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ABSTRACT: This study examines the temperature field distribution characteristics and temperature effects during
the prefabrication of composite box girders with corrugated steel webs (CBGCSWs), aiming to provide practical
recommendations for controlling temperature-induced cracking and technical guidance for concrete mix proportions
and placement processes. Based on field measurement data, a three-dimensional finite element model was developed
to simulate the temperature effects at critical locations during the prefabrication phase. By varying the concrete mix
proportions, initial casting temperature, and ambient temperature, the study elucidates the variation patterns of the
temperature field during precast placement. The results show that the temperature rise caused by hydration heat
increases with higher cement and fly ash content, whereas reducing cement and using minimal fly ash effectively
lower the hydration temperature. However, the influence of fly ash on prestress losses should be carefully evaluated
during the design phase. Higher initial casting temperatures accelerate hydration rates, leading to a rapid temperature
rise. Significant differences between the initial casting and ambient temperatures result in larger residual temperature
stresses. Based on concrete mix proportions, curing conditions, and ambient temperatures, three recommended
casting temperature ranges were identified: 5°C-10°C, 10°C-25°C, and 25°C-30°C. Variations in the average ambient
temperature affect the peak temperature of the hydration reaction and indirectly influence the final temperature
distribution of the concrete structure. Optimizing the demolding time and applying geotextiles and water curing
effectively reduces the peak temperature, maximum internal-to-surface temperature gradients, and surface tensile
stresses, thereby mitigating the risk of temperature-induced cracking.
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1 Introduction

Composite box girders with corrugated steel webs (CBGCSWs) are favored in bridge construction due
to their lightweight design and efficient force transmission [I-3]. However, the hydration heat reaction of
cement causes a rapid internal temperature increase, leading to significant temperature gradients between
the surface and core. These gradients induce temperature-induced shrinkage cracks, exacerbated by the
high thermal conductivity of steel, which is approximately 50 times that of concrete [4,5]. Controlling
temperature-induced cracks and managing hydration heat are therefore crucial to ensuring the structural
integrity of CBGCSWs [6-8]. Despite the importance of these issues, there remains a lack of standardized
technical specifications and construction process guidelines for the prefabrication of CBGCSWs. This gap
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underscores the need for comprehensive research on hydration heat analysis and crack control measures,
particularly in the context of optimizing the thermal performance of these composite structures.

At present, studies on the temperature behavior of concrete mainly focus on the thermal temperature
field in the casting stage of mass concrete [9-13], the environmental temperature field [14], and the solar
temperature gradient field in the usage stage of concrete bridges [15-17], the temperature field of cast-in-
place zero block [18,19], temperature gradient field [20-24] of CBGCSWs and so on. However, limited
research addresses the temperature effects of CBGCSWs during prefabrication. The 50 m long inclined
web PC composite box girder with corrugated steel webs and concrete lining at the end of the project
is rare in engineering cases. Based on the research above, this study focuses on the National Highway
240 Fanxian Yellow River Highway Bridge and its connecting projects. Using actual working conditions
and field-measured data, a three-dimensional temperature field simulation model is established to explore
the temperature and stress field distribution characteristics of corrugated steel web composite box girder
bridges during the prefabrication stage. The study investigates the temperature effects of these structures,
analyzing the influence of concrete mix proportions, pouring temperature, and ambient temperature on
concrete temperature effects. Reasonable recommendations for controlling temperature-induced cracks in
concrete are summarized and proposed. The findings provide technical guidance for concrete mix design
and placement, offering valuable references for future design and construction.

2 Project Overview
2.1 Project Brief

National Highway 240 Fanxian Yellow River Highway Bridge and its wiring project wind through for
15.6 km, with 36 links and 145 spans. Among them, the approach bridge in the north embankment has a
total of 13 links and 50 spans. The span arrangement is 2 x (3 x 47 m) + (4 x 47 m) + 10 x (4 x 50 m),
while the superstructure adopts 50 (47) m assembled CBGCSW s, which initially simply supported and then
continuous, with three beams in a single frame. Three diaphragms were set for each beam. The corrugated
steel web adopted Q355D (thickness: 9-10 mm) and 1200 type. It has a flat width of 330 mm, a slanted width
of 336 mm, a slanted horizontal length of 270 mm, and a wave height of 200 mm. The longitudinal section
of the 1/2 span of the 50 m long corrugated steel webs of the middle span side beam is shown in Fig. 1.
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Figure 1: Longitudinal section of 1/2 span of 50 m long corrugated steel webs of middle span side beams (mm)

The corrugated steel web is situated between the concrete roof and the bottom plate attached to the
embedded connection. The web was connected with lining concrete and diaphragm by 22 x 150 welded nails.
The cross-section of the inner side beam diaphragm position is shown in Fig. 2.
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Figure 2: Cross-sectional view of inner side beam (mm)

The region belongs to the temperate semi-dry early climate zone, with four distinct seasons, dry and
less rain in spring, hot and rainy in summer, cool and dry in autumn, cold and less snow in winter. The
maximum temperature is 42.6°C and the minimum temperature is —19.3°C over the years. The average
annual temperature is 13.1°C.

