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Abstract. To prevent early cracking of concrete during the construction period
of long-span composite girder bridges with corrugated steel webs, the influence
of concrete hydration heat on early stress and temperature fields of structures was
studied through on-site testing. A finite element analysis model was used to ana-
lyze the influence of cement dosage, molding temperature and ambient tempera-
ture on the temperature field and temperature stress. Results indicate that for
composite beam bridges with corrugated steel webs, peak base plate temperatures
occur 20-28 hours after pouring, with a maximum inner-surface-to-surface tem-
perature difference of approximately 24°C. To mitigate early hydration effects in
composite girder bridges with corrugated steel webs, it is recommended to opti-
mize concrete mixtures or reduce cement dosage while using low-hydration-heat
cement. Additionally, controlling molding temperature within 5~15°C during
winter construction can help manage hydration heat and minimize early cracking
risks.

Keywords: composite girder with corrugated steel webs; hydration heat; temper-
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1 Introduction

The corrugated steel web composite girder bridge represents an innovative steel-con-
crete composite structure, offering distinct advantages over conventional concrete box
girders. By substituting concrete webs with corrugated steel plates, this configuration
reduces the self-weight of the bridge structure, optimizes mechanical performance, and
enhances cost-effectiveness. However, challenges arise in the concrete bottom slab due
to substantial concrete pouring volumes at pier-top segments, high concrete strength
grades, and excessive cement usage. These factors contribute to significant heat accu-
mulation within the bottom slab concrete, exacerbating internal-external temperature
differentials and generating excessive thermal stresses. Consequently, such conditions
induce concrete cracking, compromising structural durability and integrity.
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Current research efforts, both domestically and internationally, have extensively in-
vestigated hydration heat-induced temperature and stress fields in conventional con-
crete box girders and corrugated steel web composite girders[1-2]. Wang et al.[3] de-
rived a two-dimensional temperature gradient model for novel corrugated steel web
composite box girders through field monitoring data regression. Wang Jianqun et al.[4-
5]]conducted empirical measurements of hydration heat distribution in typical concrete
box girder cross-sections, elucidating temperature evolution patterns and proposing
formwork removal time optimization strategies. Laibi et al.[6] identified early-age
cracking in concrete bridges caused by hydration heat-induced temperature gradients,
noting that thermal effects dissipate within two days post-pouring. Zhang Ning[7] es-
tablished a distributed temperature sensor array in concrete box girders to map full-
section hydration heat fields, advancing understanding of thermal development mech-
anisms.

Regarding crack mitigation in corrugated steel web composite girder bottom slabs,
Ma Honglin et al.[8] proposed technical countermeasures including modified hanging
basket rear anchoring points and anti-crack mesh reinforcement in the bottom slab, ef-
fectively suppressing construction-phase concrete cracking.

Despite substantial progress in thermal control strategies for conventional concrete
box girders, systematic analyses of hydration heat-induced thermal cracking in corru-
gated steel web composite girder bottom slabs remain limited. Practical engineering
applications continue to report early-age cracking phenomena post-concreting, exacer-
bated by distinct thermal transmission characteristics compared to traditional box gird-
ers. Notably, research addressing crack etiology in high-cement-content bottom slabs
and corresponding mitigation measures remains critically underdeveloped.

This study conducts comprehensive monitoring and analysis of hydration heat data
following bottom slab concreting in the 0#—1# segments of a large-span corrugated steel
web composite girder bridge in Jiangsu Province. Key parameters influencing early-
age thermal effects—including cement dosage, pouring temperature, and ambient con-
ditions—are systematically evaluated. Comparative analyses of hydration heat re-
sponses across different sectional configurations are performed to elucidate thermal
stress contributions to incipient cracking. Based on empirical findings, optimized miti-
gation strategies are proposed. Concurrently, the effectiveness of winter construction
protocols and curing measures is validated, providing technical references for analo-
gous engineering applications.

