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Abstract

To accurately predict temperature rise due to the concrete hydration heat released from
the #0 segment of a continuous concrete girder bridge at an early construction stage for
structural design purposes, researchers proposed an approach incorporating empirical
predictive formulae with a preliminary numerical analysis. However, due to the unique-
ness of the structural geometry and material in each engineering case and the limited data
shared by the whole engineering community, no universal predictive empirical model for
temperature rise due to hydration heat has yet been identified for practical use that can be
applied to a variety of different projects. Moreover, the preliminary numerical analyses
are usually based on questionable assumptions and simplifications of the physical truth,
the accuracy of which also requires further validation. To this end, the present research
measured the time-varying temperature samples of early age massive concrete in the #0 seg-
ment of Huangsha Harbor Bridge (a twin-deck three-span continuous concrete box girder
bridge located in Jiangsu Province, China) and examined the accuracy of the predictive
empirical models formulated by other researchers and the usability of a numerical modal
established on a commercial finite element (FE) platform by comparing the corresponding
results with the data from the present field measurements. The results suggest that the
empirical formulae proposed can generally effectively describe the actual temperature
distribution patterns related to the thermal issue, but they are characterized by inferior
usability in some cases. In addition, the present comparison also indicates that the actual
maximum temperature rise can be correctly predicted by the preliminary FE analysis in
most cases.

Keywords: continuous girder bridge; concrete construction; hydration heat; temperature
rise; field measurement; finite element model; empirical formula

1. Introduction

Large mass concrete blocks are widely used structural components in bridge engineer-
ing, such as the #0 segments of continuous girder bridges constructed using the cantilever
beam casting method (i.e., the cantilever roots). During the construction of large mass
concrete components, the key issue concerning practical engineers is the effect of early-age
hydration heat on the performance of concrete, which is different from the usual effects of
externally applied elevated temperatures [1-3]. A lot of researchers” attention has been on
the issue of the unfavorable additional stress in concrete caused by hydration heat, which
is released by and preserved in the material during the early stage of the construction
process [4-16].
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To deal with this issue, many researchers have jointly employed the field measurement
approach and the numerical simulation technique in their studies [15-17]. Results reported
by Wu and Liu [17], Taysi and Abid [15] and Schackow et al. [16] indicate that when the
field measurement data reflecting the variations in the temperatures and/or the stresses at
local positions are obtained for reference, the numerical models subsequently established
can be effectively calibrated by adjusting the parameters in the initial model, which can
then be reliably used to predict the whole time-varying temperature/temperature-induced
stress field in the component to guide structural monitoring and maintenance. However,
at the design stage, no field test can be performed to generate the actual samples of the
physical parameters for use, and the proposed practice of employing the numerical model
for structural behavior prediction at that time therefore suffers from unreliable accuracy
due to non-calibration.

In this regard, Wu and Liu [17] and Zhang et al. [18] propose some empirical formulae
obtained by mathematically fitting the physical test results, which, assisted by numerical
analyses, are then used to predict the temperature field caused by the concrete hydration in
specific bridge structures. However, due to the uniqueness of the structural geometry and
material in each engineering case and the limited data shared by the whole engineering
community, no universal empirical model that can be applied to a large variety of different
projects to predict the hydration stress field of the #0 segments of continuous girder bridges
has been acknowledged for practical use yet. In dealing with the issue, the present research
measured the time-varying temperature samples of early age massive concrete in the
#0 segment of the Huangsha Harbor Bridge (a twin-deck three-span continuous concrete
box girder bridge located in Jiangsu Province, China) and examined the empirical predictive
models formulated by Wu and Liu [17] and Zhang et al. [18] based on the data from the
present field measurements for structural engineers’ practical applications. Therefore,
the emphasis of the present research is on practical aspects. Actually, the traditional
temperature field prediction method that integrates the FE analysis and the empirical
models is validated in this article via its comparison with the field measurement data,
which has rarely been done by the engineering community before. The obtained results are
therefore of significant practical importance for guiding future structural design works.

