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Uneven temperature rise in large concrete structures, caused by cement hydration heat, can
lead to thermal stress concentration, resulting in early cracking. This, in turn, affects the
structure's functionality, durability, and overall integrity. To address this issue, this study
focuses on the Jinan Yellow River Fenghuang Bridge in China, analyzing the hydration
heat kinetics of ultra-large volume concrete and exploring temperature control measures.
It also investigates the distribution patterns of temperature and stress in the joint section
and foundation slab across different seasons. The findings reveal that in colder seasons, the
temperature stress in the first layer of the joint section fluctuates significantly with age,
strongly influenced by hydration heat. In contrast, during warmer seasons, the early-stage
stress in the foundation slab is relatively low, but it increases rapidly in later stages.
Therefore, temperature control measures need to be optimized to mitigate stress risks.
Experimental and numerical simulation results show strong consistency, with errors not
exceeding 5%, confirming the accuracy and reliability of the model. Based on these
insights, the study proposes strategies for real-time monitoring, automatic early warnings,
and precise temperature control through an intelligent system. In warmer seasons,
enhanced cooling measures are recommended, while in colder seasons, increased
insulation is necessary. These adjustments significantly reduce temperature-induced stress
risks. The research offers both theoretical foundations and practical guidance for
temperature control during the construction of ultra-large volume concrete structures,
thereby improving engineering quality and ensuring structural safety.

1. INTRODUCTION

In recent years, with the ongoing expansion of infrastructure

reactions-including reaction rates and cumulative heat release-
are critically dependent on cement composition, mineral
admixture ratios, and environmental temperature.

construction, ultra-large volume concrete structures have been
widely applied in major projects such as hydraulic engineering,
transportation, energy, and high-rise buildings [1-3]. These
structures, characterized by their large volumes and thick
cross-sections, generate significant hydration heat during
construction, causing rapid internal temperature increases.
Due to concrete’s relatively low thermal conductivity, heat
within the structure is slow to dissipate, leading to large
temperature gradients and thermal stresses, which can result in
cracking and compromise the overall safety and integrity of
the structure [4, 5]. Consequently, the dynamic analysis and
effective control of hydration heat in ultra-large volume
concrete have become critical technical challenges in the field
of civil engineering.

The hardening process of concrete involves hydration
reactions between cement and water, with the associated
exothermic heat being the primary driver of temperature rise
in large-volume concrete structures. The kinetics of hydration
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Simultaneously, the evolution of internal temperature fields is
governed by coupled heat transfer mechanisms encompassing
thermal conduction, phase-change latent heat effects, and
boundary heat dissipation conditions [6-8]. A systematic
investigation of hydration thermodynamics in large-volume
concrete is therefore essential for elucidating temperature
evolution mechanisms and advancing intelligent thermal
regulation technologies. While current engineering practices
employ temperature control strategies such as embedded
cooling pipes, layered casting techniques, and composite
insulation systems [9, 10], significant challenges persist in
adapting these methods to extreme thermal environments
characterized by diverse geological conditions, climatic
variations, and structural configurations.

Recent advancements in large-volume concrete hydration
thermodynamics can be categorized into three key research
domains: (1) Hydration heat generation mechanisms:
Calorimetric studies have established modified Arrhenius
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equations and hyperbolic adiabatic temperature-rise models to
quantify exothermic behavior in cement-admixture systems
[11-14]. Experimental evidence demonstrates that 20%
cement replacement with volcanic ash powder reduces peak
exothermic output by 28% [15], while wood waste bottom ash
incorporation induces distinct modifications to hydration heat
release profiles [16]. Nevertheless, synergistic interactions in
multi-component cementitious systems remain insufficiently
characterized. (2) Temperature field prediction: Finite
element-based thermo-mechanical coupling models reveal
that incremental casting speed increases of 0.5 m/h elevate
core temperature rise by 6-8°C [17-20]. However, reconciling
cost constraints with control efficiency remains a persistent
technical challenge.

Therefore, using the Jinan Yellow River Fenghuang Bridge
in China as a case study, analyzes the hydration heat dynamics
of ultra-large volume concrete and the corresponding
temperature control measures. It reveals the distribution
patterns of temperature and stress in the joint sections and
foundation slabs under different seasonal conditions and
proposes cost-effective temperature control and crack
prevention technologies. The findings provide both theoretical
insights and practical guidance for optimizing temperature

control during the construction of ultra-large volume concrete
structures.

