ers have a same height of 0.90 m, and the spacing distance 
between each other is 2.0 m. Three I-shaped steel beams 
with a height of 0.25 m were evenly set on the webs of steel 
girders for cross connection. Shear connectors of 22 mm 
diameter were used in the interfacial region. C50 concrete 
was adopted for the concrete deck. Table 1 shows the mix 
proportion and corresponding thermal parameters of the C50 
concrete. A type of P.O.52.5 Portland cement was used by 
440 kg/m3, and the water–cement ratio is 0.35. In addition, 
polycarboxylate superplasticizer was used as water-reduc-
ing agent to improve the fluidity and workability of con-
crete, and type SY-HEA anti-cracking agent was employed 
to provide micro-expansion and fibers to prevent concrete 
cracking.  

2.2 � Sensor arrangement

For the accurate temperature measurement, 71 temperature 
sensors of DS18B20 digital thermometers were installed 
onthe composite girder. The section 0.5 m away from the 
mid-span section was selected as the experimental section 
to avoid the interference of cross-beam on sensor arrange-
ment. Among the 71 temperature sensors, 47 of them were 
embedded into the concrete deck, while 24 of them were 
attached on the web surface of steel girder. Figure 3 shows 
the arrangements of these sensors. Additionally, environ-
mental parameters, including air temperature, air humidity, 

Fig. 2   Layout of mid-span sec-
tion (unit: mm)

Table 1   Mix proportion and 
thermal parameters of each 
component in C50 concrete

Item Water Cement Sand Gravel Water reduc-
ing agent

Anti-
cracking 
agent

Unit weight (kg/m3) 154 440 651 1159 45 9.7
Percentage (%) 6.30 17.89 26.47 47.12 1.83 0.39
Specific heat (kJ/kg °C) 4.187 0.456 0.699 0.749 / /
Conductivity (kJ/m h °C) 2.16 4.446 11.129 14.528 / /
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wind speed, wind direction and solar radiation, were also 
recorded by a weather station nearby. The monitoring data 
from both the girder and external environment were obtained 
simultaneously at a time interval of 60 s. To reduce the jag-
gedness and increase the smoothness of the original col-
lected data, the experimental data shown in the subsequent 
figures were all converted to hourly resolution. 

2.3 � Experimental program

Timber formworks were used for casting concrete. The con-
crete pouring, followed by an artificial vibration, was started 
at 1:30 p.m., and finished at 4:00 p.m. on December 27th. 
The concrete molding temperature was 13 °C, which could 
be considered as a uniform initial temperature of concrete 
deck. At one hour after casting, the top surface of concrete 
deck was covered by asbestos cloth for heat and moisture 
insulation. In addition, several hot water-heating boilers 
were set under the girder for continuous heat and moisture 
preservation. The asbestos cloth and wood formworks were 
both stripped at 48 h after concrete casting. The composite 
girder was supported by concrete blocks at 20–40 cm heights 
to allow natural ventilation for the bottom of steel girders. 
Experimental photographs are shown in Fig. 4.

2.4 � Measured meteorological parameters

Figure 5 shows the variations of air condition within 72 h 
after concrete casting. The daily fluctuation of air tempera-
ture could reach a maximum range of 16.2 °C when the low-
est temperature appeared at − 1.31 °C. In the contrast, cur-
ing temperature under the asbestos cloth held in a relatively 

stable range within 48 h after concrete casting. The curing 
temperature had an average value of 14.2 °C and a fluctua-
tion value of 6.5 °C during the curing time with asbestos 
cloth. The air humidity had a maximum value of 70.15%. 
The flow of solar radiation into bridge deck was relatively 
small due to a rainy weather in the first two days, and the 
radiation increased to a maximum value of 1704 kJ/h m2 in 
the next two sunny days. There was not an obvious trend of 
wind speed during the hydration process, and the maximum 
wind speed was 3.3 m/s.

3 � Finite element analysis

3.1 � Heat transfer theory

3.1.1 � Heat transfer equation

Concrete under the hydration reaction can be regarded as a 
continuous uniform medium with an internal heat source and 
a transient temperature field, which can be simulated with 
finite-element method. The general partial differential equa-
tion governing the heat conduction can be presented as [17]:

where T is the temperature at the calculated point (°C); t is 
time, h; ρ is density (kg/m3); c is specific heat (kJ/kg °C); λ 
is thermal conductivity (kJ/m h °C); q(t) is the rate of hydra-
tion heat generated per unit volume (kJ/m3 h), which mainly 
depends on the cement type.

(1)�c
�T

�t
= �

(
�2T

�x2
+
�2T

�y2
+
�2T

�z2

)
+q(t)

Fig. 3   Arrangement of temperature sensors (unit: cm)
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Fig. 4   Experimental photographs: a reinforcement assembly, b temperature sensors arrangement in concrete deck, c temperature sensors 
arrangement in steel girder, d mobile weather station, e concrete cast, f concrete curing with asbestos cloth and g constructed composite girder

(a) (b)

(c)

Fig. 5   Meteorological parameters within 72 h during hydration: a air temperature and humidity, b solar radiation intensity and c wind speed
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3.1.2 � Hydration heat

During hydration reaction, the rate of exothermic hydration 
heat gradually slows down, and the accumulated hydration 
heat gradually increases to the final hydration heat, which 
is the end of hydration reaction. Based on the global kinetic 
law of reaction, a hydration heat model was present in 
research [24]. This model can take the initial temperature 
of concrete into consideration and thus has been used in the 
hydration heat temperature calculation of different concrete 
structures [24, 25]. The model is presented as

where Q(t) is the accumulated hydration heat (kJ/kg); Q∞ is 
the final amount of accumulated hydration heat (kJ/kg); T0 
is the initial temperature of concrete; t is the concrete age in 
minute; ω, φ, ξ and ζ are parameters.

