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Abstract.

Excessively elevated temperature can lead to cracks in prestressed concrete (PC) continuous bridge with box girder

on the pier top at cement hydration age. This paper presents a case study for evaluating the behavior of PC box girder during the
early hydration age using a two-stage computational model, in the form of computer program ANSYS, namely, 3-D temperature
evaluation and determination of mechanical response in PC box girders. A numerical model considering time-dependent wind
speed and ambient temperature in ANSYS for tracing the thermal and mechanical response of box girder is developed. The
predicted results were compared to show good agreement with the measured data from the PC box girder of the Zhaoshi Bridge
in China. Then, based on the validated numerical model three parameters were incorporated to analyze the evolution of the
temperature and stress within box girder caused by cement hydration heat. The results of case study indicate that the wind speed
can change the degradation history of temperature and stress and reduce peak value of them. The initial casting temperature of
concrete is the most significant parameter which controls cracking of PC box girder on pier top at cement hydration age.
Increasing the curing temperature is detrimental to prevent cracking.
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1. Introduction

Cracking in newly built reinforced concrete bridge
structures has become a common phenomenon (Germaniuk
et al. 2016, Yi et al. 2013a, b, 2012). However, cracking in
prestressed concrete box girder is also being detected in
China for several years now (see Fig. 1) (Zhang 2009).
Different from reinforced concrete structures which
consider cracks as a standard concrete performance, cracks
are not permitted in prestressed concrete box girders. So, it
is crucial to investigate the development of temperature
gradients and stresses in the PC box girder during the
course of concrete construction, and propose measures to
prevent the occurrence of cracks.

Investigation on the cracks in Fig. 1 found that the
highly probable cause was the internal thermal pressure
produced by cement hydration heat (Heat is liberated when
cement is mixed with water, and this heat is called the
hydration heat). In past decades, numerous studies of
cement hydration heat effects on concrete dams,
foundations and other massive concrete structures have
been conducted (EI-Tayeb et al. 2017, Schackow et al.
2016, Wang et al. 2015, Gilbert 2017, Kodur et al. 2016,
Zhu 2013, Kuriakose et al. 2016, Yun and Kim 2009,
Fairbairn et al. 2004, Schutter et al. 2004, Estrada et al.
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2006), but little research on PC box girder is reported
(Krkoska and Morav¢ik 2015). In order to prevent cracks in
massive concrete structures caused by the temperature of
cement hydration heat, many techniques were developed to
decrease cement hydration heat, such as adding pipe-
cooling system and changing the cement content (Jin et al.
2001, Pepe et al. 2014, Chummuneerat et al. 2014).
However, due to the structural complexity of PC box girder
on the pier top, and large amount of steel and prestressing
strands within girder body, and influence of high pier, water
pipes used in pipe-cooling techniques are difficult to
arrange within girder body to prevent cement hydration heat.
Pre-cooling technique is commonly applied in construction
of PC box girder on the pier top to reduce the initial casting
temperature of concrete, by which some ice is added into
the crude aggregate or cold water is used in mixture of
concrete before casting. In addition, springing water is
sometimes utilized in the process of concrete curing, to
reduce the effect of hydration heat, including springing hot
water (usually 45°C) or springing water at ambient
temperature. The effect of the initial casting temperature
and the curing temperature of concrete on cracking at early
hydration age needs to be discussed.

The objective of this paper is to develop a three-
dimensional finite element program for thermo-mechanical
analysis of hydration heat in PC box girder. Finite element
program ANSYS is applied to analyze the evolution of
temperatures and stresses in a PC box girder on the pier top.
The reliability of developed program is verified by
comparing the calculated prediction results with the
measured data from the actual PC box girder in the Zhaoshi
Bridge in China. The validated model is applied to study the
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Fig. 1 Crack of PC box girder at early hydration age

effect of the wind speed, the initial casting temperature and
the curing temperature on temperature rise and stress
development in PC box girder during cement hydration age.
Based on the parametric study, solutions are proposed to
minimize the adverse effects of differential temperature rise
due to cement hydration.

2. Finite element formulation

Computation of temperature rise caused by cement
hydration during early stages of concrete curing and
development of associated internal stress involves two main
steps: thermal analysis and stress analysis. These two steps
are to be conducted through a sequential thermo-mechanical
analysis which is governed by different sets of differential
equations.

