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Abstract

Prestressed concrete (PC) box bridge girders on the pier top is prone to generate
thermal cracks due to large inner-outer temperature difference at hydration age. This
paper presents an approach for investigating behaviour of PC box bridge girders at
early age of curing. First, based on measured data from a typical PC box bridge girder,
an inverse analysis method for adiabatic temperature rise function of concrete
hydration heat is proposed using genetic algorithm and thermal analysis. Then, a
thermo-hydro-mechanical coupling model is established, using the computer program
ANSYS incorporating time-dependent wind speed and ambient temperature, to
analyse thermal mechanical behaviour of PC box bridge girders considering pipe-
cooling system. Subsequently, parametric studies are carried out to evaluate influence
of cooling time, cooling water flow rate, cooling water temperature and cooling period
on temperature and stress of PC box bridge girders during curing. Results from analysis
show that the principal tensile stress generated in the vicinity of pipe increases more
rapidly during cooling, while the temperature and principal tensile stress can be
significantly reduced when cooling is terminated. Increasing cooling time, cooling
water flow rate or decreasing cooling water temperature can reduce the highest
temperature. However, unreasonable value of these cooling parameters will cause PC
box bridge girders cracking due to excessive principal tensile stress around pipe. Both
one-stage and two-stage cooling are effective measures to minimize the adverse
effects of hydration heat in PC box bridge girders.

Keywords: Prestressed concrete box bridge girder, Hydration heat, Finite element
method, Pipe-cooling system, Thermal-mechanical behaviour, Parametric studies

1 Introduction
In the mass concrete structures, large amount of heat generated by cement hydration

is accumulated due to lower thermal conductivity of concrete. The interior of concrete

under high temperature tends to expand, whereas surface of concrete close to ambient

temperature tends to shrink, resulting in tensile stress on surface of PC box bridge

girders. Cracks will occur on the concrete surface when the tensile stress exceeds the

tensile strength (Zhu 2013). However, cracks are not permitted in PC box bridge

girders because cracks have adverse effects on safety, integrity and durability of structure
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(Schackow et al. 2016; Zhang et al. 2017). Hence, it is necessary to investigate develop-

ment of temperature and stress in PC box bridge girders during curing, and also propose

measures to prevent cracking. Nowadays, many technologies have been proposed to pre-

vent thermal cracking caused by cement hydration heat, such as pre-cooling, pipe-

cooling, surface thermal blankets and low heat cement (Kim et al. 2015; Kodur et al. 2016;

Schackow et al. 2016). Cooling by flow water through an embedded pipe is a common

artificial temperature control measure on concrete dams, foundations and other mass

concrete structures (Chen et al. 2011; Liu et al. 2015; Zuo et al. 2014).

In the past decades, numerous studies of cement hydration heat effects on mass con-

crete structures have been conducted (Davie et al. 2010; Kodur et al. 2016; Sabbagh-

Yazdi et al. 2013; Singh and Rai 2018; Tahersima and Tikalsky 2017; Wang et al. 2015;

Yang et al. 2012; Zhu et al. 2013). However, little research on PC box girders is re-

ported due to structural complexity of PC box bridge girders on the pier top, and large

number of prestressing strands within body of girders (Zhang et al. 2017). Many methods

have been proposed, such as pseudo three-dimensional finite element methods (Myers

et al. 2009), thermal-fluid coupling method (Liu et al. 2013), p-version finite element

method (Zuo et al. 2015) and composite-element method (Chen et al. 2011) to obtain

more accurate calculation method for pipe-cooling system. In the thermal-fluid coupling

method, the position and size of pipe are accurately modelled according to the design,

which can accurately simulate the convection heat transfer between cooling water and

concrete, and temperature rise of cooling water along pipe due to heat generated by ce-

ment hydration (Cheng et al. 2016; Liu et al. 2013; Liu et al. 2015). In addition, the cooling

effect is closely related to the cooling parameters when pipe-cooling is used in concrete

structure. The determination of cooling parameters, namely cooling water temperature,

cooling water flow rate, cooling time and cooling period is critical for temperature control

of PC box bridge girders on the pier top (Cheng et al. 2016).