2. Engineering Background and Field Measurement Plan

Huangsha Harbor Bridge has a total length of 1431 m and a width of 24.5 m. De-
signed to cross the Huangsha Harbor River, the main bridge is a twin-deck three-span
(42 m + 60 m + 42 m) continuous concrete box girder structure with pre-stressing forces
applied longitudinally (see Figure 1). The bridge was constructed utilizing the symmetric
cantilever casting method. The box girder of each deck has a varying single-cell straight
cross-section with a width of 12 m (see Figure 2).
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Figure 1. Elevation of Huangsha Harbor Bridge and measurement cross-sections (unit: cm).

https:/ /doi.org/10.3390/infrastructures11070255


https://doi.org/10.3390/infrastructures11070255

Infrastructures 2026, 11, 255

30f16

y 084
W 106 f
L300 | 300

(a) 1-1 cross-section (unit: cm)

LT 112 f@
\O
on)|
300

L300

(b) 2-2 cross-section (unit: cm)

13

110-
159 -
1320

300, 300

319.7 !

(c) 3-3 cross-section (unit: cm)

Figure 2. Measurement point arrangement on cross-sections in #0 segment at #6 pier.

The concrete of the #0 segment above the #6 pier was poured on 20 June 2008 (see
Figure 3 for the actual engineering scenario), and in the process of the construction, 14 tem-
perature sensors were arranged on three cross-sections (see Figures 1 and 2) to obtain
the temperature time histories at those positions during the whole construction process.
For sections 1-1 and 3-3, the arrangements of the sensors can help reflect the temperature
gradients in the vertical and the transverse directions on these cross-sections. Comparing
the measurement results of all the three cross-sections, the temperature gradient along the
longitudinal direction can be revealed.

=2008/06/22 \ 2008/06/22 f:‘
0

(c) Exterior view after pouring concrete (d) Interior view after pouring concrete

Figure 3. Views of actual engineering scenario.
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3. Field Measurement Data
3.1. Data on 1-1 Cross-Section

Temperature time histories are shown in Figures 4-6, measured from the time when
the concrete was poured to 300 h later using the five sensors arranged on the 1-1 cross-
section. As can be seen in these figures, all the temperature samples measured follow a
pattern of first sharply rising to the maximum (reaching the maximum at around 10 h after
the pouring of the concrete) and then gradually decreasing and stabilizing (comparatively
stable from 150 h after the pouring of the concrete). This observation agrees with the
generalized observation [19] and the rule of physics. According to Tanabe et al. [20], for
the case of adiabatic temperature rise, the release of the hydration heat in massive concrete
with time can be described using the exponential model

0(t) = (1 — e ™M) 1

in which 6(t) is the adiabatic temperature rise at time f; 6 is the final adiabatic temperature
rise; and A is the coefficient of the temperature rise. Apparently, the temperature variation
patterns presented in Figures 4-6 do not comply with Equation (1), as the heat exchange
exists between the massive concrete and the outside environment. However, the maximum
of the temperature sample measured is basically associated with the total released heat
of the concrete and fairly compares with the theoretical final adiabatic temperature rise,
which can be calculated according the equation below:

_ WQo

6o
Cpp

2)
where W is the amount of cementitious material in the per unit volume of concrete; Qg
is the total hydration heat of the concrete; Cp, is the specific heat; and p is the density of
the concrete.

70
60—1

50 —m— 122 (outside)
—e— 084 (inner)

40

Temperature (‘C)

30

20 = T T T T T T T T T T T 1
0 50 100 150 200 250 300
Time (hr)

Figure 4. Temperature samples measured on the upper surface of the 1-1 cross-section.

As shown in Figure 4, the temperature measured at an outside point on the upper
surface of the 1-1 cross-section is smaller than that measured at an inner point throughout
the construction process. The maximum temperatures identified on the two curves shown
in Figure 4 are 58 °C and 69.2 °C for the outside point and the inner point, respectively.
There is a similar situation observed in Figure 5 at the medium height of the 1-1 cross-
section. According to Figure 6, which compares the temperature samples measured at three
different heights along a vertical line on the 1-1 cross-section, the temperature measured
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is greater for the medium height than for the bottom height; moreover, the temperature
measured is even greater for the bottom height than for the top height. In Figure 6, the
maximum temperatures identified at the top measuring point, the medium measuring
point and the bottom measuring point are 69.2 °C, 93.2 °C and 86.9 °C, respectively.
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Figure 5. Temperature samples measured at the medium height of the 1-1 cross-section.
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Figure 6. Temperature samples measured along the vertical direction of the 1-1 cross-section.