Based on the above model, the rate of hydration heatcan 
be calculated by

where W is the amount of cement per unit volume of con-
crete (kg/m3).

The final adiabatic temperature rise is completely con-
verted from the heat generated by hydration reaction under 
an adiabatic condition, and it is related to the cement type 
and the concrete mix proportion [29]. It can be calculated by

where Tr,∞ is the final adiabatic temperature rise (°C).

3.1.3 � Boundary condition

The temperature difference between bridge surface and air 
environment results in heat loss or gain by a convective 

(2)Q(t) = Q∞ exp

{
−�

[
2� exp

(
�T0

) t

60

]−�}

(3)q(t) = W
dQ

dt

(4)Tr,∞ =
Q∞W

c�

boundary condition, which is governed by Newton’s law of 
cooling [17] and can be expressed as

where Ts and Ta are the temperatures of bridge surface and 
air, respectively (°C); β is convective coefficient between the 
bridge surface and the surrounding air (kJ/m2 h °C). The β of 
smooth surfaces can be calculated with wind speed by [24] 

where v is wind speed (m/s).
Formworks or insulation layers are often used for the 

shaping and curing of early-age concrete. The equivalent 
convective coefficient βe of the outer surface of formworks 
or insulation layers can be calculated by [29] 

where δi is the thickness of layer i (m); λi is the thermal 
conductivity of layer i (kJ/m h °C); β0 is the convective coef-
ficient between the outermost insulation layer and the sur-
rounding air (kJ/m2 h °C).

3.2 � Finite‑element model (FEM) development

3.2.1 � FEM

Finite-element program ABAQUS 6.14 was used for the 
3D heat transfer simulation of composite girder during 
hydration process. Figure 6 shows the FEM, in which all 
the components were meshed with the structured technique 
provided in ABAQUS. An 8-node linear heat transfer brick 
element, DC3D8, with a shape of hexahedron was employed 
for the simulation of concrete deck. A 4-node linear heat 
transfer shell element, DS4, with a shape of quadrangle 
was employed for the simulation of steel girder. The size 
of all the elements was set around 50 cm; as such, the node 

(5)−�
�T

�n
= �

(
Ts − Ta

)

(6)� = 18.46 + 17.36v0.883

(7)�e =
1

1
�
�0 +

∑�
�i
�
�i
�

Fig. 6   3D FEM of composite 
girder
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positions in the depth of concrete deck and steel girder can 
match the experimental arrangement of temperature sensors. 
The interfacial relationship between deck and steel girder 
was approximately modeled as “tie constraints,” so that the 
temperature and heat flux are continuous at the interface 
[21]. The thermal properties of concrete and steel are listed 
in Table 2. The density, conductivity and specific heat of 
concrete were valued as the average of each component 
with weights of the mix proportion in Table 1. The thermal 
properties of steel were referred to existing researches [19, 
21, 28].

3.2.2 � Hydration heat

A type of P.O.52.5 Portland cement was used in the deck 
of the test composite girder, and the corresponding final 
amount of accumulated hydration heat is 350 kJ/kg [29]. 
The rate of hydration heat was calculated with Eqs. (2) and 
(3), in which the coefficients ω, φ, ζ and ξ were taken as 
55, 0.481, 0.039 and 1.25 [24]. Figure 7 shows the develop-
ment of hydration heat. The maximum rate of hydration heat 
reached 5.91 × 103 kJ/m3 h.

3.2.3 � Initial temperature and boundary conditions

In the FEM, the hydration temperature field was calculated 
every half hour for more accurate and detailed simula-
tion results. The initial temperature was determined by 

the measured temperature, 13 °C for concrete deck, and 
12 °C, 10 °C and 9 °C for the top flange, web and bottom 
flange, respectively. Temperatures of cross-beams were 
considered to be same as the web temperature.

The tested composite girder was located in a sulci 
form terrain. Blocked by concrete deck and the terrain, 
steel girders were not exposed to sunrays during the test 
period. Thus, the effect of solar radiation on the top sur-
face of concrete deck was only taken into consideration. 
The recorded solar radiation intensity, as shown in Fig. 5b, 
was inputted in the FEM, and the solar absorptivity was 
taken as 0.4 for ordinary concrete surface [30] and 0.3 for 
white asbestos cloth [31].

The wind speed is not considered during the period 
when the composite girder was covered by the asbestos 
cloth at the first 48 h. The thermal conductivity and thick-
ness of timber formworks are 0.837 kJ/m h °C and 1.5 cm, 
respectively. Then, it can be calculated with Eq. (7) that 
the equivalent convective coefficient of timber formworks 
is 13.871 kJ/m2 h °C. After the asbestos cloth and form-
works was stripped, the convective coefficient was calcu-
lated with Eq. (6) by taking the wind speed into account.