Furthermore, thermal properties of concrete are critical in simulation of temperature

field in mass concrete structure (Ding and Chen 2013; Kim et al. 2015). Previously,

thermal properties are taken according to laboratory tests or empirically for high-

strength concrete materials commonly used in long-span bridges. However, since ther-

mal parameters are affected by boundary conditions, ambient environment and mix

proportion, relying on empirical values or laboratory test will inevitably have a great in-

fluence on calculation accuracy of temperature field (Wang et al. 2015). Therefore, the

method to determine thermal properties of materials needs to be discussed.

In this paper, an inverse analysis method is developed to obtain unknown parameters

of adiabatic temperature rise function, and then a thermo-hydro-mechanical model is

established, incorporating wind speed, ambient temperature and pipe-cooling system,

to trace progression of temperature and stress in PC box bridge girders on the pier top

at hydration age. Finally, this model is applied to evaluate effect of critical factors of

pipe-cooling system on thermal mechanical behaviour of PC box bridge girders at early

age.
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2 Selection of PC box bridge girder
2.1 Details

A typical massive concrete structure on the pier top of PC box bridge girder, compris-

ing a double chamber, as shown in Fig. 1, is selected to carry out hydration heat ana-

lysis. The width of box girder section is 20 m, and the height is 7 m. Three-dimensional

(longitudinal, transversal and vertical) prestress are installed in the PC box bridge gir-

der to improve flexural, shear and local stress distribution. Details of the PC box bridge

girder are shown in Fig. 2. The PC box bridge girder on the pier top is divided into two

layers for pouring. The bottom flange and part of the web (below 3.2 m) are poured

first, and then the remaining part is poured after 8 h.

2.2 Material properties

The properties of constituent materials play a crucial role in thermo-mechanical

analysis of PC box bridge girders during curing (Kim et al. 2015). Thus, relevant

thermal and mechanical properties of concrete are incorporated into the finite

element model. The PC box bridge girder is made of concrete with cube strength

of 55 MPa and the mix proportion is listed in Table 1. Thermal properties includ-

ing specific heat, density, thermal conductivity and expansion coefficient are tabu-

lated in Table 2. Values of specific heat and thermal conductivity are given in

Table 2 as a function of temperature, and linear interpolation method is used for

the intermediate temperature (Zhu 2013). Concrete prisms were fabricated during

construction of the PC box bridge girder to test elastic modulus and tensile

strength of concrete at its early hydration age. Representative test data of elastic

modulus and tensile strength are summarized in Table 3.

2.3 Instrumentation

The instrument arranged on the PC box bridge girder includes temperature sensors

to measure cross-sectional temperature and vibration wire strain sensors to

Fig. 1 The PC box bridge girder on the pier top
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measure strain. The temperature measurement ranges from − 10 °C to 80 °C and

the sensitivity is 0.1 °C. The strain measurement ranges from − 1500 με to1500 με

and the sensitivity is 1 με. Due to symmetry of structure and boundary conditions

of the PC box bridge girder, the temperature and stress distribution are also sym-

metrical. Therefore, only half of the structure is equipped with temperature and

stress measuring points. Details of instrument layout are shown in Fig. 3, in which

T and G represent testing points of temperature and stress, respectively.

2.4 Ambient conditions

The ambient temperature and wind speed have significant effect on the convection heat

transfer between PC box bridge girders and ambient environment (Zhang et al. 2017).

The difference between ambient temperature and surface temperature of PC box bridge

girders is a prerequisite for convection heat transfer. In addition, the value of convec-

tion heat transfer coefficient is closely related to wind speed. According to the mea-

sured data in construction site, the ambient temperature and wind speed used in

thermal analysis of the box girder at hydration age are shown in Fig. 4.

3 Analysis method
Based on test data of a typical PC box bridge girder, a numerical analysis method is de-

veloped using the computer program ANSYS to trace behaviour of PC box bridge

girders during hydration age. A full description for this approach is provided in the fol-

lowing subsections.