2.2 Test of Concrete Mix Proportion

C55 concrete mix ratio design was carried out for a 50 m long precast corrugated steel web PC composite
beam. The ratio calculation and detection method were based on references [25,26], and the determination
of physical and mechanical parameters such as strength referred to [27]. Cement used P.052.5 grade ordinary
portland cement produced by Henan Tongli Cement Co., Ltd. (Hebi, China); coarse aggregate was taken from
5-20 mm continuous graded gravel produced by Anyang Zhonglian Aggregate Co., Ltd. (Anyang, China);
fine aggregate was used from river sand produced by Dawenhe sand chief of Tai'an, Shandong, China, with
the fineness modulus of 2.5; water was tap water; JL polycarboxylate superplasticizer was used as admixture,
purchased from Kunming Jinli Industry and Trade Co. (Kunming, China). The main material dosage of C55
concrete used in the project is shown in Table 1. The water-cement ratio was 0.3, sand ratio was controlled
at 38%.

Table 1: Mix proportion of C55 concrete

Content Cement Water Sand Stone JL polycarboxylate superplasticizer
Material content/(kg/m?) 494 150 686 1120 10.374
Weight ratio 1 0.3 139 227 0.021

Relative content/% 20.08 6.02 2791 45.57 0.42
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The design slump was 180-220 mm, which was determined according to G240-41 slump tester. A
150 mm x 150 mm x 150 mm standard test block is made (Fig. 3a). In order to ensure that the concrete
can harden normally and increase its strength, standard curing is carried out, as shown in Fig. 3b. Based on
references [25,26], the compressive strength of 7-day age was 62.3 MPa, and the compressive strength of the
28-day age was 67.3 MPa, which reached 103.7% of the preparation strength and met the design requirements.
The mix ratio obtained by the experimental study can be used for the on-site prefabrication of 50 m long
prefabricated corrugated steel web PC composite beams.
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Figure 3: Manufacture and maintenance of concrete cube test block

3 Calculation
3.1 Establishment of Model

Using the finite element software MIDAS FEA NX, a finite element model of a corrugated steel web
composite beam was established to analyze the temperature and stress fields of the composite box girder
concrete during prefabrication. The model includes the corrugated steel web composite beam (top slab,
bottom slab, and diaphragms poured simultaneously), the girder construction platform, and the subgrade
soil. Solid elements were used to simulate the reinforced concrete components of the composite beam, the
construction platform, and the subgrade soil, with a hybrid mesh of tetrahedral and hexahedral elements.
The corrugated steel web was modeled using plate elements. The overall model comprises 172,474 nodes and
164,304 elements. The mesh size of the corrugated steel web beam was controlled between 0.083 and 0.12 m
to improve simulation accuracy, while the maximum mesh size for the construction platform and subgrade
soil was set at 0.2 m.

To directly observe and analyze the variations in the temperature field and thermal stress after the
hydration heat reaction, a 1/2 model of a 50-m assembled CBGCSW was established, considering the
structural symmetry. The numerical model is shown in Fig. 4. Since the relative slip between the concrete
top slab, bottom slab, and the corrugated steel web is minimal, and the stud connectors in the contact area
between the steel web and concrete are densely arranged, the slip effect between these components can be
disregarded [28]. Thus, the steel-concrete interaction in the model is treated as a common joint connection.
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Figure 4: 1/2 model of composite beam

Based on the characteristics of CBGCSW in this article, the following boundary conditions were set
referring to the setting method of boundary conditions of the symmetric model of hydration heat analysis
in references [29-32]:

(1) Boundary condition of support

When the heat generated by the superstructure is fully transferred to the foundation, the temperature
is no longer transferred and there is no temperature differential, so there will be no relative displacement.
Thus, fixed constraint boundaries were imposed on the three sides (asymmetric plane) and the bottom of
the foundation soil in the model.

(2) Boundary condition of symmetry

In the modeling, symmetry is considered and a1/2 model is adopted, which belongs to the unidirectional
symmetric structure model. Normal displacement constraint was applied to the composite beam, pedestal
foundation, and foundation on a symmetric plane.

(3) Boundary condition of adiabatic

When no data related to environmental heat transfer is input, it defaults to an adiabatic boundary, which
mainly reflects that heat transfer only occurs inside the concrete structure and does not dissipate externally.
The symmetry plane of the model belongs to this type of boundary.

(4) Boundary condition of convection

Convection boundary (heat conduction boundary) refers to the heat exchanged with the outside at each
time defined by the convective coefficient, which is realized by inputting different convection coeflicients
to different contact media. During prefabrication, steel formwork is used on the core and surface, and the
top surface is exposed to the air (maintenance measures of geotextile are set after the prefabrication). In the
simulation, the corresponding convection boundaries of steel formwork geotextile and air are set at different
locations and times according to the specific situation on site.