4 � Temperature results analysis

4.1 � Temperature evolutions

Figure 8 shows the FEM and experimental temperature 
evolutions. Well agreements were shown between FEM 
and experimental results. Only the experimental web tem-
peratures in S7 and S19 are relatively larger than FEM 
results because of the aforementioned heating boilers, 
which were not considered in the FEM. It can be also seen 
that temperature evolutions on the left and right sides are 
basically consistent. Concrete temperatures elevate sig-
nificantly faster than the steel girder. Taking the left side 
as an example, at about 27 h, the center temperature in 
concrete deck reaches the first peak, 31.2 °C. At about 42 h 
to 44 h, the concrete temperature drops to the first valley, 
27.3 °C. Subsequently, heated by solar radiation, the con-
crete temperatures elevate to another slight peak, 27.8 °C, 
at about 47 h. For steel girder, the heat flow is transmitted 
from the concrete deck and dissipated by air convection. 
The top flange is in contact with the concrete deck, and 
the temperature varies in similar trend with the concrete 
deck, whereas, with much slower elevation rate. The first 
measured peak of the top flange is 27.8 °C. The bottom 
flange is farthest away from the concrete deck. Thus, the 
temperature is mainly affected by and consistent with the 
variation of the curing temperature instead of hydration 
heat.

Table 2   Thermal properties of concrete and steel

Thermal property Concrete Steel

Density ρ (kg/m3) 2399.66 7850.00
Conductivity λ (kJ/m h °C) 10.72 198.00
Specific heat c (kJ/kg °C) 0.88 0.475
Solar absorptivity α 0.55 0.60
Emissivity ε 0.85 0.80
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4.2 � Temperature field contours

From the peaks and valleys in Fig. 8, the temperature evolu-
tion can be divided into the following four phases:

•	 Phase I: the warming phase by hydration heat, during 
about 0–27 h.

•	 Phase II: the first cooling phase, during about 27–43 h.
•	 Phase III: the warming phase by solar radiation, during 

about 43–47 h.
•	 Phase IV: the second cooling phase, after 47 h.

Figure 9 shows the comparison of experimental and FEM 
temperature field contours in typical times. These experi-
mental contours were obtained by interpolating the meas-
ured temperature data through the Delaunay triangulation 
algorithm and calculating the weight of each temperature 
data with Thiessen polygons [22]. The comparison further 
suggests the accuracy of the FEM. In addition, these con-
tours show that the temperature distribution is relatively 
uniform in the transverse direction of concrete deck, while 
large temperature difference exists in the vertical direction 
of composite girder.
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contours: a experimental results 
and b FEM results
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4.3 � Vertical temperature distribution

Figure 10 shows the experimental and FEM vertical tem-
perature distributions of composite girder. The effect that 
the aforementioned hot water-heating boilers made the 
experimental web temperatures higher than the FEM results 
was also presented in the figures. Overall, temperatures of 
concrete deck were significantly higher and more uniformly 
distributed than the steel girder due to the effect of hydra-
tion heat. In Phase I and Phase II, hydration heat made the 
temperature at the center of the bridge deck the highest and 
gradually decreasing in both sides. While in phase III and 
phase IV, the effect of solar radiation gradually emerged, 
causing the temperature at the top of concrete deck to be 
highest and gradually decreasing downward. Temperatures 
of steel girders were the highest at the top flange contacted 
with concrete deck and gradually decreased to the lowest at 
the bottom flange, which is farthest from the heat source.

Figure 11 shows the experimental and FEM vertical tem-
perature difference (VTD) of composite girder and concrete 
deck. Well agreements are also shown between experimental 
and FEM results. Experimental results suggest that VTD 

of the composite girder varied slowly within about 5 °C in 
the first five hours and then rapidly increased to the peak of 
18.28 °C at 16 h. Subsequently, the VTD decreased gradu-
ally, increased slightly due to solar radiation and finally 
decreased again. The VTD of concrete deck varied similarly 
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to the composite girder, but consistently within 4 °C, much 
less than the VTD of the composite girder, throughout the 
hydration process.

Hydration heat, solar radiation and air convection are 
the main factors affecting the temperature distribution of 
the composite girder during the hydration process. With 
FEM, the effects of above three factors on temperature 
change in the four phases were quantitatively analyzed, 
as shown in Fig. 12. In Phase I, the ratio of the effects 
of hydration heat, solar radiation and air convection on 
the temperature change of concrete deck is 32.0:1:− 15.5, 

indicating that the composite girder was mainly warmed 
by concrete hydration heat and relatively cooled by 
air convection. In phase II, the effect ratio changes to 
10.2:1:− 14.8. The cooling effect of air convection gradu-
ally exceeds the warming effect of hydration heat. In phase 
III, the effect ratio turns into 0.8:1:− 1.5. The effect of 
solar radiation becomes larger than the hydration heat. 
However, the temperature change in this phase is very 
small. In phase IV, the effect ratio becomes 5.4:1:− 14.9. 
The effect of air convection dominates the temperature 
decreasing of the composite girder, especially the steel 
girder. Overall, it is hydration heat and air convection that 
dominate the temperature change of composite girder, 
while the influence of solar radiation can be basically 
ignored.