3.1 General approach

The proposed analysis method for investigating influence of pipe-cooling system on

thermal-mechanical behaviour of PC box bridge girders during curing comprises of

four steps. In the first step, genetic algorithm and thermal analysis method is used to

Fig. 2 Details of the PC box bridge girder (units: mm)

Table 1 Mix proportion of concrete

Constituent Portland cement Water Sand Gravel Fly ash Mineral powder Water reducer

Mix proportion (kg) 400 148 653 1161 55 25 5.76
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obtain adiabatic temperature rise function of concrete from measured temperature of

the PC box bridge girder. In the second step, the adiabatic temperature rise function

are provided as input data into ANSYS, and a thermo-hydro-mechanical model is

established incorporating wind speed, ambient temperature and pipe-cooling system. In

the third step, the temperature and stress of the PC box bridge girder with or without

pipe-cooling system are compared to reveal the influence of pipe-cooling system on

thermal-structural behaviour of PC box bridge girders at hydration age. In the last step,

effects of different parameters, namely cooling time, cooling water flow rate, cooling

water temperature and cooling period, on behaviour of PC box bridge girders at early

age is evaluated by comparing progression of temperature and stress, and the basic de-

sign principles applicable to pipe-cooling system are determined. Figure 5 illustrates

the flow chart associated with the proposed procedure.

3.2 Adiabatic temperature rise function

The adiabatic temperature rise function of concrete hydration heat adopts the com-

pound exponential expression (Zhu 2013), which can be expressed as follows:

Q τð Þ ¼ Q∞ 1 − e − aτb
� �

ð1Þ

Where τ is the concrete age, Q(τ) is hydration heat per unit weight cement, Q∞ is the

maximum hydration heat per unit weight cement, a and b are unknown constants. In

the thermal analysis, the adiabatic temperature rise is converted into heat generation

rate and then applied to PC box bridge girders as a body load. The heat generation rate

is written as following expression

dQ τð Þ
dτ

¼ Q∞abτ
b − 1e − aτb ð2Þ

In the thermal analysis, adiabatic temperature rise of concrete determines the simula-

tion accuracy of temperature field (Yang et al. 2012). Unknown parameters of adiabatic

temperature rise function are deduced from measured temperature using inverse analysis

method. At present, there are many inverse analysis methods, such as simplex method,

complex method, least square method and genetic algorithm (Ding and Chen 2013). In

this paper, the MATLAB genetic algorithm toolbox is used to realize the application of

genetic algorithm in calculating adiabatic temperature rise function, and data exchange is

realized between the MATLAB genetic algorithm toolbox and the ANSYS thermal ana-

lysis module. The hydration heat temperature field of PC box bridge girders is calculated

Table 2 Thermal properties of concrete

Parameter Specific heat (kJ/(kg·°C)) Density (kg/m3) Expansion coefficient Thermal conductivity (kJ/(m·h·°C)

15 °C 43 °C 71 °C / / 15 °C 43 °C 71 °C

Value 0.86 0.96 1.12 2448 10−5 7.19 7.20 7.22

Table 3 Elastic modulus and tensile strength of concrete

Time (h) 48 96 144 192 240 288 336

Elastic modulus (GPa) 13.2 18.5 21.7 23.9 25.7 27.1 28.3

Tensile strength (MPa) 1.51 1.81 1.97 2.08 2.16 2.23 2.28
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Fig. 3 Instrument layout

Fig. 4 Ambient conditions
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by ANSYS, and the unknown parameters are optimized based on MATLAB genetic algo-

rithm toolbox to find optimal solution of the objective function.

The objective function is listed as follows:

min
Xn
i¼1

Tp xi; yi; zi; tð Þ − Tm xi; yi; zi; tð Þ� �2 ð3Þ

Where Tp(xi,yi,zi,t) is the predicted temperature of point (xi,yi,zi) at time t and Tm(xi,

yi,zi,t) is the measured temperature of point (xi,yi,zi) at time t. The evolution of un-

known parameters in adiabatic temperature rise function is shown in Fig. 6. Through

multiple generations of genetic variation, the unknown parameters Q∞, a and b of adia-

batic temperature rise function are 316 kJ/kg, 0.38 and 0.75, respectively.