The thermal analysis provides a spatial temperature
distribution and temperature-time history for the desired
duration of curing. The temperature computation as a
function of time is listed as follows (Zhu 2013, Wang et al.

2002)
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Where, [ is the function; T is the temperature; k is the
heat conducting coefficient; ¢ is the specific heat capacity; p
is the density; A is the thermal conductivity coefficient; x, y,
z is the variable in the coordinate axis of X, Y, Z; t is the
time; 6 is an adiabatic temperature rise; S is the heat transfer

Fig. 2 Space field

coefficient; T, is the ambient temperature; R is the space
field; T’ is the first boundary condition (See Fig. 2.); T is
the second boundary condition; dV is the volume of
differential; dT is the area of differential.

When the function | takes minimal value, the heat
transfer during cement hydration age is written as the
following expression

20 dT
— =——AV?T 3
at  dt @)

Where, V2 is the second-order difference operator, 6
and V2 which can respectively be expressed as (Zhang
2009, Wang et al. 2002)

a0 1 T4t
- _ o= mymyt™1-M3qt
L G ) @

0 0% 09?

“oxz a2 "oz

Where Q. is the maximum hydration heat; 7 is the
initial time of casting concrete; m,, m, and my are the
time-dependent coefficients of concrete hydration age, and
the value is 0.66, 0.69 and 1.0 respectively.

The Dirichilet boundary condition ( I'" ) can be
computed according to the expression

T=T (6)

v2 ®)

Where, T is the given temperature in the first boundary
condition.

The Neumann boundary condition ( T') can be computed
according to the expression

kVT -7 = B(T, — T) )

Where, V is gradient vector; 7 is direction vectors to
each coordination axis; B is the coefficient of convection
heat transfer (Liu et al. 2004).

B =k (5.46v + 6) ®)

Where, k is the updated coefficient of convection heat
transfer in steel mold, kg = 0.99; v is the wind speed.

The amount of cement is considered to form the
adiabatic temperature rise in the early cement hydration age
(Zhu 2013, Wang et al. 2002).
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Where, Q is the heat quantity per unit volume concrete;
W is the cement amount and ¢ is the heat quantity per unit
weight cement.

When @ is supposed to be generated in unit length and
time, the energy control equation can be expressed as
follow

oT

—+kT=Q

ot (10)

Z—: is supposed to present linear change during At, and
the follow equation is obtained by finite difference method.

dT, 0T,_,
Tivat = Te—ac + (a_tt + (;t t) At (11)
The Newton-differential equation can be written as
c
k(T, + Ti_pe) +— (T, — T
( t+At t At) At( t+At t At) (12)

= (Qesat + Qr—ar)

To represent the mechanical behavior of concrete at
cement hydration age, the following equations needs to be
solved

or(x, yi,2) = Eta(T(xi+1’yi+1'Zi+1)
— T (x, Y1, 2)) + 05 (%3, Vi, 2) (13)
Where, x;,v;,z; is the coordinate; ar(x;,y;, z;) is the
stress; E, is the Modulus elastic at age of t; a is the
expansion  coefficient; T(x;v;,z;) is temperature;
os(x;, i, z;) is structural stress at normal conditions.

3. Finite element model
3.1 Details of PC box girder in the Zhaoshi bridge

Fig. 3 shows the massive concrete structure on the pier
top of PC continuous box girder with the balance cantilever
construction method. Balance cantilever segmental
construction for PC box girder bridges has long been
recognized as one of the most efficient methods of building
bridges without the need of formwork. Construction
commences from the permanent piers and proceeds in a
balanced manner to the middle span.
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Fig. 3 View of box girder on the pier top
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Fig. 4 Details of PC box girder (Unit: cm)

Table 1 Composition of high performance concrete

Mineral

Gravel
powder

Constituent Water Cement Sand Fly ash

Additive

Mixture ratio(kg) 159 476 617 1090 135 85

43
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Table 2 Elastic modulus and tensile strength of concrete
fabricated in box girder at hydration age