5 � Parametric study

5.1 � Parameters

The verified FEM can be used to perform a parametric study 
to investigate the influence of various parameters on the 
temperature distribution. A2D FEM, which was simplified 
from and proved to have the same accuracy as the verified 
3D FEM, was used in the parametric study for an efficient 
calculation. A 4-node linear heat transfer element, DC2D4, 
with a shape of quadrangle was employed for the simulation 
of concrete deck and steel girder in 2D FEM. The element 
size was controlled same with the 3D FEM. The following 
five basic parameters are involved:

•	 Final adiabatic temperature rise of concrete Tr,∞ 
The accumulated hydration heat Q∞ of ordinary cement 
ranges from 250 to 370 kJ/kg [29], and the amount of 
cement W commonly used for concrete deck ranges from 
350 to 500 kg/m3 [32]. Therefore, the practical engi-
neering range of Tr,∞ is set about 40 to 85 °C according 
toEq. (4).

•	 Initial temperature T0“Code for construction of con-
crete structures” GB 506666-2011 [32] stipulates that 
the molding temperature of concrete should not be 
higher than 35 °C and lower than 5 °C. Thus, T0 is set as 
5–35 °C.

•	 Curing temperature Tc In terms of T0, the parametric 
range of Tc is also set as 5–35 °C.

•	 Convective coefficient of the top surface of concrete 
deck βt βt reflects the curing condition of the top surface 
of concrete deck. For a bare surface and a curing condi-
tion of 1.5 cm plastic foam + 3 cm straw, βt equals to 
18.5 kJ/m2 h °C and 4.4 kJ/m2 h °C, respectively. Thus, 
the parametric range of βt is set as 5–20 kJ/m2 h °C.

(a)

(b)

(c)

(d)

Fig. 12   Vertical distribution of temperature changes in: a phases I, b 
phase II, c phase III, and b phase IV
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•	 Thickness of concrete deck tc For short and medium 
span composite girder bridges, tc commonly ranges from 
0.2 to 0.5 m [33].

The above five basic parameters are considered to be the 
main factors determining the hydration process of concrete 
deck. These parametric ranges are all set according to prac-
tical applications, and the specific values assigned to each 
parameter are listed in Table 3. For conditions of natural or 
covering curing, the difference between Tc and T0 gener-
ally does not exceed 10 °C, which can reduce some param-
eter combinations. As such, the total number of models is 
reduced to 640. Additionally, in the 2DFEM, Tc is simplified 
as a constant that does not vary with time. Although it is dif-
ferent from the actual curing condition, this simplification 
here is to realize a large-scale parametric study.

5.2 � Coefficient of temperature rise (CTR)

In the parametric study, a non-dimensional parameter of the 
coefficient of temperature rise (CTR) was defined as the ratio 
of actual temperature rise (T − T0) to the final adiabatic tem-
perature rise Tr,∞ and can be calculated by

where γ is the CTR, which can reflect the actual temperature 
evolution of concrete deck in an actual engineering curing 
condition rather than adiabatic condition. In the subsequent 
results of parametric study, effects of parameters on the 
maximum CTR of concrete deck γc,max and the correspond-
ing occurring time t0 were discussed.

5.3 � Results and discussion

5.3.1 � Effects of Tr,∞

Figure 13 shows the effects of Tr,∞ on γc,max and t0 for 
the parametric case T0 = 15 °C, Tc = 25 °C, βt = 10 kJ/
m2 h °C and tc = 0.3 m. Results indicate that the increase 
of Tr,∞ values leads to decreasing trends of γc,max, which 
means that the higher the adiabatic temperature rise, the 

(8)� =
T − T0

Tr,∞

less thorough the hydration heat development of concrete 
under actual engineering conditions. For t0, a similar effect 
trend was also observed.

5.3.2 � Effects of T0

Figure 14 depicts the effects of T0 on γc,max and t0 for 
the parametric case Tr,∞ = 70 °C, Tc = 25 °C, βt = 10 kJ/
m2 h °C and tc = 0.3 m. Not only γc,max but also t0 were 
observed to decrease with the increase of T0. When T0 is 
less than Tc, part of the contribution of temperature rise 
comes from air convection. On the contrary, when T0 is 
greater than Tc, the temperature drop generated by air con-
vection will neutralize some of the temperature rise, thus 
lowering the hydration heat temperature rise. In addition, 
the influence of T0 on t0 is nearly linear.

Table 3   Parameters for parametric study

Level Tr,∞ (°C) T0 (°C) Tc (°C) βt (kJ/
m2 h °C)

Tc (m)

1 40 5 5 5 0.2
2 55 15 15 10 0.3
3 70 25 25 15 0.4
4 85 35 35 20 0.5

Fig. 13   Effects of Tr,∞ on γc,max and t0 for the parametric case 
T0 = 15 °C, Tc = 25 °C, βt = 10 kJ/m2 h °C and tc = 0.3 m

Fig. 14   Effects of T0 on γc,max and t0 for the parametric case 
Tr,∞ = 70 °C, Tc = 25 °C, βt = 10 kJ/m2 h °C and tc = 0.3 m
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5.3.3 � Effects of Tc

Figure 15 illustrates the effects of Tc on γc,max and t0 for 
the parametric case Tr,∞ = 70 °C, T0 = 15 °C, βt = 10 kJ/
m2 h °C and tc = 0.3 m. It was depicted that both γc,max and 
t0 increase linearly with the increase of Tc. This influence 
characteristics is similar with T0, which has been explained 
before.