3.3 Pipe-cooling system

Due to the complex structure of the PC box bridge girder on the pier top, the add-

itional cooling pipe is easy to cause structural damage and has adverse effect on dur-

ability. Therefore, three-dimensional prestressed ducts are generally used as cooling

pipe in PC box bridge girders. The layout of cooling pipe is shown in Fig. 7, and the

arrow in figure is the direction of water flow.

The determination of cooling parameters, namely cooling water temperature, flow

rate and cooling time, is a crucial problem for pipe cooling of PC box bridge girders on

the pier top. Similar to the algorithm in Section 3.2, the stress of PC box bridge girders

is calculated using ANSYS, and the cooling parameters are optimized using MATLAB

Fig. 5 Flow chart of proposed approach
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Fig. 6 Iteration of unknown parameters in adiabatic temperature rise function

Fig. 7 Layout of cooling pipe
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genetic algorithm toolbox to seek the optimal solution of the objective function. The

objective function is expressed as follows:

minK 1t
σ t < σ½ �t=K
0≤ν≤3
0≤t≤14
8≤Tw≤18

8>>>><
>>>>:

ð4Þ

Where K1 is unit price of pipe cooling system; t is cooling time; σt is the maximum

tensile stress; [σ]t is the tensile strength; K is safety factor, taken as 1.15; ν is cooling

water flow rate and Tw is cooling water temperature.

The cooling time is taken as optimization objective, and the maximum tensile stress

does not exceed the tensile strength as constraint condition. The results show that the

optimal solutions are 15 °C, 0.21 m/s and 48 h, respectively within a given range of cool-

ing water temperature, cooling time and cooling water flow rate.

3.4 Numerical model

Different element types available in ANSYS are used to discretize the PC box bridge girder

for thermo-hydro-mechanical analysis, as shown in Fig. 8. The first step is to conduct fluid-

solid coupling heat transfer analysis. Subsequently, the temperature distribution, generated

from thermal analysis, is enforced on the structural model as nodal load to simulate the

thermal effect of PC box bridge girders at its early hydration age (Song et al. 2020).

In the thermal analysis, the PC box bridge girder is discretized with SOLID70 elem-

ent and pipe-cooling system is simulated using FLUID116 and SURF152 element

(ANSYS 2018). SOLID70, 8-node thermal solid with linear shape functions and reduced

integration, has 3-D thermal conduction capability with a single temperature degree of

freedom at each node. This element is applicable to perform a transient thermal ana-

lysis. FLUID116 is a 3-D element with the ability to conduct heat and transmit fluid be-

tween its two primary nodes and each node has temperature degree of freedom only.

Heat transfer from cooling water to surface of PC box bridge girders through

Fig. 8 Discretization of the PC box bridge girder
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conduction can be accounted for SURF152 element. SURF152 is a surface effect elem-

ent that can be overlaid onto surface of any 3D thermal element for thermal analysis.

The structural model is established by transforming the SOLID70 into SOLID65

element (ANSYS 2018). SOLID65, 8-node reinforced concrete solid with linear shape

functions and reduced integration, has three degrees of freedom at each node (transla-

tions in the x, y, and z directions). This element, a 3-D modelling of solids, is capable

of simulating cracking in tension, crushing in compression and plastic deformation

used for nonlinear material properties in concrete.

The birth and death capability of elements is used to simulate layer pouring of PC box

bridge girders. The initial temperature of concrete at all nodes is set to be the casting

temperature (18 °C), and the hydration heat of concrete is applied to PC box bridge

girders with heat generation rate as a body load, as described in Section 3.2. Time-

dependent ambient temperature and convection heat transfer coefficient are provided as

input data into ANSYS every 8 h. The convection heat transfer coefficient of outer surface

in PC box bridge girders is significantly affected by wind speed. Therefore, considering ef-

fects of wind speed, formwork and thermal blankets, time-dependent convection heat

transfer coefficient of outer surface in the PC box bridge girder is calculated according to

Zhu (2013), as shown in Fig. 9. There is an assumption that wind speed on all outer sur-

face of the PC box bridge girder is uniform. The convection heat transfer coefficient of

inner surface is taken as 16.2 kJ/m·h·°C take into account formwork and thermal blankets.