(5) Boundary condition of fixed temperature

The fixed temperature boundary condition means that the temperature at the boundary is constant and
does not change over time. To ensure that the temperature differential between the core and the surface of
the concrete structure will be reasonable which would prevent the appearance of large temperature stress,
the boundary was set at the fixed constraint boundary position of the bottom foundation.

The key calculation points for the numerical model of the structure were selected. Two cross-sections
were intercepted in the overall model. There are 7 key points on markers A1-A7 in the first section (Concrete
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with lining) and 7 key points on the markers B1-B7 in the second section (Inter-span diaphragm), as shown
in Fig. 5. Corresponding node numbers of key points in the model are listed in Table 2.

Figure 5: Settings of key calculation points

Table 2: Correspondence table between the position of key calculation point and model node

Marker points Node number Marker points Node number

Al 2445645 Bl 2465964
A2 2446192 B2 2466229
A3 2445431 B3 2466168
A4 2529878 B4 2491599
A5 2529885 B5 2491576
A6 2503949 B6 2506456
A7 2502928 B7 2510693

3.2 Mechanical Properties

In the finite element model, the concrete is considered an isotropic homogeneous material, and the influ-
ence of internal reinforcement on the temperature distribution caused by hydration heat is ignored [33,34].
The mechanical properties of C55 concrete and Q355D steel used in the project are shown in Table 3.

Table 3: Mechanical parameters of concrete and steel

Name Density/(kg/m’) Poisson’s ratio Elastic modulus/MPa

C55 2500 0.2 3.55 x 104
Q355D 7850 0.3 2.06 x 105

3.3 Correlative Parameters of Hydration Heat Calculation
(1) Ambient temperature

Prefabrication of CBGCSWs is mainly concentrated in summer and autumn when the environment
is relatively high. To study the impact of external environmental conditions on the hydration heat effect,
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temperature data from the meteorological station at the bridge site were analyzed, extracting temperature
change curves for June and September over the past two years, as shown in Fig. 6.
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Figure 6: Comparison of daily maximum and minimum temperatures in a single month

Asillustrated in Fig. 6, the highest recorded temperature in June reaches 40°C, while the lowest drops to
15°C. The average monthly high is 34°C, and the average monthly low is 22°C, resulting in a maximum day-
night temperature differential of 18°C. In September, the highest temperature recorded is 33°C, the lowest is
14°C, with an average monthly high of 29°C and a monthly low of 17°C, leading to a maximum temperature
differential of 16°C between day and night.

The temperature variation over time for two typical days in June is presented in Fig. 7, demonstrating a
pattern that closely follows a sine curve. The corresponding function expression is provided in Eq. (1).

F(t)lesin(i—Z(t—S))+27 €]

(2) Temperature of concrete casting into the mold

The initial temperature of concrete pouring is the pouring-to-mold temperature. Considering the
friction with pipe walls during transportation and pumping, the influence of outside air temperature on
aggregate, and other factors, ice treatment is often carried out in the mixing process to reduce the mold
temperature. Therefore, the initial temperature of the model was tentatively set at a certain value of 20°C,
and the value will be analyzed in detail in subsequent chapters.

(3) Thermal parameters

The thermal performance was estimated according to the weight ratio of each component of concrete.
Combined with reference [33], the thermal performance coefficients of each component can be obtained
(Table 4). Then, weighted calculations were carried out based on the concrete mix ratio, and the thermal
parameters corresponding to each component material. Thus, the specific heat coefficient, heat transfer
coeflicient, and thermal conductivity coefficient of concrete can be obtained. At the same time, reference [35]
pointed out that through a large number of tests and field monitoring data, it is found that the thermal
performance parameters recommended by reference [35] are more universal in estimating the thermal
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conductivity, which is consistent with the actual situation, but the estimated specific heat is low, which can
be adjusted by multiplying the correction factor of 1.05. Finally, the thermal conductivity A, of the selected
C55 concrete is 10.62 kJ/(m-h-°C), and the specific heat ¢, is 0.96 kJ/(kg:°C). The thermal conductivity A, of
steel Q355D is 0.43 kJ/(m-h-°C) and the specific heat c, is 0.45 kJ/(kg-°C).
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Figure 7: 24-h ambient temperature on a certain day in June

Table 4: Thermal performance coefficient of concrete composition

Materials p (kg/m’)  Thermal conductivity A Specific heat capacity ¢
[kJ/(m-h-°C)] [k)/(kg°C)]
21°C  32°C 43°C 54°C 21°C 32°C 43°C 54°C
Water 1000 2160 2160 2160 216 4.187 4.19 4.19 4.19
Portland cement 3100 4446 4593 4735 474 0456 054 062 0.83
Sand 2660 11.129  11.099 11.053 11.05 0.699 0.75 0.80 0.87
Limestone 2670 14.528 14193 13917 1391 0.749 0.76 0.78 0.82

(4) Adiabatic temperature rise

When the use of mixture is not considered, the adiabatic temperature rise at the concrete age t is
calculated according to Eq. (2):

mt
T (t) = M )
cp
where W is taken as 494 kg/m?, which is the amount of cementitious material used per unit of concrete. Q
is taken as 461 kJ/kg, which is the total hydration heat per unit mass of concrete cementitious material [35].
c is the specific heat capacity of concrete, taken as 0.961. p is the density of concrete; t is the age of concrete;
m is taken as 0.362, which is the reaction rate coeficient at 20°C.
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When considering the use of mixture, the adiabatic temperature rise of concrete is calculated according
to Eq. (3):

Q () (W + kF)
cp

T(t)= (3)

where Q(f) is the cumulative heat of hydration of cement [35], which is also taken as 461 kJ/kg; k is the
reduction factor, which is 0.25 when adding fly ash; F represents the total amount of mixture.