5.3.4 � Effects of βt

The effects of βt on γc,max and t0 for the parametric case 
Tr,∞ = 70 °C, T0 = 15 °C, Tc = 25 °C and tc = 0.3 m were 
depicted in Fig. 16. With the increase of βt, linear drop 
trends were observed both in γc,max and t0. In other words, 
the gradually deteriorating curing conditions accelerate 
the convection, which reduces and delays the maximum 
concrete temperature rise.

5.3.5 � Effects of tc

The effects of tc on γc,max and t0 for the parametric case 
Tr,∞ = 70 °C, T0 = 15 °C, Tc = 25 °C and βt = 10 kJ/m2 h °C 
are illustrated in Fig. 17. As the increasing tc increases the 
mass of concrete deck, elevating trends of γc,max and t0 were 
observed with the increase of tc.

5.3.6 � Analysis of Variance (ANOVA)

Based on the results of above parametric study, ANOVA 
was employed to analyze the significance of the effect of 
each parameter on γc,max and t0. F-test was used to accept 
or reject the null hypothesis that the means of the different 
groups are the same at a stated level of significance. F value 
can be calculated by [34]

where MST and MSE are the mean squares between groups 
and within groups, respectively; SST and SSE are the sum of 
squares between groups and within groups, respectively; Im 
is the number of groups; In is the total number of cases. For 
a given significant level α, if F ≥ F1−α(Im − 1, In − Im), the 
F-test will reject the null hypothesis, which means there are 
serious differences between the means of groups.

In this ANOVA, Im equals to 4 and In equals to 640. The α 
was selected as 0.05. Then F0.95(3, 636) was calculated to be 
2.6. Figure 18 shows the significant analysis of parameters. 
It can be seen that all the F values of parameters were larger 
than 2.6, suggesting significance effects on both γc,max and 
t0. Additionally, among these parameters, tc had the greatest 
influence on γc,max, T0 had the greatest impact on t0, and Tr,∞ 
has the poorest effects on both γc,max and t0.

(9)F =
MST

MSE
, MST =

SST

Im − 1
, MSE =

SSE

In − Im

Fig. 15   Effects of Tc on γc,max and t0 for the parametric case 
Tr,∞ = 70 °C, T0 = 15 °C, βt = 10 kJ/m2 h °C and tc = 0.3 m

Fig. 16   Effects of βt on γc,max and t0for the parametric case 
Tr,∞ = 70 °C, T0 = 15 °C, Tc = 25 °C and tc = 0.3 m

Fig. 17   Effects of tc on γc,max and t0 for the parametric case 
Tr,∞ = 70 °C, T0 = 15 °C, Tc = 25 °C, and βt = 10 kJ/m2 h °C
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6 � Spatio‑temporal pattern of CTR​

To facilitate the thermal design of composite girder during 
hydration process, a spatio-temporal pattern of CTR con-
sisting a vertical pattern and an evolutionary pattern was 
proposed in this section.

6.1 � Vertical pattern of CTR​

It has been observed from Figs. 10 and 11 that tempera-
ture differences in the concrete deck are significantly small, 

and the generated self-stress in concrete deck can also be 
ignored. Therefore, for the simplification of the vertical 
pattern of CTR, it can be reasonably considered that the 
temperature is evenly distributed in the thickness direction 
of concrete deck. Previous analysis has also shown that the 
steel temperature of the bottom flange is only affected and 
almost equals to the curing temperature, based on which a 
simplified vertical pattern of CTR was subsequently pro-
posed as shown in Fig. 19.

In the vertical pattern, γc is the uniform CTR of concrete 
deck. γsd is the CTR of the bottom flange of steel girder and 
can be calculated by assuming that the temperature at the 
bottom of the steel girder equals to the curing temperature. 
Δγ, which equals to γc minus γsd, is the difference of CTR 
in steel girder. n is the power exponent. h0 is the influence 
height of hydration heat on steel girder. hs is the height of 
steel girder. According to the relationship between hs and 
h0, the vertical pattern was divided into the following two 
categories:

•	 When h0 > hs, the vertical pattern is composited with a 
uniform section in concrete deck, a variable section with 
power curve in steel girder, and a uniform section in steel 
girder, as shown in Fig. 19a and expressed with Eq. (10).

•	 When h0 < hs, the uniform section in steel girder does not 
exist, only the uniform section in concrete deck and the 
partial variable section in steel girder remain, as shown 
in Fig. 19b and expressed with Eq. (11).

•	 When hs > h0,

(10)𝛾(y) =

⎧⎪⎨⎪⎩

𝛾c y ≤ 0 Uniform section in concrete deck

𝛾sd + Δ𝛾
�
1 −

y

h0

�n

0 < y ≤ h0 Variable section in steel girder

𝛾sd h0 < y ≤ hs Uniform section in steel girder

Fig. 18   Significant analysis of parameters

Fig. 19   Vertical patterns of TRC: a hs > h0, and b hs < h0
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•	 when hs < h0,

In the proposed vertical pattern, obviously, the influence 
height h0 can be expressed as the function of Δγ, and n can 
be subsequently calculated by h0. Through regression of the 
results of parametric study, the calculation formulae of h0 
and n can be obtained as Eqs. (12) and (13). Figure 20 also 
shows their relationships. Among them, exponential rela-
tionships were shown between h0 and Δγ with T0 = 5 °C, 
15 °C, 25 °C and 35 °C. The larger the T0, the smaller the 
h0. For another T0, interpolation method can be used to 

(11)𝛾(y) =

{
𝛾c y ≤ 0 Uniform section in concrete deck

𝛾sd + Δ𝛾
(
1 −

y

h0

)n

0 < y ≤ hs Variable section in steel girder

determine the corresponding h0. n is independent of T0 and 
increases linearly with the increase of h0.