2 Field Monitoring and Numerical Simulation

2.1  Project Overview

The bridge under consideration is a large-span composite box girder with corrugated
steel webs, featuring a span arrangement of (85 + 138 + 85) meters and incorporating
external prestressing tendons. The girder adopts a single-cell cross-section with a
bottom slab width of 6.5 meters, cantilever extensions of 3.263 meters on each side,
resulting in a total width of 13.025 meters. The girder depth varies quadratically from
8.3 meters at the mid-support to 4.2 meters at mid-span. Structural dimensions and
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material specifications are as follows: the deck slab is 0.3 meters thick; the cantilever
slabs taper from 0.8 meters at the root to 0.2 meters at the tip; the corrugated steel webs
range in thickness from 16 mm to 26 mm; and the bottom slab thickness varies between
0.32 meters and 1.0 meters. Concrete webs are utilized exclusively at the girder ends
and pier-top regions, where the corrugated steel webs are internally reinforced with
concrete linings. All intermediate segments employ corrugated steel webs without
additional concrete components. This design optimizes structural efficiency by
leveraging the high shear resistance and reduced self-weight of corrugated steel webs,
while localized concrete integration enhances durability and stress distribution at
critical nodes. The quadratic depth profile ensures uniform bending moment
distribution under service loads, aligning with modern principles of long-span
composite bridge engineering. Figure 1 shows the on-site construction drawing.

Fig. 1. Site construction drawing

The main bridge superstructure employs C55-grade concrete with a mix design ratio
(by mass) of Grade 525 cement : sand : coarse aggregate : water : expansion agent :
water-reducing agent = 480 : 756 : 1088 : 116 : 49 : 7.35. For the construction of the
right-side 0# block at Pier 143, a two-phase pouring sequence was implemented: the
first phase involved casting the bottom slab concrete, followed by the second phase for
the deck and web concrete. The 1# segment box girder was constructed via cantilever
casting using form travelers, completed in a single continuous pour.

2.2 Field Monitoring

To investigate the thermal effects induced by hydration heat during concrete pouring in
the 0#-1# segments, temperature-stress measurement points were strategically posi-
tioned within the bottom slab of these segments, which exhibit the maximum thickness
at the mid-support location. The instrumentation scheme included one test cross-section
on the 0# segment with three measurement points (Points 1, 2, 3), one test cross-section
on the 1# segment with three measurement points (Points 4, 5, 6), and three supplemen-
tary analytical points (Points 7, 8, 9) positioned at the mid-haunch region of the 1#
segment bottom slab to assess early hydration responses across differing sectional con-
figurations, as illustrated in Figure 2.
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For construction methodology, the right-side 0# block of Pier 143 adopted a two-
phase pouring process: the first phase involved bottom slab concreting, followed by
deck and web concreting in the second phase. The 1# segment was constructed via
cantilever casting using form travelers and completed in a single continuous pour. This
instrumentation and methodology aimed to elucidate the relationship between hydra-
tion heat accumulation, temperature stress development, and early cracking behavior in
the corrugated steel web composite girder system.
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Fig. 2. Layout of measurement points

2.3  Finite Element Model Development

A three-dimensional solid model of the pier-top 0#—1# blocks was established using
finite element analysis software. Hexahedral-dominant meshing was implemented with
second-order elements to ensure computational accuracy. To optimize computational
efficiency, a quarter-symmetry model was adopted for numerical analysis. Boundary
conditions were defined as follows: fixed constraints were applied to the bottom of the
0# block crossbeam, vertical displacements were restricted at the bottom slab interfaces
of both 0# and 1# blocks, and symmetry constraints were imposed on the symmetric
planes. Temporary loads and prestressing effects were excluded from the thermal anal-
ysis, as their influence on hydration heat-induced temperature distribution was deemed
negligible (Figure 3 illustrates the finite element configuration).

To simulate early-age concrete shrinkage, the shrinkage function prescribed by the
Chinese code JTG 3362-2018 was incorporated, with relative humidity set to 80%
based on field conditions. Thermophysical parameters of the concrete (e.g., thermal
conductivity, specific heat) were derived from the mix proportions and material prop-
erties of constituent components (Table 1), following the methodology outlined in Ref-
erence[9]. Construction-related parameters, including ambient temperature and curing
conditions, were assigned based on field monitoring data (Table 2). This comprehen-
sive modeling approach ensured alignment between numerical simulations and actual
construction processes.
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Fig. 3. Finite element model

Table 1. Thermal parameters of various components of concrete

Component Thermal Conductivity Specific Heat Capacity
(kJ/m-h-°C) (kJ/kg-°C)
Water 2.160 4.187
Ordinary Portland Cement 4.593 0.536
Rock 10.467 0.708
Medium Sand 11.129 0.745

To enhance simulation fidelity, convection coefficients at concrete-environment in-
terfaces were derived from the empirical formula in Reference[11], accounting for the
thermal exchange characteristics of 6 mm thick steel formwork (applied to the bottom
slab and exterior surfaces of the 0#—1# blocks), 20 mm thick wooden formwork (used
for inner linings and crossbeam exteriors), 26 mm thick corrugated steel webs, and ge-
otextile coverings on the top and upper bottom slab surfaces. This approach ensured
robust alignment between numerical predictions and observed thermal behaviors during
hydration.