(5) Boundary convection coefficient

When the concrete is in contact with air, the heat flux on the surface of the cement can be expressed as
follows:

g=-A— (4)

where 7 refers to the outer normal direction of the concrete surface. Assume that the heat flow on the concrete
surface is proportional to the differential between the concrete surface temperature T and the ambient air
temperature T, i.e.,

oT
—)ta—’fﬁ(T—Ta) (5)

where 7 is the direction of the external normal of the concrete surface; § is the heat release coeflicient of the
concrete surface.

For rough surfaces

B=239+14.50 v, (6)

For smooth surfaces

B=21.8+13.53-v, 7)

where v, represents wind speed (m/s).

The heat release coefficient of concrete surface is related to the actual wind speed. When template or
insulation layer exists on the concrete surface, their influence on temperature effect can be considered by
equivalent heat release coefficient f;. The equivalent heat release coefficient of different insulation materials
can be calculated according to Eq. (8).

Bo= ®)

B+Z(hi/li)

where A;, h; refers to the thermal conductivity and thickness of the surface covering material of concrete.

Combined with the statistics of wind speed on-site, the wind of magnitude 3-4 is mostly in this area
in a year. Based on the relationship between wind level and speed, it is estimated that the annual average
wind speed at the construction site is about 5.6 m/s. While it is assumed that the internal wind speed of
the box girder is 0 m/s considering the relatively closed internal surface. Steel formwork with a thickness of
5 mm was used on the external and internal surfaces of the construction, and the thermal conductivity of
the steel formwork is 163.29 kJ/(m-h-°C). The equivalent heat release coeflicients of concrete steel formwork
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outside the box girder are 9728 kJ/(m*-h-°C), the coefficients inside are 21.79 kJ/(m?-h-°C), and the heat
release coefficients of top concrete exposed in air are 99.67 kJ/(m*-h-°C).

4 Result and Analysis
4.1 Analysis of Temperature Field Variation

Referring to [19] and [31], combined with the model boundary conditions, material mechanics, hydra-
tion heat parameters, and the actual engineering situation in Section 2, simulation was carried out based on
the established model.

The temperature field results within 45 days from the beginning of pouring to the completion. The
temperature field cloud diagram of representative time nodes is shown in Fig. 8.

(a) Day 1 after casting

(b) Day 2 after casting

(c) Day 3 after casting

(d) Day 4 after casting

(e) Day 5 after casting

Figure 8: (Continued)
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Figure 8: The temperature change cloud diagram of the composite beam after concrete casting

(1) Since the ambient temperature was set at 30°C, the initial temperature of the concrete when poured
into the mold was 20°C. The heat source function was activated simultaneously with the concrete pouring.
Once initiated, the hydration heat reaction in the composite box girder caused its temperature to rise. The
temperature of the top and bottom slabs, webs, and diaphragm center continued increasing, exceeding
the ambient temperature. Moreover, the most significant temperature rise was concentrated in the lining
concrete area at both ends. The peak concrete temperature reached 47.86°C on the 2nd day after pouring
(the 2nd day of the hydration heat reaction). Over time, the temperature at the core of the concrete gradually
decreased from its peak, and the overall temperature of the concrete, pedestal, and lower foundation
approached the ambient temperature.

(2) Although the interior of the box girder exhibits relatively poor convective heat dissipation due to
its enclosed space, the top and bottom slabs in the central region of the structure are thinner. Additionally,
the corrugated steel web is thinner than the concrete web, providing superior heat conduction performance.
Consequently, the steel formwork has limited thermal insulation capacity. As a result, even though the
maximum adiabatic temperature rise of the concrete mix ratio used in the field reached 96.273°C (calculated
according to Eq. (3)), the overall temperature rise of the composite box girder did not reach its theoretical
maximum. This indirectly demonstrates that the corrugated steel web composite beam structure exhibits
better heat dissipation.
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4.2 Analysis of Temperature and Stress Time History from Key Nodes

The temperature time history changes of key calculation points. A1-A7 and B1-B7 sections are shown
in Figs. 9 and 10.
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Figure 9: Temperature time history diagram of Al-A7 after pouring
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Figure 10: Temperature time history diagram of B1-B7 after pouring