(12)h0 =

⎧
⎪⎪⎨⎪⎪⎩

1.25
�
1 − e−19.31Δ�

�
T0 = 5,

1.05
�
1 − e−11.42Δ�

�
T0 = 15,

0.96
�
1 − e −8.66Δ�

�
T0 = 25,

0.93
�
1 − e −6.44Δ�

�
T0 = 35,

(13)n = 4.25h0 − 0.39

(a) (b)

Fig. 20   Relationships between a h0 and Δγ, and b n and h0

(a) (b)

Fig. 21   Verification of the proposed vertical pattern of CTR with a 3D FEM and 2 Choi’s experiment [9]
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Figure 21 shows the verification of the proposed vertical 
patten. Both the CTR results of FEM and in Choi’s [9, 10] 
experiments are in good agreement with the proposed pat-
terns, and all the R2 are larger than 0.95, which well verifies 
the accuracy and applicability of the proposed vertical pat-
tern. Based on the pattern, vertical temperature distributions 
can be obtained by only knowing the historical temperature 
evolutions of concrete deck and curing temperature. In addi-
tion, this pattern is independent of concrete age, as well can 
significantly reduce the number of sensors for the temperature 
measurement of composite girder during hydration process.

6.2 � Evolutionary pattern of CTR​

Measured temperature evolution of concrete deck is gener-
ally not available at the design stage. A simple method for 
the fast calculation of the temperature evolution of bridge 
deck is required. However, no readymade method is provided 
in the current specification system. Through measurement 
and FEM analysis, it was found that the evolutionary pattern 
of the CTR of concrete deck with age can be expressed by 
two “S” curves: ascending stage and descending stage, as 
shown in Fig. 22 and expressed with Eq. (14).

where γc(t) is the CTR of concrete deck. γc,max is the maxi-
mum value of γc(t). γTc is the CTR after the hydration heat 
is over, γTc = (Tc − T0)/Tr,∞. t0 is the corresponding age to 
γc,max.t1 and t2 are the corresponding ages to γc,max/2 in 
ascending stage and (γc,max + γTc)/2 in descending stage. p 
and q are coefficients.

Based on the FEM results, multiple regression analysis 
was performed to derive the parametric formulae of char-
acteristic parameters, γc,max and t0, in Eq. (14). The gen-
eral functions adopted for regressions were all determined 
through repeated efforts. Through multiple regression 

(14)𝛾c(t) =

⎧⎪⎨⎪⎩

𝛾c,max

1+
�

t0−t

t0−t1

�p , t ≤ t0, Ascending stage

𝛾c,max−𝛾Tc

1+
�

t−t0

t2−t0

�q + 𝛾Tc , t > t0, Descending stage

analysis, the proposed formulae for γc,max and t0 were 
achieved and shown in Eqs. (15) and (16) with the five basic 
parameters Tr,∞ in  °C, T0 in  °C, Tc in  °C, βt in kJ/m2 h  °C 
and tc in m. In addition, with γc,max and t0, the empirical 
formulae of t1 and t2 were also established as Eqs. (17) and 
(18). Also, it was found that the five parameters had little 
influence on p and q. Thus, the average value of regres-
sion results was taken as the value of p and q, i.e., p = 5.69, 
q = 2.09.

For the purpose of checking the accuracy of the proposed 
formulae, comparisons of γc,max, t0, t1 and t2 between the pre-
dict values of the proposed formulae and FEM values of FEM 
analysis were carried out and shown in Fig. 23. In addition to 
R2, the average absolute error (AAE) and the root-mean-square 
error (RMSE) [35] were also used to check the accuracy of the 
proposed formulae. For γc,max, t0, t1 and t2, all the R2 exceed 
0.97. Furthermore, the AAEs are only 0.015, 0.556 h, 0.246 h 
and 1.385 h, and the RMSEs are only 0.019, 0.667 h, 0.336 h 
and 1.724 h for γc,max, t0, t1 and t2. All the results indicate good 
accuracies and reliabilities of the proposed formulae.

Figure  24 shows the comparisons of CTR evolution 
between the proposed patterns (plotted in lines) and FEM 
results (plotted in scatters) in some parametric cases. All the 
R2 of the comparisons exceed 0.97, verifying good accuracies 
and reliabilities. The proposed evolutionary pattern is a more 
efficient method and can be an approximate substitutionof 
FEM and experiment for the determination of the temperature 
evolution of concrete deck during hydration process. It also 
should be noted that this proposed evolutionary pattern was 
established to be applicable to a stationary curing temperature. 