Time(hour) 48 96 144 192 240 288 336

Elastic modulus (GPa) 37.0 37.2 37.3 37.4 37.4 37.4 375

Tensile strength (MPa) 1.85 215 2.38 2.50 2.56 2.64 2.70

Table 3 Material parameters of concrete

Hydration heat Thermal Initial

ar-eru(‘er?;ter per unit weight  conductivity SE;C(E ic.ol‘g)a t density tI:onepf?incsiieonr;
P cement (kJ/kg)  (kJ/(m-h-°C)) 2 (kg/m®)
Mean value 350 9.0 0.95 2566.3 1.1x106

Fig. 4(a) shows the PC continuous bridge with three-
span box girder, whose two side span lengths are 75 m and
mid-span length is 140 m. Fig. 4(b) to 4(d) show the details
of the cross-sectional dimension of the box girder on the
pier top, and the box girder on the pier top has four
diaphragms in which one human detection channel is
designed. The width of box girder section is 1200 cm, and
the height in box girder section on the top of piers is 800
cm. The box girder is assumed to be made of concrete with
a design compressive strength (cubic strength) of 50 MPa.

3.2 Concrete material properties

For undertaking sequential thermo-mechanical analysis
of PC box girder during curing, thermal and mechanical
properties of concrete are to be provided as an input to the
finite element model. Table 1 lists the composition of high
performance concrete used in the PC box girder. For
evaluating elastic modulus and tensile strength of concrete
at its early hydration age, concrete prisms were fabricated
from concrete batch mix during construction of box girder.
Concrete prisms were tested every 24 hours and a summary
of representative test data of elastic modulus and tensile
strength of concrete are tabulated in Table 2. Thermal
properties comprise of hydration heat per unit weight
cement, thermal conductivity, specific heat, initial density
and expansion coefficient are given in Table 3.

3.3 Wind speed and ambient temperature

The influence of wind speed and ambient temperature
during cement hydration age should be considered due to
the fact that convection transfer heat and concrete surface
temperature are affected by wind speed and ambient
temperature respectively. The wind speed and ambient
temperature on the top of piers associated with constructed
box girder was monitored by wind speed instrument and
temperature sensor throughout the hydration age. The
monitored wind and ambient temperature used in thermal
analysis of box girder at hydration age are described in Fig.
5.

3.4 Instrument layout
To monitor the distribution of temperature and stress in

box girder on the pier top, 20 measuring points were
selected in middle section, only a half of these points are
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Fig. 5 Time-dependent wind speed and ambient temperature
monitored in PC box girder at hydration age
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showed in Fig. 6(a), in which T represents testing points of
temperature and stress. The measurement lasted for 336
hours from the generation of cement hydration to the decay
of cement hydration. Temperature was measured by a new
type of electric sensor with high accuracy, high stability,
high reliability, moisture proof and good properties of
insulation. Fig. 6(b) shows the setup and layout of sensing
devices.

3.5 Discretization of PC box girder

The PC box girder on the pier top is casted in one time
in the order of precedence according to construction process
and structural design feature (See Fig. 7(a)). For thermal
and structural analysis, the PC box girder is discretized into
elements by utilizing different element types available in
ANSYS (ANSYS 2012). The box girder has been
discretized by means of 85,999 solid elements of revolution
(see Fig. 7(b)), each with 4 nodes. The original temperature
of concrete at all nodes is set to be the casting temperature,
and time-dependent coefficient of convection heat transfer
and curing temperature (ambient temperature) are provided
as input into ANSYS every 8 hours.

The heat transfer analysis in the concrete box girder is
carried out by using SOLID70 element. SOLID70 is a 3-D
element with three-dimensional thermal conduction
capability and has eight nodes, with a single degree of
freedom at each node, namely temperature. This element is
well suited to three-dimensional transient thermal analysis
problem.

For structural analysis, the bottom slab, web, top slab,
flange plate and transverse diaphragms were modeled with
SOLID65 elements. SOLID65 has eight nodes with three
degrees of freedom per node, namely three translations in
the nodal X, y, z directions. This element can be applicable
for three-dimensional modeling of solids and is capable of
accounting for plasticity, stress stiffening, creep, large
deflection, and large strain effects.