(1) As is shown in Fig. 9, for the sections of A1-A7, Al, and A3 reached the maximum values of 33.65°C
and 34.08°C respectively on the 2nd day after pouring. Due to the thinness of the middle part of the roof and
the flange, they gradually decreased in the process of heat exchange and heat dissipation with the ambient
temperature and approached the ambient temperature of 30°C on about the 12th day. There is relatively more
concrete around A2, A4, A5, A6, and A7, and the heat dissipation performance was weak, so the temperature
rise was relatively large. A2, A4, and A5 all reached the maximum temperature rise of 42.59°C, 47.15°C and
47.50°C on the 2nd day of the heat of hydration reaction, respectively, while A6 and A7 reached the maximum
temperature rise of 43.29°C and 45.60°C on the third day of the heat of hydration reaction, respectively. At
the same time, due to the existence of lining concrete, the temperature difference between the inner surface
of A4 and A5 was large, and the maximum temperature appreciation was obviously higher than that of other
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monitoring points. After each node reached the maximum temperature rise, the hydration heat reaction
reached its limit, and the temperature gradually decreased under the action of convection heat transfer.

(2) As shown in Fig. 10, for cross-sections Bl1-B7, the maximum temperatures recorded for Bl, B2, B3,
B4, B5, and B6 were 33.5°C, 36.7°C, 36.5°C, 33.3°C, 33.4°C, and 35.9°C, respectively, on the 2nd day of
the hydration heat reaction. These temperatures then gradually decreased as heat dissipated to the ambient
environment, eventually approaching the ambient temperature of 30°C between the 11th and 14th day. B7
recorded a peak temperature of 37.7°C on the third day of the hydration heat reaction.

By analyzing the temperature rise variations in both sections, it was observed that thinner structural
areas exhibited better heat transfer performance, allowing them to reach their peak temperature more
quickly. In contrast, thicker sections or areas with limited convection experienced a slower temperature rise
but attained a higher peak temperature. Since the concrete diaphragm in section Bl-B7 enhanced the heat
dissipation capability of the composite beam, the maximum temperature rise in this section was significantly
lower than that in the concrete lining areas at both ends. Additionally, both A7 and B7, located near the
pedestal and enclosed above the box girder, exhibited the slowest rate of temperature reduction after reaching
their peak temperature.

The change of temperature stress at key calculation points of sections A1-A7 and B1-B7 with time is
shown in Figs. 11 and 12.

(1) At calculation points Al and A3, located at the flange position and the central area of the concrete
roof, the temperature-induced tensile stress increased rapidly as the hydration heat reaction caused the
internal temperature to exceed the ambient temperature. The stress reached its peak value of 2 MPa on the
third day (Fig. 11). Subsequently, the tensile stress at this location gradually decreased and stabilized over
time. The absolute temperature stress at this point was the highest among the tensile stress values. However,
since the temperature-induced stress remained below the allowable tensile stress limit, cracking did not occur
at this position.

(2) The concrete in the areas of A2, A4, A5, A6, and A7 is relatively thick, which consequently hampers
efficient heat dissipation. As a result, the temperature stress underwent only a negligible alteration (Fig. 12).
Both the tensile stress and compressive stress fluctuated in the range of absolute value of 0.25 MPa, which is
far less than the allowable tensile stress. Since the compressive stress of concrete is larger, the risk of fracturing
is even less.

As for Fig. 12, the law of variation is similar to Fig. 11, but the maximum temperature rise of the
diaphragm position is smaller than that of the concrete lining area at both ends, so the maximum stress is
relatively smaller.
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5 Analysis of Sensitive Factors
5.1 Influence of Different Concrete Mix Ratios on Temperature Effect

The impact of various concrete mix ratios on the hydration heat temperature field and stress field was
analyzed, considering the mix ratio as the sole variable. The design conditions are listed in Table 5. The effect
of varying cement content on the heat generation and temperature stress from the hydration reaction was
primarily examined in conditions 1 to 3. Meanwhile, the influence of different fly ash ratios (11.3%, 15%, and
18.3%) on heat generation and temperature stress was evaluated in conditions 4 to 6.

Table 5: Analysis and design scheme of concrete mix ratios on temperature effect

Working Cement/  Fly ash/ Water/ Fine Coarse  Admixture/ Adiabatic
condition (kg/m’) (kg/m’) (kg/m®)  aggregate/ aggregate/ (kg/m’) temperature
(kg/m’) (kg/m®) rise/°C
1 494 0 150 686 1120 10.374 96.273
2 464 0 150 716 1120 9.744 90.198
3 524 0 150 656 1120 11.004 102.378
4 414 53 150 770 1070 4.92 86.922
5 414 73 150 750 1070 4.92 90.812
6 414 93 150 730 1070 4.92 93.730

The hydration heat reaction of different working conditions was analyzed by selecting the top and
bottom Al and A3 points in the numerical model of the concrete structure. The calculation results are shown
in Fig. 13.