3.2. Data on 3-3 Cross-Section

Temperature time histories measured during the construction process using the
eight sensors arranged on the 3-3 cross-section are shown in Figures 7-9. As shown
in Figures 7 and 8, the temperatures measured on the outside points are very close to those
measured on the inner points throughout the construction process (this observation applies
to both the top plate (Figure 7) and bottom plate (Figure 8) of the 3-3 cross-section). This
is probably due to the fact that both the outside points and the inner points are located
near the external surfaces of the beam body, where the concrete can effectively exchange
heat with the outside environment in all cases. Comparing the data shown in Figure 7
with those shown in Figure 4, it can be noted that the temperature measured is greater
on the 1-1 cross-section than on the 3-3 cross-section, which agrees with the fact that the
1-1 cross-section is at the root of the cantilever, while the 3-3 cross-section is close to the
end of the cantilever. Moreover, as can be seen, periodic fluctuations can be observed at the
later stages of the temperature time histories shown in Figure 7, which are most probably
due to the diurnal variations in ambient temperature. Therefore, the ambient temperature
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time history obtained on location is added in Figure 7 to compare the temperature samples
measured on the top plate of the 3-3 cross-section. This comparison indicates significant

effects of the ambient temperature.
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Figure 7. Temperature samples measured on top plate of 3-3 cross-section.
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Figure 8. Temperature samples measured on bottom plate of 3-3 cross-section.
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Figure 9. Temperature samples measured along vertical direction of 3-3 cross-section.

As shown in Figure 9, the temperatures measured during the heating process on the
top and the bottom plates are significantly smaller than those measured at medium heights
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along the vertical direction on the 3-3 cross-section. This observation agrees with that for
the 1-1 cross-section in Figure 6.

3.3. Data Along the Longitudinal Direction

The temperature samples measured at the corresponding points on the three cross-
sections shown in Figure 1 are compared in Figure 10, which suggests that the measured
temperature is greater in the temperature drop stage when the measuring point is closer to
the root of the cantilever beam.
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Figure 10. Temperature samples measured along longitudinal direction.

3.4. Maximum Temperature Differences in Concrete Mass

The key to the temperature control of large-volume concrete is usually not only
the peak temperature but also the temperature difference and the resulting temperature
stress and cracking risk. Therefore, the maximum temperature differences in concrete
mass—including the maximum internal temperature, the maximum surface temperature,
the maximum temperature difference between the core and surface, the maximum vertical
temperature difference, the maximum lateral temperature difference, and the maximum
longitudinal temperature difference—and the time of occurrence of these indicators are
calculated and listed in Table 1 for the readers’ reference.

Table 1. Maximum temperature differences in concrete mass.

Type Value (°C) Occurrence Time (h)

Maximum internal temperature 93.2 12

Maximum surface temperature 87 9
Maximum temperature difference between the

core and surface 216 75

Maximum vertical temperature difference 42.8 39

Maximum lateral temperature difference 21.6 75

Maximum longitudinal temperature difference 34.1 45

4. Numerical Simulation

Considering the symmetry of the #0 segment, only one-quarter of the concrete block
has been modeled on the MIDAS commercial finite element (FE) platform (Version 6.71);
85 hexahedron 3D elements have been employed to simulate the 1/4 part of the #0 segment.
Symmetrical boundaries have been set at the corresponding interfaces, and a fixed boundary
has been set at the bottom surface of the #0 segment, since the concrete block sits on the pier

https:/ /doi.org/10.3390/infrastructures11070255
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with its bottom fixed on the top of the pier. With reference to Zhang et al. [18] and according
to the material properties for the present engineering project, the physical parameters for the
calculation of the hydration heat are listed in Table 2. Following the procedures indicated in
ref. [21] for typical concrete hydration heat analyses on the MIDAS platform, the numerical
simulation has been performed for the #0 segment of Huangsha Harbor Bridge, with the
results in the form of temperature contours shown in Figure 11.

Table 2. Physical parameters for simulation of hydration heat.

Total hydration heat of concrete Qg 350 k] /kg Specific heat Cp 0.96 kJ/ (kg-°C)

Final adiabatic temperature rise 6 74.08 °C Material density p 2456 kg/m3
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Figure 11. Cont.
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Figure 11. Temperature contours for a quarter of #0 segment at different times after concrete pouring
(unit: °C).

On the contours in Figure 11, the temperature reaches the maximum at the medium

height in the 1/4 part of the #0 segment throughout the time history (1~300 h), which agrees
with the rule demonstrated in Figures 6 and 9. In addition, as can be seen on each subfigure

in Figure 11, the temperature on each cross-section does not vary too much along the

lateral direction, which strongly agrees with the observation made for Figures 4, 5, 7 and 8.
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However, the numerical simulation does not reflect the observation made via the field
measurement that the temperature is greater when the measuring point is closer to the root
of the cantilever beam (Figure 10).