7 � Thermal stress analysis

7.1 � Simplified method for thermal stress 
calculation

This section presents a simplified method for the thermal 
stress calculation of composite girder with the proposed 

(15)

�c,max =
(
T0 − Tc

)(
T0.012
r,∞

− 1.057
)
+ T0.069

c
− 0.005�

+
(
−1.212t2

c
+ 1.471tc

)
− 1.155

(16)
t0 = 17.154e0.0002Tr,∞(T0−Tc)−0.046T0+0.022Tc−0.011�+(−2.496t

2
c
+3.201tc)

(17)
t1 = 1.896 − 0.545� 0.501

c,max
+ 0.301t 1.237

0
− 0.233� 0.501

c,max
t 1.237
0

(18)
t2 = 3.715 + 3.745

(
�c,max − �Tc

)1.846
+ 1.536t1.049

0

+ 3.021
(
�c,max − �Tc

)1.846
t1.049
0

Fig. 22   Evolutionary pattern of CTR of concrete deck
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spatio-temporal pattern of CTR. As well known, mechanical 
properties of concrete develop in time during the hydration 
process [23]. Therefore, an incremental analysis procedure 
was performed at a time step Δti = ti–ti-1. Additionally, the 
following limitations were also considered in the simplified 
method: (a) without regard to creep and shrinkage effect; 
(b) full interaction between concrete deck and steel girder, 
which means that the Euler–Bernoulli hypothesis is valid 
for the whole composite section; (c) the origin of y coordi-
nate axis at the concrete–steel interface. Based on the above 
limitations, the increment of total axial strains Δεtot,i(y) at 
Δti must satisfy

where yiG is distance from the centroid of composite section 
to the interface. Δε0,i is the increment of centroidal axial 
strain. Δφi is the increment of curvature. Δεe,i is the incre-
ment of elastic strain, which result in stresses. ΔεT,i is the 
temperature strain and can be calculated by:

(19)Δ�tot,i(y) = Δ�0,i + Δ�i

(
y − yiG

)
= Δ�e,i(y) + Δ�T,i(y)

where α(y) is the coefficient of thermal expansion, and refers 
to αc and αs for concrete and steel, respectively. ΔTi(y) is 
the vertical distribution of the temperature increment caused 
by hydration heat and can by calculated in terms of the 
proposed spatio-temporal pattern of CTR for an arbitrary 
parametric case. ΔTc,i denotes the temperature increment of 
concrete, and ΔTs,i(y) denotes the vertical distribution of the 
temperature increment of steel girder.

During hydration process, if no external forces are applied 
on the composite section, the centroidal axial force ΔNi and 
the moment around the centroidal axis ΔMi equals to zero. 
Then, the following equilibrium equations hold:

(20)Δ�T,i(y) = �(y)ΔTi(y)

(21)ΔTi(y) = Tr,∞
[
�i(y) − �i−1(y)

]

(22)

ΔNi = ∫Ac+As

Ei(y)
[
Δ�0,i + Δ�i

(
y − yiG

)
− Δ�T,i(y)

]
dA = 0

(a) (b)

(c) (d)

Fig. 23   Comparison between predicted value and FEM value of: a γc,max, b t0, c t1 and d t2
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where Ac and As are the areas of concrete deck and steel 
girder. Ei(y) is the elastic modulus and denotes Ec,i for con-
crete at ti and Es for steel. CEB-FIP 2010 [36] provides the 
development of elastic modulus Ec,i and tensile strength ft,i 
with the age and temperature for normal weight concrete as

where Ec,28 and ft,28 is concrete’s elastic modulus and tensile 
strength at an age of 28 days and a reference temperature of 
20 °C. T is the temperature in °C. ti is the age of concrete 
in day. s is a coefficient and depends on the type of cement.

By defining ηi = Ec,i/Es, Δε0,i and Δφi in Eq. (19) can be 
solved as:

(23)

ΔMi = ∫Ac+As

Ei(y)
[
Δ�0,i + Δ�i

(
y − yiG

)
− Δ�T,i(y)

](
y − yiG

)
dA = 0

(24)

Ec,i = Ec,28(1.06 − 0.003T)

{
exp

[
s

(
1 −

√
28

ti

)]}0.5

(25)ft,i = ft,28(1.16 − 0.008T)

{
exp

[
s

(
1 −

√
28

ti

)]}2∕3

where ycG is the coordinate of the centroid of concrete deck. 
Ic,0 and Is,0 are the moments of inertia of the concrete deck 
and the steel girder around the centroidal axis of composite 
section.

With Δε0,i and Δφi, the thermal stress increments of con-
crete deck and steel girder, Δσc,i and Δσs,i can be calculated 
by:

(26)Δ�0,i =
�i�cΔTc,iAc + �s ∫As

ΔTs,i(y)dA

�iAc + As

(27)Δ�i =
�i�cΔTc,iAcycG + �s ∫As

ΔTs,i(y)(y − yiG)dA

�iIc,0 + Is,0

(28)Δ�c,i(y) = Ec,i

[
Δ�0,i + Δ�i

(
y − yiG

)
− �cΔTc,i

]

(29)Δ�s,i(y) = Es

[
Δ�0,i + Δ�i

(
y − yiG

)
− �sΔTs,i(y)

]

(a) (b) (c)

(d) (e)

Fig. 24   Verification of the proposed evolutionary pattern of CTR 
in parametric case: a T0 = 15  °C, Tc = 25  °C, βt = 10  kJ/m2  h  °C 
and tc = 0.3  m, b Tr,∞ = 70  °C, Tc = 25  °C, βt = 10  kJ/m2  h  °C 

and tc = 0.3  m, c Tr,∞ = 70  °C, T0 = 15  °C, βt = 10  kJ/m2  h  °C and 
tc = 0.3  m, d Tr,∞ = 70  °C, T0 = 15  °C, Tc = 25  °C and tc = 0.3  m, e 
Tr,∞ = 70 °C, T0 = 15 °C, Tc = 25 °C, and βt = 10 kJ/m2 h °C
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7.2 � Case study

In this section, a case study was performed on a composite 
girder with a C30 concrete deck. Figure 25 shows the section 
dimensions of the girder. Table 4 summarizes the relevant 
mechanical properties of C30 concrete and steel. Paramet-
ric cases that Tr,∞ = 70 °C, T0 = 25 °C, βt = 5 kJ/m2 h °C, 
and tc = 0.3 m in three curing temperature conditions of 
Tc = 15 °C, 20 °C and 25 °C were selected for the thermal 
stress calculation with the proposed simplified method.