4 Results and discussion
The reliability of developed numerical analysis method is verified by comparing the cal-

culated results with the measured data from an actual PC box bridge girder. The pro-

posed model is used to track progression of temperature and stress in PC box bridge

Fig. 9 Time-dependent convection heat transfer coefficient
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girders during curing, and effect of pipe-cooling system on thermal-structural behav-

iour of PC box bridge girders are quantified.

4.1 Thermal analysis

Figure 10 shows a three-dimensional temperature distribution of the PC box bridge gir-

der without pipe-cooling system at hydration age. The temperature distribution has ob-

vious layering phenomenon due to the fact that the PC box bridge girder on the pier

top is divided into two layers for pouring. The temperature at junction of bottom

flange, web and diaphragm is much higher than the temperature at other locations due

to accumulation of cement hydration heat. The concrete at junction of top flange and

web has less heat accumulation due to large number of prestressed ducts in top flange.

The contact between prestressed pipe and air accelerates loss of heat, resulting in a

lower temperature of top flange.

Figure 11 shows the comparison between predicted and measured temperature in the

PC box bridge girder without pipe-cooling system at representative measuring points

T12 and T14, which are located in the centre of bottom and top layer, respectively. It

can be seen that the predicted hydration heat temperatures agree well with the mea-

sured data, indicating that the finite element model established in this paper is capable

Fig. 10 Temperature distribution of the PC box bridge girder at hydration age

Fig. 11 Comparison between the predicted and measured temperature
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of predicting the temperature distribution of PC box bridge girders on the pier top.

The temperature progression of the PC box bridge girder during curing can be grouped

into four stages, namely Stage 1, Stage 2, Stage 3 and Stage 4. In Stage 1 (about 32 h),

temperature rises rapidly due to the fact that cement hydration generates large amount

of heat. In Stage 2 (between 32 h and 64 h), temperature increases slowly mainly due to

heat generated by cement hydration gradually decreases. In Stage 3 (between 64 h and

192 h), temperature starts to decrease resulting from cement hydration is further re-

duced so that heat generation rate is less than the heat transfer with ambient environ-

ment. In Stage 4 (after 192 h), temperature decreases with much slowly pace due to

poor heat transfer caused by lower thermal gradient.

Figure 12 shows an evolution of the highest, lowest temperature and temperature dif-

ference in the PC box bridge girder. For the PC box bridge girder without pipe-cooling

system, the peak value of highest temperature is 67 °C, which occurs at 64 h. The lowest

temperature presents slight fluctuation due to influence of ambient temperature. The

maximum temperature difference in the PC box bridge girder is 31 °C, and its occurrence

time is 72 h. When pipe-cooling is used for the PC box bridge girder, the lowest

temperature remain unchanged due to pipe-cooling has no influence on surface

temperature. The peak value of the highest temperature can be reduced by about 7 °C and

the maximum temperature difference also decreases due to lower highest temperature.

The maximum temperature difference reaches the peak value of 24 °C at 48 h.

4.2 Structural analysis

Figure 13 shows the comparison between predicted and measured stress along longitu-

dinal direction at representative measuring points G9 and G14, which are located in

the surface and centre of the PC box bridge girder without pipe-cooling system, re-

spectively. It can be seen that the predicted stress shows a good agreement with the

measured data. The progression of stress in Fig. 13 is similar to the temperature pro-

gression in Fig. 11, except that time corresponding to each stage is different. The four

stages of stress evolution are 0 to 56 h, 56 to 120 h, 120 to 240 h and 240 to 336 h,

respectively.