Figure 12 further compares the temperature time history samples at three points (points
106, 112 and 110) obtained from the field measurement and the numerical simulation, re-
spectively. As can be seen, the maximum temperatures identified for the field measurement
samples can basically be correctly reproduced from the corresponding numerical thermal
analysis. In addition, when the points are closer to the free end of the cantilever beam (see
Figure 12b,c), the numerical simulation data agree with the field measurement results compar-
atively well throughout the time domain. However, when the point is closer to the root of the
cantilever beam (see Figure 12a), the agreement between the two sets of data is not good. As
shown in Figure 12a, the field measurement result is much greater than the numerical simula-
tion data during the temperature drop stage for point 106 on the 1-1 section, indicating that
the numerical simulations of the concrete hydration heat on usual commercial FE platforms
might not be very accurate. Since factors exist in conjunction with the actual construction
process (such as the heat storage effect of the pier and crossbeams, construction joints, thermal
resistance of formwork and supports, fluctuations in actual ambient temperature, deviations
in material thermal parameter values, simplification of boundary heat transfer conditions, and
subsequent construction activities), the measured temperature is significantly higher than the
simulated temperature. The predictive empirical formulae proposed by Wu and Liu [17] and
Zhang et al. [18] for concrete hydration heat analyses of #0 segments at the design stage must
be assisted by the numerical simulation methods in use; therefore, in-depth data analyses
should be carried out to check the validity of the approaches proposed by Wu and Liu [17]
and Zhang et al. [18] that are based on the numerical simulation.

100

90
SO—I —&— Field measurement
—— Numerical simulation
704
S
~ 60+
o
2
© 50
[
£
5 40
i
30 4
20 4
10 T T T T T T T
0 50 100 150 200 250 300
Time (hr)
(a) Point 106 on 1-1 section
100 -
90
7\
80 t‘. \
I
.
~ 097 o . ® Field measurement
© —o— Numerical simulation
~ 60
© !
2
T 50
[
E L g )
5 40 LI S
2 S * T e %o o
301 \
201 \
10 T T T T T T T
0 50 100 150 200 250 300
Time (hr)

(b) Point 112 on 2-2 section

Figure 12. Cont.
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Figure 12. Comparison of field measurement and numerical simulation data.

5. Data Analyses
5.1. Empirical Formulae Proposed by Wu and Liu [17] and Zhang et al. [18]

According to Wu and Liu [17], for the required data analyses to take place, the mea-
sured temperature rise T should be non-dimensionalized to generate the maximum tem-
perature rise coefficient A using Equation (3):

T-Tp

A
to

©)

in which Tp is the molding temperature of the concrete (27.3 °C for the present case); 6 is
calculated to be 74.08 °C for the present case.

In general, a typical box girder cross-section can be separated into three parts, i.e.,
the top plate, the bottom plate and the web plates. According to Wu and Liu [17] and
Zhang et al. [18], the A distributed along the width on the top and bottom plates follows
the binomial Gaussian function:

_ 2 _ 2
M) = T =T Tp{exp[—<”§“‘*‘x) |+ exp[— () 1} @

in which Tiax is the maximum temperature along the width of the plate that should be
calculated via the numerical simulation when the empirical model is in practical use; x is
the horizontal distance from the measuring point to the center of the plate; and xmax is the
horizontal distance from the point of the maximum temperature to the center of the plate.

According to Zhang et al. [18], the distribution of temperature rise coefficients along
the height of the web plate could be regarded as a constant, which, however, disagrees
with the present observation made via the physical test and the numerical simulation in
Sections 3.2 and 4, respectively. According to Wu and Liu [17], the distribution of the
temperature rise coefficient along the height of the web plate is not a constant at the early
stage of the construction process (0~9 days), obeying the piecewise function. It tends to
be a constant later. Equation (5) can be utilized to describe the coefficient according to

Wu and Liu [17]:
Tmax=Tp gin( L h 4 Z),t < 9 days
Ay =4 B T2k = ©)

Tomax—T)
"“‘TP,t > 9 days

in which H and h are the height of the web and the vertical height difference between the
measuring point and the point of the maximum temperature on the web.

As suggested by Wu and Liu [17], for intermediate crossbeams constructed using
layered casting, each casting layer can be regarded as a large-volume concrete plate, and

https:/ /doi.org/10.3390/infrastructures11070255


https://doi.org/10.3390/infrastructures11070255

Infrastructures 2026, 11, 255

12 of 16

the temperature distributions on the bottom and the middle layers along the layer width
basically follow the Gaussian function, as expressed by Equation (6).