The data presented in Fig. 13 indicates that the adiabatic temperature rise varied depending on the
concrete mix ratio. The higher the adiabatic temperature rose, the higher the heat generated by the hydration
reaction in the center of the concrete, and the higher the temperature of the concrete. After the hydration
reaction occurred, the highest temperature was basically reached on the 2nd day after concrete casting under
each working condition. As the degree of hydration heat reaction weakened, the maximum temperature at
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the reference point began to decrease gradually. The linear change of temperature was basically the same on
the 12th day after pouring, and it is consistent with the ambient temperature.
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Figure 13: Influence of different concrete ratios on the temperature-time history of key nodes

The temperature data in the calculation results were compared and analyzed.

(1) In contrast with working conditions 1, 2 and 3, the amount of cement affects the heat generated by
the hydration reaction. The higher the amount of cement, the higher the temperature of the reaction;

(2) Compared with working conditions 4, 5, and 6, the less fly ash is used, the lower the temperature of
the hydration heat reaction produces. It can also be seen from Fig. 10 that the hydration heat can be effectively
reduced by using a small amount of fly ash and reducing the amount of cement.

According to the time history change of temperature stress at the reference pointin Fig. 14, the calculated
adiabatic temperature rise was different due to the different mix ratios of concrete. The higher the adiabatic

temperature rise, the higher the heat generated by the hydration reaction in the center of the concrete, and
the higher the temperature stress.

Based on the data of conditions 1 to 3, the greater the amount of cement, the higher the heat generated
by the hydration reaction which made the concrete center produce a large compressive stress. According to
the data of working conditions 4 to 6, the less the amount of fly ash used, the lower the heat generated by
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the hydration reaction, which can effectively reduce the tensile stress of concrete and prevent the occurrence

of cracks.
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5.2 Influence of Different Initial Pouring Temperatures on Temperature Effect

When the initial temperature of concrete casting was defined as the only variable, the influence
of the initial temperature on the temperature stress and heat generated by the hydration reaction was
analyzed. Table 6 compares the working conditions because the initial temperature of casting mainly affects

the hydration reaction coeflicient m.

Table 6: Contrast table between initial casting temperature and reaction speed coefficient

Casting temperature/°C

5 10 15 20 25 30

Reaction speed coefficient/(1/d)

0.295 0.318 0.340 0.362 0.384 0.406
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Similarly, Al and A3 on the top and bottom plates of the structural model were extracted to analyze.
The changes in temperature stress and temperature are depicted in Figs. 15 and 16.
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Figure 16: Influence of different initial casting temperatures on temperature stress time history of key nodes

As is shown in Fig. 15, different initial pouring temperatures had a great influence on the maximum
temperature generated by the hydration heat reaction of concrete. Before the hydration heat of the concrete
structure did not occur, the temperature of the key points Al and A3 of the top and bottom plates of the
concrete structure first changed to the ambient temperature, and then after the hydration heat occurred,
the temperature of the concrete center rose rapidly until the temperature peak, and finally slowly decreased
to about the 12th day. The consistent linear law is maintained until it approaches the ambient temperature.
From the slope of the curve, the higher the molding temperature, the shorter the time to reach the highest
temperature inside the structure, indicating that the higher the molding temperature, the faster the hydration
rate, the faster the heat production rate, and the faster the temperature rise.

In actual construction, ice can be added to concrete to reduce the initial temperature of concrete
pouring, thus the maximum temperature of concrete hydration heat can be effectively reduced [36,37].

According to Fig. 16, the initial temperature of casting has little effect on the thermal stress. When the
initial temperature is 5°C, 10°C, 15°C, 20°C, 25°C, and 30°C, the temperature stress of Al varied from 1.9
to 2.0 MPa, while that of A2 varied from 1.89 to 1.95 MPa. Although the effect of different initial casting
temperatures on the thermal stress of concrete structures is not particularly large, it is suggested that the
initial temperature should be controlled at a lower temperature during construction, which can effectively
reduce the temperature cracks formed by the thermal stress of concrete [38-40].

As shown in Fig. 15, at key points Al and A3, with an ambient temperature of 30°C, the residual
stress in the stable phase of temperature stress remains similar when the initial pouring temperature
exceeds 5°C. However, at an initial pouring temperature of 5°C, the residual stress is significantly higher
than in other cases. This indicates that a substantial difference between the pouring temperature and
ambient temperature can influence residual stress levels during the stable phase of temperature stress.
When the pouring temperature is excessively high, it accelerates the cement hydration reaction, leading to
heat accumulation within the structure and the formation of temperature gradients. Additionally, higher
temperatures cause rapid water evaporation, increasing the risk of dry shrinkage cracks. Conversely, when the
pouring temperature is too low, the hydration reaction slows significantly, particularly in the early stages after
concrete placement. This results in delayed strength development, potentially preventing the concrete from
adequately supporting its self-weight, construction loads, or external forces, which may lead to deformation,
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cracking, or other structural defects. Therefore, both excessively high and low pouring temperatures, along
with substantial differences between the pouring and ambient temperatures, can compromise the safety and
stability of concrete structures.

5.3 Influence of Different Average Ambient Temperatures on Temperature Effect

The ambient temperature around concrete is defined as the only variable, and the influence of ambient
temperature on heat generated by hydration reaction temperature and thermal stress is analyzed when the
ambient temperature is 5°C, 10°C, 15°C, 20°C, 25°C, 30°C and 40°C. Similarly, Al and A3 from the top and
bottom plates of the structural model were extracted to analyze the hydration reaction at different average
ambient temperatures. The calculation results are shown in Figs. 17 and 18.