Thermo-mechanical analysis can be regarded as an
interaction between temperature and stress, which the same
model and meshing were applied to the thermal and
structural analysis. Temperatures generated from thermal
analysis were applied as a thermal-body-load on the
structural elements to simulate conditions of concrete box
girder during its early hydration age. The temperature-
dependent mechanical properties of concrete, namely,
tensile strength and elastic modulus, are assumed to follow
as that of Table 2, and these properties as input data are
provided into ANSYS program. In addition, time-dependent
wind speed and ambient temperature are assumed to follow
as that of Fig. 5.

3.6 Thermal analysis

Fig. 8 shows the comparison between the predicated and
measured temperature of cement hydration heat in concrete
box girder at representative measuring points T1 and T7,
which are located in the structure edge and the center of
massive concrete respectively. Temperature evolutions in
other measuring points are assumed to have similar trend to
that of these two points. It can be seen from the curves that

Top slab

Flange plate

Transverse diaphragm
Human detection channel

(a) 3-D structural model

(b) Three-dimensional discretization
Fig. 7 FEM of PC box girder for analysis
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Fig. 10 Three-dimensional distribution of temperature in the
box girder from cement hydration heat

the predicated temperatures agree well with the measured
results, indicating that the three-dimensional finite element
program presented in this study can be applied to solve
actual problems. The slight differences can be mainly
attributed to variation of the heat transfer parameters such
as coefficients of convection heat transfer and non-
homogeneous characteristics of concrete material used in
the analysis as compared to actual values encountered in the
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Fig. 11 Comparison between the predicted and measured
stresses along x-axis in measuring points

experiments.

There are three stages to elucidate the temperature
progression of cement hydration heat of concrete box girder
in Fig. 8(a), namely Stage 1, Stage 2 and Stage 3. In Stage 1
(about 56 hour), temperature increases with a rapid pace
due to the fact that reaction between cement particles and
water generates large amount of hydration heat in the initial
phase. In Stage 2 (between 56 hour and 156 hour),
temperature starts to decrease with a low pace mainly
resulting from termination of hydration reaction in cement.
In Stage 3 (after 156 hour), temperature decreases much
slowly due to poor heat transfer performance and lower
thermal gradient within girder body. The temperature
progression of cement hydration heat in Fig. 8(b) is similar
to that in Fig. 8(a), except that time corresponding to each
stage is different, namely, from 0 to 80 hour in Stage 1, 80
hour to 216 hour in Stage 2, and 216 hour to 336 hour in
Stage 3.

Fig. 9 shows an evolution of the highest and lowest
temperature and maximum temperature difference in the PC
box girder. It can be seen that the trend of temperature
progression in these curves is similar to that in Fig. 8. The
degradation stage in the lowest temperature presents a little
fluctuation due to influence of ambient temperature. The
peak value of the highest temperature is 86°C, which occurs
in 72 hour. The peak value of the lowest temperature is
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Fig. 12 Progression and location of the crack in PC box
girder at hydration age

62°C, and its occurrence time is 56 hour, earlier than that of
the highest temperature. The maximum temperature
difference is about 32°C, and its occurrence time is 120
hour.

Fig. 10 shows a three-dimensional temperature
distribution of concrete box girder on the pier top at
hydration age through numerical model. It can be seen that
temperatures in two portions are higher than temperatures in
other parts, namely the location of web, bottom slab and
transverse diaphragm and the location of web, top slab and
transverse diaphragm. The temperature has a slight
degradation from the intercourse location to the edge of the
structure. At the 56" hour, the highest temperature, 79°C, is
located in the intercourse portion, while the lowest
temperature, nearly 60°C, is located in the edge of flange
plate, due to the fact that the flange plate has thin concrete
in the edge and large area of convection heat transfer. At the
336" hour, the highest temperature is 40°C and the lowest
temperature is 29°C. The 3-D distribution of temperatures
in the box girder from cement hydration heat depends on
hydration age.

3.7 Thermo-mechanical analysis

Fig. 11 shows the comparison between the predicated
and measured stress along x-axis of cement hydration in
concrete box girder at representative measuring points T1
and T7. The predicted value shows a good qualitative and
quantitative agreement with the experimental values at
points T1 and T7. A slight difference can be mainly
attributed to influence of dry shrinkage.