Fig. 12 Comparison of maximum, minimum temperature and temperature difference in the PC box bridge
girder with or without pipe-cooling system
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Figure 14 shows progression of the maximum principal tensile stress in the PC box gir-

der at hydration age. For the PC box bridge girder without pipe-cooling system, the max-

imum principal tensile stress in the PC box bridge girder reaches the peak value of 1.73

MPa, which occurs at 96 h. Subsequently, the maximum principal tensile stress remained

basically unchanged between 96 and 176 h, and then decreases slowly. For the PC box

bridge girder with pipe-cooling system, the maximum principal tensile stress increases

more rapidly during cooling (between 0 and 48 h) than that without pipe-cooling. During

this period, the maximum principal tensile stress appears around pipe. After cooling, the

principal tensile stress around pipe decreases rapidly, and position of the maximum prin-

cipal tensile stress shifts from vicinity of pipe to other positions. Therefore, the maximum

principal tensile stress has a sudden change between 48 and 56 h, as shown in Fig. 14.

Subsequently, the maximum principal tensile stress continues to increase due to the ther-

mal gradient caused by hydration heat. As compared to the case without pipe-cooling, the

peak value of maximum principal tensile stress can be reduced by about 0.22MPa using

pipe-cooling. It can be concluded that pipe-cooling is an effective measure to improve the

safety reserve of PC box bridge girders against cracking.

Fig. 13 Comparison between the predicted and measured stress along longitudinal direction

Fig. 14 Comparison of maximum principal tensile stress in the PC box bridge girder with or without
pipe-cooling system
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5 Parametric studies
Progression of the highest temperature and maximum principal tensile stress are used

to evaluate influence of different parameters, namely cooling time, cooling water flow

rate, cooling water temperature and cooling period on thermal-mechanical behaviour

of PC box bridge girders at early age of curing.

5.1 Cooling time

The cooling time (TM) is assumed to be 1 day, 2 days and 3 days, to evaluate effect of

cooling time on thermal-mechanical behavior of the PC box bridge girder at hydration

age. Figure 15 shows progression of the highest temperature and maximum principal

tensile stress in the PC box bridge girder with different cooling time. It can be seen

from Fig. 15(a) that the highest temperature can be reduced by prolong cooling time.

However, extension of cooling time will reduce the cooling efficiency. The peak

temperature decreases about 3 °C when the cooling time is extended from 1 day to 2

days, while the peak temperature decreases only about 1 °C when the cooling time is

further extended by 1 day. Figure 15 (b) shows that the maximum principal tensile

Fig. 15 Progression of temperature and stress in the PC box bridge girder with different cooling time

Fig. 16 Progression of temperature and stress in the PC box bridge girder with different cooling water
flow rate
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stress exceeds tensile strength when the cooling time is 3 days. This is mainly due to

the fact that the temperature difference between cooling water and concrete increases

as temperature of concrete increases, resulting in greater tensile stress in concrete

around pipe. Therefore, the cooling time should be reasonably controlled to prevent

the occurrence of cracking.

5.2 Cooling water flow rate

The cooling water flow rate (WF) is assumed to be 0.11 m/s, 0.21 m/s and 0.31 m/s.

Figure 16 shows progression of the highest temperature and maximum principal tensile

stress in the PC box bridge girder at hydration age with different cooling water flow

rate. Figure 16(a) indicates that increasing the cooling water flow rate can reduce the

highest temperature. The peak temperature decreases about 1 °C when the water flow

rate increases 0.1 m/s. The maximum principal stress can be effectively reduced when

cooling water flow rate is 0.21 m/s, as shown in Fig. 16(b). However, accelerating or de-

celerating cooling water flow rate will lead to an increase in principal tensile stress.

This can be attributed to the fact that the maximum temperature cannot be effectively

reduced when cooling water flow rate is slow, whereas the temperature around pipe is

relatively low. Although faster cooling water flow rate effectively reduces the maximum

temperature, the temperature of concrete in the vicinity of pipe approximately equal to

cooling water temperature due to sufficient heat transfer. These will increase the

temperature difference between pipe and concrete, thus generating large tensile stress

around pipe.