Combined with Figs. 17 and 18, different ambient temperatures have a great influence on the maximum
temperature of the hydration reaction, and indirectly affect the final temperature of the concrete structure.
Before the hydration reaction started, the temperature approached the ambient temperature; After the
hydration reaction occurred, the increase in ambient temperature resulted in elevated tensile stress, showing
a certain linear relationship. As the hydration reaction weakened as it ended, the temperature slowly
declined to ambient temperature, and the corresponding temperature stress gradually decreased tending
towards stability.

Based on analysis of the influence of different environmental average temperatures on temperature
effect, it can be seen that ambient temperature affects the adiabatic temperature rise of hydration heat reaction
of the concrete structure to a certain extent, and then leads to temperature stress fluctuation. Therefore, in
order to effectively prevent concrete cracks, concrete pouring should be carried out in the lower temperature
period as much as possible during construction, and it is best to concentrate on the construction in the
morning or evening in summer.
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6 Prevention for On-Site Temperature Cracks

Through the analysis above, some measures can be obtained to guide the on-site control of concrete
temperature cracks during the pouring of CBGCSWs.

(1) Raw materials and mixture ratio are the most direct factors affecting the heat of hydration. To a
certain extent, the maximum temperature rise of the hydration can be effectively controlled by choosing
suitable cement varieties, controlling reasonable cement dosage, and adding necessary mineral admixtures,
thus preventing the occurrence of temperature cracks. However, it should be noted that the concrete mixed
with fly ash will have a certain impact on the prestress of composite beams, which needs to be considered
during prefabrication.

(2) Control the temperature of output and casting. In the raw materials of concrete, stones have a small
specific heat capacity, yet they constitute the largest proportion in terms of mass within a concrete unit. While
the specific heat capacity of water is larger, it is necessary to control the temperature of stone and water in
order to control the output temperature of concrete. Cooling can be achieved by washing aggregate with cold
water and mixing it with ice on site.

(3) Different ambient temperatures are factors affecting the heat of hydration. The temperature com-
position of mass concrete includes the heat generated by the hydration reaction of cement, the heat of the
concrete itself during casting, and the heat dissipation during the cooling process after casting. Choosing
the right season and temperature for the casting process can help reduce hydration heat and prevent
temperature cracks.

(4) Considering that excessively high or low concrete pouring temperatures, as well as significant
differences between the pouring temperature and ambient temperature, may affect the safety and stability of
concrete structures, the following temperature ranges are recommended based on the analysis in this study,
taking into account concrete mix ratios, curing conditions, and ambient temperatures: 1) 5°C-10°C: At the
lower end of this range, the hydration reaction progresses slowly, leading to a relatively slower strength gain.
However, this reduces water evaporation, minimizing the risk of shrinkage cracks. It is suitable for projects
where early concrete strength is not critical but crack prevention is prioritized, such as winter construction
of large-volume concrete. 2) 10°C-25°C: This range supports normal hydration reactions, ensuring good
workability and flowability of concrete. It provides ease of operation for workers, allowing the concrete to
properly fill the mold space with stable strength development. This range is ideal for most standard concrete
structure projects, ensuring construction quality and molding performance. 3) 25°C-30°C: In this range, the
hydration reaction accelerates, shortening the initial setting time of the concrete. Construction time becomes
more constrained, requiring faster progress in tasks such as compaction and surface finishing. During high-
temperature seasons, if effective cooling measures are implemented (e.g., using chilled water, ice chips, or
cooling aggregates), the concrete’s basic performance can still be ensured. This range is suitable for summer
high-temperature conditions with appropriate precautions to prevent rapid water evaporation, which could
lead to surface cracking. 4) Above 30°C: Beyond this threshold, the hydration heat increases significantly,
leading to faster slump loss, greater mixture stickiness, and excessively rapid early strength gain. This may
result in increased strength variability, more shrinkage cracks, accelerated rebar corrosion, and weakened
impermeability and freeze-thaw resistance.