Fig. 12 shows a progression and location of the crack in
PC box girder at hydration age. It can be seen that the trend
of the maximum principle tensile stress is similar to that of
the highest temperature, and occurrence time (72 hour) of
peak value in the principle tensile stress is identical to that
of the highest temperature. When the principle stress is
larger than the tensile strength of concrete, cracking
happens and the history time of crack is between 40 hour
and 88 hour. The crack is located in the region of piers and
bottom slab and the outside transverse diaphragm, this is
mainly due to excessive thermal strain and deformation
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Fig. 13 Progression of temperature and stress in PC box
girder at hydration age with different wind speed

limit of extra constraint in the structure.

4. Parametric analysis

The validated finite element model is applied to quantify
the effect of different parameters on progression of
temperature rise and stresses in PC box girder during
curing. Wind speed, pre-cooling temperature and curing
temperature are selected for parametric analysis.

4.1 Wind speed

To understand the influence of the wind speed on the
maximum principle tensile stress of PC box girder on the
pier top, the wind speed is assumed to be 6 m/s and 13 m/s
respectively. Fig. 13(a) shows a progression of the highest
temperature and maximum temperature difference with
different wind speed. It can be seen that the highest
temperature and maximum temperature difference can be
reduced by elevation of wind speed. Fig. 13(b) indicates
that bigger wind speed can reduce the maximum principle
tensile stress in PC box girder. This may be attributed to the
reason that bigger wind speed can accelerate the spread of
hydration heat.
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Fig. 14 Progression of temperature and stress in PC box
girder under different initial casting temperature

4.2 Pre-cooling temperature

Pre-cooling technique can reduce the initial casting (IC)
temperature. The IC temperature is assumed to be 15°C and
10°C respectively. Fig. 14(a) shows a progression of the
highest temperature and maximum temperature difference
in PC box girder at hydration age under different casting
temperature. It can be seen that the highest temperature and
maximum temperature difference can be reduced by
decrease of initial casting temperature. From Fig. 14(b), the
effect of IC temperature on the maximum principle tensile
stress in PC box girder can be determined. When the IC
temperature decreases from 15°C to 10°C, the maximum
tensile stress is totally reduced during the hydration process
of the PC box girder, and the most distinct decrease of the
maximum tensile stress occurs between 40 hour and 88
hour, consistent with the history time of crack. Therefore,
decreasing the initial casting temperature can effectively
reduce the maximum tensile stress in the critical period and
thus prevent the occurrence of cracking.

4.3 Curing temperature

Effect of the curing temperature (CT) of structural
surface on the maximum principle tensile stress of PC box
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Fig. 15 Progression of temperature and tensile stress in PC
box girder under different curing temperatures

girder on the pier top is discussed. The CT temperature is
assumed to be 45°C and ambient temperature respectively.
Fig. 15(a) shows that the maximum temperature difference
can be reduced by increase of CT, but the highest
temperature increases. Fig. 15(b) shows a progression of the
maximum principle tensile stress under curing temperature
45°C and ambient temperature. The maximum principle
stress increases when the curing temperature enhances from
ambient temperature to 45°C, so increasing the curing
temperature is detrimental to prevent cracking.

5. Conclusions

A numerical simulation procedure for evaluating the
behavior of PC box girder during the early hydration age
has been proposed in this study. A time-dependent wind
speed and ambient temperature is incorporated into finite
element to trace the crack history and location in PC box
girder. A parametric analysis was performed to show the
effect of different parameters on thermal and mechanical
response of PC box girder on pier top, namely the wind
speed, the initial casting temperature and the curing
temperature.
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» From the comparison between the predicted results and
experimental data, it can be seen that the developed finite
element program well predicts the temperature evolution of
PC box girder on pier top at cement hydration age.

» The wind speed has an influence on the path in the
degradation stage of temperature and stress, and it can
obviously change the peak value of temperature and stress.

« The initial casting temperature can significantly affect
the maximum tensile stress in the PC box girder. So
reducing the initial casting temperature by pre-cooling
technique is an effective measure to control cracking in PC
box girders.

* Increasing the curing temperature can reduce the
maximum temperature difference, whereas enhance the
highest temperature. Generally, increasing the curing
temperature is detrimental to prevent cracking.
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