1

ﬂzl/ﬂi+(hl.//1i)

(M

[} — Total heat transfer coefficient (kJ/(m?-h-°C))
ﬂi — Convective heat transfer coefficient of the solid surface in air (kJ/(m?-h-°C))
hl. — Thickness of insulation material (m)

/1i — Thermal conductivity coefficient of insulation material (kJ/(m-h-°C))

Given an on-site construction wind speed of 2 m/s, the convective heat transfer co-
efficient was determined as 53 kJ/(m?-h-°C). Thermal conductivity coefficients for ma-
terial interfaces were assigned as follows: wooden formwork (0.828 kJ/(m-h-°C)), steel
formwork (208.8 kJ/(m-h-°C), indicating negligible insulation capacity), and geotextile
(0.18 kJ/(m-h-°C)). Surface-specific thermal exchange coefficients were calculated as
49.35 kJ/(m?-h-°C) for unformed surfaces, 52.86 kJ/(m?-h-°C) for steel formwork inter-
faces, 23.23 kJ/(m?-h-°C) for wooden formwork interfaces, and 11.41 kJ/(m?-h-°C) for
geotextile-covered surfaces.
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Concurrently with the bottom slab hydration heat monitoring, companion-cured con-
crete specimens were prepared to evaluate early-age mechanical properties, including
compressive strength and elastic modulus. The tensile strength development was deter-
mined using the empirical relationship from Reference[10]:

-ﬂ:,r) =0.2 l(jr(;u,r) )2/3 2)

! ’
where f(,,,) and f(cu,r) represent the calculated axial tensile strength and measured
cubic compressive strength of the concrete attime 7 respectively. The time-dependent

material properties of the concrete, including strength development and thermal param-
eters, are comprehensively summarized in Table 2.

Table 2. Measured mechanical properties of C55 Concrete

Curing Age (d) Compressive Tensile Strength Elastic Modulus
BA8 Strength (MPa) (MPa) (x 10*MPa)
1 22.7 1.68 —
2 29.5 2.01 —
3 384 2.39 3.08
4 46 2.70 —
5 51.3 2.90 3.48
6 53.4 2.98 —
7 55.2 3.04 3.61

2.4  Comparison and Analysis of Calculation Results and Test Results

To verify the simulation accuracy, the on-site measurement results are compared with
the numerical simulation results, and the comparison results are shown in Figure 4. It
can be seen from Figure 4 that the calculated results at each measuring point are in good
agreement with the measured results. The peak temperature of the bottom plate of Block
0 reaches the highest temperature of 70°C 26 hours after pouring, and the maximum
measured temperature difference between the inner and outer surfaces is 37°C. The
peak temperature of the bottom plate of Block 1 reaches the highest temperature of
66°C 30 hours after pouring, and the maximum measured temperature difference be-
tween the inner and outer surfaces is 24°C, which is close to the specification limit. It
is necessary to pay special attention to the early cracking problems caused by the hy-
dration heat. The temperature difference between Measuring Point 2 and Measuring
Point 3 at the center of the bottom plate of Block 0 is larger than that between Measuring
Point 2 and Measuring Point 1, with a difference of 5°C within 12-24 hours. The tem-
perature difference between Measuring Point 5 and Measuring Point 6 at the center of
the bottom plate of Block 1 is larger than that between Measuring Point 5 and Measur-
ing Point 4. The reason is that the curing conditions for the bottom plates of Block 0
and Block 1 are that the upper part is covered with a quilt, and the lower part is a steel
formwork. The steel formwork has good heat transfer and dissipation performance.
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Fig. 4. Comparison of measured temperature at measurement points with numerical simula-
tion results

3 Analysis of Influencing Factors on Early-Age Hydration Heat

3.1 Impact of Cement Dosage

To investigate the influence of cement dosage on the early-age thermal effects in the
1# segment bottom slab, measurement points 5 and 6 were selected as the study subjects
under practical construction conditions. Using the baseline cement content of 480 kg/m?
from the actual project, comparative analysis cases were established with reduced ce-
ment dosages of 360 kg/m?, 390 kg/m3, 420 kg/m?, and 450 kg/m*. The temperature-
time curves of the bottom slab concrete are presented in Figure 5, the internal-external
temperature differential curves in Figure 6, and the first principal stress-time curves at
measurement point 6 in Figure 7.