(5) Demolding at the right time point. Strengthen the real-time monitoring of concrete temperature,
remove the formwork when the concrete begins to cool down/ and cover it with geotextile for maintenance.
Assuming that the top plate of CBGCSWs is covered with geotextile during the implementation of the project,
the thickness of the geotextile is 1.5 cm, anptd its thermal conductivity is 0.18 kJ/(m?-h-°C). At this time, the
equivalent heat release coefficient of the upper part of the top plate is 10.71 kJ/(m?-h-°C), which is greatly
reduced compared with the coefficient of 99.67 kJ/(m*h-°C) directly exposed in the air, and the effect of
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controlling the temperature gap is obvious. It is also important to ensure proper wet curing of reinforced
concrete structures after formwork removal, with the timing determined based on specific conditions: 1)
Normal Environmental Conditions: Under typical conditions, curing should generally begin within 12 h after
concrete pouring. For standard reinforced concrete structures, if the ambient temperature is around 20°C,
relative humidity is 60%-70%, and surface water evaporation is normal, wet curing can start immediately
after formwork removal. This ensures the concrete surface remains moist, preventing rapid water loss that
could lead to shrinkage and cracking. 2) High-Temperature and Dry Conditions: In environments with high
temperatures (above 30°C) and low humidity (below 40%), rapid water evaporation can exacerbate concrete
shrinkage, causing plastic shrinkage cracks as early as 4-6 h after pouring. In such cases, wet curing should
commence immediately after formwork removal by spraying water or covering the surface with moisture-
retaining materials. If feasible, curing measures can begin as early as 2-3 h after pouring. 3) Low-Temperature
Conditions: When the ambient temperature is below 5°C, water evaporation slows, and the cement hydration
reaction is significantly delayed. However, curing is still necessary to ensure concrete strength development.
Direct water curing should be avoided to prevent freezing damage. Instead, insulation materials like blankets
or straw mats can be used for thermal and moisture retention. Covering should typically be completed
within 6-8 h after formwork removal, with adjustments based on factors such as initial concrete temperature
and cement type. 4) Special Concrete Types: For special types of concrete, such as large-volume or high-
strength concrete, which have higher cement content, greater hydration heat, or stricter curing requirements,
thermal and moisture retention curing should commence immediately after final setting (usually 8-12 h after
pouring). In such cases, curing may need to start as soon as the formwork is removed.

(6) Control the quality of concrete vibration. Avoid under-vibration or over-vibration, ensure that the
concrete is uniform and dense, and avoid touching the steel bar and formwork. Before the initial setting of
concrete when the concrete has a certain strength, the surface of concrete can be closed many times, thus
slurry can be removed, and the small cracks on the surface can be compacted.

To verify the effectiveness of the proposed temperature control measures, on-site prefabrication trials of
CBGCSWs were conducted. The results from the finite element simulation, which predicted temperature rise
and potential cracking, were compared with real-time monitoring data collected during the prefabrication
process. The finite element simulation results exhibited a strong correlation with the observed temperature
profiles and on-site crack formation patterns. By implementing these measures, no visible cracks were
detected in the prefabricated CBGCSWs. The successful application of these methods is illustrated in Fig. 19.
This integrated approach, combining simulation and practical validation, establishes a robust framework
for controlling temperature-induced cracking in CBGCSW prefabrication and offers a reliable strategy for
enhancing future prefabrication practices.

(a) Position of inter-span diaphragm (b) Position of end diaphragm

Figure 19: Prefabrication of composite beam with corrugated steel webs on site
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7 Conclusion

(1) The cement content directly influences the temperature of the hydration reaction: a higher cement
content leads to greater heat generation during hydration. Conversely, a lower fly ash content results in
reduced hydration heat. By decreasing cement content and incorporating a moderate amount of fly ash,
hydration heat can be effectively reduced, thereby minimizing the risk of crack formation.

(2) The higher the initial pouring temperature, the shorter the time required for the structure’s internal
temperature to reach its peak, indicating a faster hydration rate, increased heat generation, and a more
rapid temperature rise. When there is a significant difference between the initial pouring temperature and
the ambient temperature, the residual temperature stress becomes notably higher. Based on the concrete
mix ratio, curing conditions, and ambient temperature, three optimal pouring temperature ranges are
recommended: 5°C-10°C, 10°C-25°C, and 25°C-30°C.

(3) The average environmental temperature significantly influences the peak hydration reaction temper-
ature and indirectly affects the final temperature of the concrete structure. To prevent cracking in zero-block
concrete, casting should be conducted during the early morning or cooler evening hours.

(4) During the determination of the boundary convection coefficient, to account for unfavorable work-
ing conditions, geotextile and sprinkler curing were not considered, and only natural ventilation conditions
were analyzed. However, the equivalent heat release coefficient under geotextile conditions was calculated,
clearly demonstrating its superior effectiveness in controlling temperature differences. By combining an
optimized demolding time with supplementary geotextile and sprinkler curing, the temperature peak, the
maximum temperature difference between the internal and external surfaces, and the tensile stress in mass
concrete can be effectively reduced, thereby preventing the occurrence of temperature-induced cracks.

Based on the findings of this study, future work will focus on investigating the long-term effects of
initial pouring temperatures on the durability and microstructural evolution of concrete. Additionally,
advanced environmental control techniques should be explored to enhance temperature control in mass
concrete structures. Finally, large-scale validation of these conclusions in real-world construction projects
under diverse site conditions, including extreme climates and complex geometries, will further solidify the
applicability of the findings and guide the development of refined construction practices.
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Abbreviations

CBGCSWs  Composite box girders with corrugated steel webs

PC Precast Concrete
C55 Grade of Concrete. A standard classification for concrete based on its compressive strength (55 MPa at
28 days curing)

JL Polycarboxylate Superplasticizer. A chemical admixture used to improve the workability of concrete and

reduce water content while maintaining strength
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