—4x2902
(Tmax - TP)2 -107

Ax) = Tmaxeo_ Tr exp|

] (6)

5.2. Rule of Maximum Temperature Rise in Time Domain

Using the measured maximum temperature rise Ty, (the maxima of the measured
temperature time history sample), the maximum temperature rise coefficient A, can be
obtained according to Equation (7):

Toeak — T
_ Lpeak p
)\peak - T (7)

Following this treatment, the A, values for all measured samples shown in Section 3
are calculated and listed in Table 3.

Table 3. Maximum temperature rise coefficients A .,y measured on location.

Cross-Section

1-1 Cross-Section 2-2 Cross-Section 3-3 Cross-Section
Point A Point A Point A Point Py
Number peak Number peak Number peak Number peak

122 0.41 112 0.77 108 0.43 159 0.77
084 0.57 13 0.46 132 0.47
134 0.81 136 0.78 12 0.63
106 0.89 110 0.77 14 0.49
11 0.80

Using Equations (4)—(6) with the T} max, the maxima identified for the numerical
temperature samples calculated in Section 4 at the critical position xmax (Where the temper-
ature rise reaches the maximum within the geometry of the component), being substituted
into them, the distributions of the maximum temperature rises on the top plate, the bottom
plate and the web plates on the 3-3 cross-section and those on the bottom and the middle
casting layers on the 1-1 cross-section are estimated and compared with the corresponding
field measurement data presented in Table 3 (see Figure 13).

As can be seen in Figure 13a, for the top plate in the box girder section, the empirical
formulae demonstrate applicability under the investigated conditions on both the side of
the box and the center line. However, as shown in Figure 13b, for the bottom plate in the
box girder section, the empirical formula produces very accurate predictions at the position
of the center line, but the agreements between the predictions and field measurement data
are not good for the two sides of the box. For the web plate on the box girder section, the
agreements between the predictions and field measurement data are comparatively good,
especially for intermediate heights (see Figure 13c). For the intermediate crossbeam section,
the empirical formula provides comparatively accurate predictions on the middle casting
layer (see Figure 13e) but poor predictions on the bottom casting layer (see Figure 13d).
According to the above observations, Equations (4) and (5) show a reasonable agreement
with the field measurement data for the present case, but the accuracy of Equation (6) is
not totally validated. The incapability of the mathematical formulation chosen to describe
the present thermal issue leads to the conclusion that Equation (6) is characterized by
inferior usability.
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Figure 13. Distributions of maximum temperature rise coefficient on 3-3 and 1-1 cross-sections.

6. Conclusions

The main findings of this study concerning the time-varying temperature field of the early
age massive concrete in the #0 segment of Huangsha Harbor Bridge are summarized below:

(1) Field measurements on the temperature rise due to the concrete hydration heat of
the #0 segment of Huangsha Harbor Bridge suggest that the actual temperature field of
the massive concrete at an early age is highly time-varying, and the variation trend agrees
with the basic rules of physics and observations of similar studies undertaken by other
researchers (see, e.g., refs. [17,18]).

(2) The comparison between the present field measurement data and the numerical
simulation results obtained on the MIDAS FE platform suggests that the actual maximum
temperature rise can generally be predicted by the corresponding FE analysis for the present
engineering example, but the FE simulation is found to be less accurate in some occasional
cases (such as the prediction of the temperature drop for a point on an intermediate cross-
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beam section). This affects the effectiveness of the conventional design-oriented estimation
approach incorporating the empirical models with the preliminary numerical analyses.

(3) It is found that the empirical formulae proposed by Wu and Liu [17] and
Zhang et al. [18] for the temperature rise prediction can accurately describe the actual
temperature distribution patterns concerning the thermal issue in usual cases for the
present engineering example, but they are characterized by inferior usability in a few
circumstances. In this regard, it is suggested that certain empirical models (Equation (6))
should be revised accordingly.

This article only discusses the temperature field, without a further discussion of tem-
perature stress and crack risks. For the #0 block of large-volume concrete, the engineering
significance of the highest temperature and temperature difference lies in their potential to
induce constraint stress and early cracking. Therefore, a discussion of temperature stress or
crack resistance safety will be conducted and reported in another article in the near future,
when a mechanical analysis can be conducted.
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