As shown in Figures 5 and 6, increasing cement dosage elevates both the peak core
temperature and internal-external temperature differential. When cement content rose
from 360 kg/m? to 480 kg/m?, the peak temperature increased from 55.4°C to 72.0°C—
a 16.6°C differential corresponding to a theoretical temperature rise of approximately
1.0°C per 10 kg/m?® cement increment. Concurrently, the internal-external temperature
differential expanded from 18°C to 25°C.

Figure 7 demonstrates that the first principal stress at measurement point 6 exhibited
a rapid increase between 8—40 hours post-pouring, peaking at 40 hours, followed by
gradual stress relaxation until stabilization after 96 hours. While none of the five cases
exceeded the concrete tensile strength, the baseline case (480 kg/m?) displayed both the
highest stress growth rate and ultimate stress magnitude. The peak stress for the base-
line case was 1.53 MPa, compared to 1.14 MPa for the 360 kg/m? case, with each 30
kg/m? cement increment increasing peak stress by 0.10 MPa.

Therefore, reducing cement content within structural strength compliance thresholds
effectively lowers thermal peaks and temperature gradients, thereby mitigating thermal
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stress. This approach aligns with the empirical relationship of 1.0°C temperature vari-
ation per 10 kg/m?® cement adjustment, providing a practical strategy to minimize early-
age cracking risks in similar engineering applications.
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Fig. 5. Temperature time history curves with different cement usage at measurement point 5
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Fig. 6. Time history curves of temperature difference between core and surface with different
cement usage
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Fig. 7. Time history curves of the first principal stress at measurement point 6
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3.2  Influence of Pouring Temperature

In accordance with relevant construction specifications, the temperature of fresh con-
crete during placement must not fall below 5°C in winter or exceed 35°C in summer.
To investigate the influence of pouring temperature on early-age thermal effects in the
1# segment bottom slab, measurement points 5 and 6 were analyzed under five scenar-
ios: a baseline pouring temperature of 15°C (reflecting actual project conditions) and
comparative cases of 10°C, 20°C, 25°C, and 30°C. Temperature-time curves at meas-
urement point 5 are shown in Figure 9, internal-external temperature differential curves
between Points 5 and 6 in Figure 9, and first principal stress-time curves at measure-
ment point 6 in Figure 10.

As shown in Figure 8, elevated pouring temperatures accelerate the heating rate and
increase peak core temperatures. Raising the pouring temperature from 10°C to 30°C
elevated the peak temperature from 67.9°C to 81.7°C, corresponding to an average in-
crease of 3.1°C in peak temperature per 5°C increment in placement temperature. Fig-
ure 9 demonstrates that higher pouring temperatures exacerbate internal-external tem-
perature differentials. At 10°C, the maximum differential remained within the code
limit of 25°C (23.7°C), while all other cases exceeded or approached this threshold,
indicating elevated cracking risks.

Figure 10 reveals that the first principal stress evolution at measurement point 6 fol-
lowed patterns similar to those observed under varying cement dosages. Although none
of the cases surpassed the tensile strength limit, higher pouring temperatures intensified
stress accumulation rates. For instance, the 30°C case exhibited a stress growth rate
approaching the tensile strength development rate, significantly increasing early-age
cracking susceptibility.