Figure 26 depicts the calculated axial stress development 
in the concrete deck; the design value of tensile strength 
f t,d of C30 concrete was also plotted for comparison. It 
can be seen that when the curing temperature is 15 °C, the 
tensile stress of concrete starts to exceed ft,d at the time of 
107 h, resulting in potential cracking risk in the concrete 
deck. When the curing temperature is increased to 20 °C and 
25 °C, the tensile stress of concrete is always lower than ft,d, 
and the cracking risk can be effectively controlled.

8 � Discussion

The research in this paper is helpful to confirm that the 
early-age cracks mentioned by Darwin et al. [37] in the crack 
investigation of concrete deck. Subramaniam [8] observed 
the obvious temperature difference between the upper and 

lower flanges of the steel girder, believing that it contrib-
uted to the cracking of the concrete deck. Choi’s [9, 10] 
test also suggested this temperature difference and also the 
large concrete–steel temperature difference. However, they 
did not clearly define the distribution patterns based on the 
temperature differences. This paper not only gives the spatial 
temperature pattern in the form of CTR, but also established 
the evolutionary pattern. As the case study implies, the effect 
of hydration heat on the early cracking risk in concrete deck 
can be efficiently estimated with the proposed spatio-tem-
poral pattern of CTR and the simplified method for thermal 
tress calculation. As such, reasonable and effective curing 
schemes can be preliminarily and easily selected to control 
the early-age cracking in concrete before actual cast-in situ 
construction of concrete deck.

The analysis presented here is based on several simpli-
fications, including full interaction between concrete deck 
and steel girder and uniform temperature of concrete deck, 
which were all issues that need further considerations for a 
finer and more accurate calculation of thermal stress.

9 � Conclusions

This paper is aimed to propose a reasonable spatio-tem-
poral pattern of hydration temperature and a simplified 
method to preliminarily and efficiently estimate the ther-
mal stress of concrete deck during hydration process. 
The spatio-temporal pattern was established by using 

Fig. 25   Section dimensions of calculated composite girder (unit: mm)

Table 4   Mechanical properties Mechanical property C30concrete [38] Steel

Elastic modulus, E (N/mm2) 30,000 N/mm2 at a 28-day age 206,000
Design value of tensile strength, ft,d (MPa) 1.39 MPa at a 28-day age /
Characteristic value of tensile strength, ft,k (MPa) 2.01 MPa at a 28-day age /
Coefficient of thermal expansion, α (1/°C) 1 × 10−5 1.2 × 10−5

Fig. 26   Calculation of concrete stress with the proposed simplified 
method
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finite-element models. These models were verified with 
large-scale temperament measurement on an actual com-
posite girder bridge and then used to perform a compre-
hensive parametric study covering a wide range of basic 
parameters including Tr,∞, T0, Tc, βt and tc. Through multi-
ple regression analysis, a series of empirical formulae was 
established to predict the key coefficients in the patterns. 
Based on the current investigation, main conclusions were 
drawn as follows:

1.	 Experiment shows that during hydration process, the 
temperature difference of concrete deck varied slowly 
within about 5 °C, significantly smaller than the tem-
perature difference of entire composite section. The bot-
tom flange temperature of steel girder basically changes 
in accordance with the curing temperature.

2.	 With experimental results, the accuracy of heat transfer 
FEM is fully verified at aspects of temperature evolu-
tion, vertical distribution and field contours. The ratio of 
the effects of hydration heat, solar radiation and air con-
vection on the temperature change is 32.0:1:− 15.5 in the 
warming phase by hydration heat, which suggests that 
the influence of solar radiation can be basically ignored.

3.	 The spatio-temporal pattern proposed in the form of 
CTR includes vertical patterns and an evolutionary pat-
tern. The vertical patterns consist of a uniform section 
in concrete deck, a variable section with power curve 
in steel girder and a uniform section in steel girder. The 
evolutionary pattern can be expressed by two “S” curves 
in ascending and descending stages. The accuracies and 
reliabilities of these patterns were all properly verified 
with the results of experiments or FEMs.

4.	 The simplified method for the thermal stress calcula-
tion of concrete deck during hydration process is estab-
lished based on an incremental analysis procedure with 
the proposed spatio-temporal pattern of CTR. As such, 
reasonable and effective curing schemes can be easily 
selected to control the early-age cracking in concrete 
before actual cast-in situ construction of concrete deck.

The simplified method proposed in this paper is based 
on the assumption of full interaction between concrete and 
steel and does not consider the effects of creep and shrink-
age. Additionally, the self-stress caused by the nonlinear 
temperature distribution of concrete deck is not consid-
ered neither, although the temperature is nearly uniformly 
distributed in the concrete deck. These are all the further 
researches that should be carried out in the future.
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