5.3 Cooling water temperature

Progression of the highest temperature and maximum principal tensile stress in the PC

box bridge girder at hydration age with different cooling water temperature (WT),

namely 12 °C, 15 °C and 18 °C is shown in Fig. 17. The highest temperature can be re-

duced by decrease of cooling water temperature. The cooling effect is more obvious

with the difference between cooling water temperature and initial casting temperature

increasing. However, reducing temperature of cooling water will increase the thermal

Fig. 17 Progression of temperature and stress in the PC box bridge girder with different cooling
water temperature
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gradient between cooling water and concrete, resulting in an increase in the principal

tensile stress around pipe, as shown in Fig. 17(b). Therefore, the cooling water

temperature should be taken properly, so that the highest temperature and also the

maximum principal tensile stress can be effectively reduced.

5.4 Cooling period

At present, some scholars have proposed a three-stage pipe-cooling method for mass

concrete (Chen et al. 2011; Cheng et al. 2016). The purpose of the first stage is to re-

duce the peak temperature of concrete, the second stage aims to disperse temperature

difference and reduce the consequent stress, and the last stage is to stabilize the

temperature of concrete. The cooling period (PD) is assumed to be one-stage, two-

stage and three-stage. The one-stage cooling refers to continuous cooling within 2 days

after pouring is completed, and the cooling water temperature is 15 °C. The two-stage

cooling refers to cooling on the first and third day after pouring is completed, the cool-

ing water temperature is 15 °C and 35 °C, respectively. The three-stage cooling refers to

cooling on the first, third and fifth day after pouring is completed. The cooling water

temperature is 15 °C, 35 °C and 30 °C, respectively.

Figure 18 shows progression of the highest temperature and maximum principal ten-

sile stress in the PC box bridge girder at hydration age with different cooling period.

One-stage cooling has the best effect on reducing the highest temperature of concrete.

Compared with multi-stage cooling, the highest temperature of the PC box bridge gir-

der can be reduced by 2 °C using one-stage cooling. As shown in Fig. 18(b), the max-

imum principal tensile stress of the PC box bridge girder using one-stage cooling or

two-stage cooling is much smaller than the tensile strength, while three-stage cooling

has little effect on stress progression as compared with two-stage cooling. Generally,

both one-stage and two-stage cooling can be used to mitigate the adverse effects of hy-

dration heat in PC box bridge girders.

6 Conclusions
A numerical analysis method is used to delve into thermal mechanical behaviour of PC

box bridge girders at hydration age and effects of different parameters of pipe-cooling

Fig. 18 Progression of temperature and stress in the PC box bridge girder with different cooling period
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on behaviour of PC box bridge girders during curing. The main conclusions from the

numerical analysis can be drawn as below:

� The proposed inverse analysis method for adiabatic temperature rise function, and

the thermo-hydro-mechanical model incorporating wind speed, ambient

temperature and pipe-cooling system, is capable of predicting thermal mechanical

behaviour of a PC box bridge girder on the pier top at hydration age.

� The temperature distribution of layered pouring PC box bridge girders has obvious

layering phenomenon and the highest temperature appears at junction of bottom

flange, web and diaphragm. The temperature of concrete at junction of top flange

and web is lower due to large number of prestressed ducts.

� As compared to the case without pipe-cooling, the temperature and principal ten-

sile stress can be significantly reduced using pipe-cooling in PC box bridge girders.

However, the principal tensile stress generated in the vicinity of pipe increases more

rapidly during cooling.

� Increasing cooling time, cooling water flow rate or decreasing cooling water

temperature can reduce the highest temperature, whereas increase the principal

tensile stress around pipe during cooling. So cooling time, cooling water flow rate

and cooling water temperature should be taken reasonably to prevent cracking in

PC box bridge girders.

� Both one-stage and two-stage cooling are effective measures to minimize the ad-

verse effects of hydration heat in PC box bridge girders. Three-stage cooling is of

little significance to prevent cracking of PC box bridge girders as compared with

two-stage cooling.
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