To mitigate these risks, practical recommendations include maintaining pouring
temperatures between 5—15°C during winter construction through heated mixing water
and avoiding midday pours in summer while implementing pre-cooling of aggregates
and mixing water. These measures reduce thermal peaks and temperature gradients,
effectively decelerating stress accumulation rates and lowering peak stresses. This strat-
egy aligns with the empirical relationship of a 0.62°C peak temperature increase per
1°C elevation in pouring temperature, ensuring compliance with durability require-
ments under seasonal constraints.
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Fig. 8. Temperature time history curves with different molding temperature at measurement
point 5
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Fig. 9. Time history curves of temperature difference between core and surface under different
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Fig. 10. Time history curves of the first principal stress at measurement point 6

3.3 Influence of Ambient Temperature

To investigate the influence of ambient temperature on early-age thermal effects in the
1# segment bottom slab, Monitoring Points 5 and 6 were selected as the study subjects.
A Dbaseline ambient temperature of 15°C (reflecting actual project conditions) was
adopted, with comparative analysis cases of 5°C, 10°C, 20°C, and 25°C. The pouring
temperature was fixed at 15°C, and other parameters remained unchanged. Tempera-
ture-time curves at Monitoring Point 5 are shown in Figure 11, internal-external tem-
perature differential curves between Points 5 and 6 in Figure 12, and first principal
tensile stress-time curves at Monitoring Point 6 in Figure 13.

As shown in Figure 11, increasing the ambient temperature from 5°C to 25°C ele-
vated the peak temperature from 68.1°C to 75.9°C. While the heating rates at the slab
center (Point 5) were similar across all cases, lower ambient temperatures accelerated
post-peak cooling rates within the concrete matrix. Figure 12 demonstrates that ambient
temperature significantly affects internal-external temperature differentials. Raising the
ambient temperature from 5°C to 25°C reduced the differential from 27.6°C to 22.3°C.
Conversely, lower ambient temperatures amplify this differential due to enhanced sur-
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face heat dissipation influenced by curing conditions, such as ambient temperature fluc-
tuations and wind speed. To mitigate such risks, enhanced surface insulation measures
are critical during winter construction.

Figure 13 reveals that the first principal tensile stress at Monitoring Point 6 followed
a consistent pattern across all cases: tensile stress increased during the initial 0—40 hours
post-pouring, followed by gradual relaxation over the subsequent 40—168 hours. Alt-
hough none of the cases exceeded the material’s ultimate tensile strength, lower ambi-
ent temperatures accelerated tensile stress accumulation rates. For example, the stress
growth rate in the 5°C case was 18% higher than that in the 25°C case during the critical
8—40 hour period.

These findings confirm that ambient temperature during curing significantly influ-
ences near-surface cracking susceptibility in the composite girder’s bottom slab. To
address this, winter construction should prioritize thermal insulation measures (e.g.,
insulated formwork or geotextile covers) and schedule concrete placement during peri-
ods of relatively higher ambient temperatures. Such strategies reduce internal-external
temperature differentials by 15-20% and decelerate tensile stress accumulation rates by
18-25%, effectively mitigating early-age cracking risks under seasonal temperature
variations.
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Fig. 11. Temperature time history curves with different ambient temperature at measurement
point 5
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operating conditions
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Fig. 13. Time history curves of the first principal stress at measurement point 6

4 Conclusions and Suggestions

(1) For this composite beam bridge with corrugated steel webs, the concrete strength
grade is C55 and the water-cement ratio is 0.24. During the construction of the bottom
slab, the heat of hydration will last for about one week, reaching the peak temperature
20 to 28 hours after pouring. The maximum temperature difference between the inside
and outside is approximately 24°C, which is close to the limit specified in the code.
During the construction period, early cracks caused by the heat of hydration of the con-
crete should be closely monitored, and appropriate cooling measures should be taken.

(2) Under the premise of meeting the design strength of the structure, it is recom-
mended to reasonably adjust the water-cement ratio, reduce the amount of cement ap-
propriately, and use low-heat or medium-heat cement instead of ordinary Portland ce-
ment when conditions permit to reduce the total heat of hydration of the concrete.

(3) Reducing the mold temperature appropriately has a significant impact on con-
trolling the peak temperature and the temperature difference between the inside and
outside of the bottom slab concrete. For every 10°C increase in the mold temperature,
the temperature difference between the inside and outside increases by approximately
9°C. During winter construction, it is recommended to heat the mixing water to a tem-
perature of 5 to 15°C to control the mold temperature.

(4) The lower the ambient temperature, the greater the temperature difference be-
tween the inside and outside of the concrete. Therefore, it is recommended to cover the
concrete with insulating materials such as cotton quilts immediately after pouring in
winter construction to reduce the heat diffusion on the surface of the concrete and
thereby reduce the temperature difference between the inside and outside.
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