2. PROJECT OVERVIEW

The main bridge of the Jinan Yellow River Fenghuang
Bridge in China is designed as a three-tower, self-anchored
suspension bridge, featuring a main span of 2x428 m and a
bridge deck width of 61.7 m. Both the span and bridge width
are the largest in the world for this type of bridge. The bridge
tower connection section adopts a wedge-shaped design, with
maximum horizontal dimensions of 9 m x 12 m and a height
of 11.22 m, constructed using C60 concrete, making it a large-
volume concrete structure. The foundation slabs for the main
piers 23# to 25# are rectangular, with dimensions of 33.2 m x
23.2 m and a height of 5 m, and are cast using C35 concrete.
Both components are large-volume concrete structures, which
share the common challenges of significant hydration heat,
difficulty in crack control, and susceptibility to thermal
cracking. Figure 1 illustrates the general construction details
of the bridge tower connection section and foundation slab.
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Figure 1. General construction details

The bridge site is located in Jinan, China, in the middle
latitude zone. Influenced by solar radiation, atmospheric
circulation, and the local geographical environment, the area
has a warm temperate continental monsoon climate. During
winter, Jinan is dominated by cold high-pressure systems from
Mongolia, with northerly winds prevailing. Cold air masses
typically invade every 6 to 8 days, causing a continuous drop
in temperature. The average temperature in the coldest month
is below 0°C, with extreme minimum temperatures averaging
below -20°C. Days with temperatures below -10°C account for
98% of the cold days, which are concentrated in the winter
months. Winter precipitation ranges from 20 to 25 mm,
constituting only 3.0% to 3.7% of the annual total. The winter
season is marked by sparse rain and snow, frequent northerly
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winds, and dry, cold conditions.

3. POURING TEMPERATURE ANALYSIS
3.1 Theoretical analysis
The adiabatic temperature rise numerical model for the

concrete of the bridge tower connection section and
foundation slab is based on the following hyperbolic function:

Q) =Q,a-e") (1)



where, 7 represents the age of the concrete when shrinkage
begins, Qp is the final adiabatic temperature rise, and; a, f§ are
the coefficients that describe the variation in the adiabatic
temperature rise.

As time progresses, the elastic modulus is modeled using a
four-parameter double-exponential function, i.e.,

E(r) =E, +AE(l—e ") )
where, Eo represents the initial elastic modulus; AE is the
difference between the final elastic modulus E> and the initial
elastic modulus, which is equal to E>-Eo; and a, f denotes two
parameters related to the rate of change in the elastic modulus.
Furthermore, the concrete creep factor is taken as

C(t,7) = C,(1+9.207 °%)(1—e 07y

+C, (1+1.707 %) (1—e %) ®)
In the equation, C1=0.23/E,, C;=0.52/E).
The equivalent heat release coefficient f; for heat
dissipation from the concrete surface to the surrounding
medium through the insulation layer is calculated using the
following formula:

4 - 1
sl

where, £ is the heat release coefficient, 4; is the thickness of
the insulation layer in the i-th layer, and /; is the thermal
conductivity of the insulation material in the i-th layer.

A 5mm steel plate insulation is applied to the side of the
tower connection section. The equivalent heat release
coefficient for the steel plate is denoted as 75.9KJ/m-h-°C,
which is calculated using Eq. (4).

The thickness of the insulation layer is analyzed and
calculated based on Eq. (5).

“4)

_05N(T -T)A

T AT )

In the equation, § represents the thickness of the concrete
surface insulation layer, m; A, is the thermal conductivity of
concrete, W/(m-K), set at 2.33; A; is the thermal conductivity
of the insulation material, W/(m-K), with geotextile selected
for this project, taken as 0.06; T is the surface temperature of
the concrete pouring body, °C; T, is the average atmospheric
temperature when the concrete reaches its peak temperature 3
to 5 days after pouring, °C; T; — T, ranges from 15°C to 20°C,
with a value of 15°C; T, 1s the maximum temperature inside
the concrete pouring body, °C; T}, is the surface temperature of
the concrete, °C; h is the actual thickness of the concrete
structure, taken as 6.22 m; Ty,,, — Tp ranges from 20°C to
25°C, with a value of 25°C; K, is the heat transfer coefficient
correction factor, set at 1.3.

Therefore, & = 0.5x6.22x15x0.06x2/(2.33x25)=0.0625m.
Thus, the thickness of the geotextile insulation should be
greater than 62.5 mm.

3.2 Estimation of the pouring temperature

The concrete mix ratio for the bridge tower connection
section (C60) is as follows: cement: fly ash: crushed stone:
sand: water: admixture is equal to 425: 75: 1070: 713: 140: 6.5.
For the foundation slab (C35), the mix ratio is: cement: fly ash:
crushed stone: sand: water: admixture is equal to 300: 100:
1035: 811: 152: 4.4. Using local meteorological data and
empirical temperature data for the raw materials, the concrete
pouring temperatures for different months are estimated based
on the reference mix ratios for the bridge tower connection
section and foundation slab.

The construction period for the bridge tower connection
section runs from August to October, while the foundation slab
construction may extend across different months throughout
the year. As a result, the year is divided into three periods to
estimate the pouring temperatures. To control the temperature
of raw materials, measures such as regulating cement
temperature upon delivery and shading coarse aggregates will
be implemented. Specifically, the cement temperature will be
kept below 60°C, and the fly ash temperature will be
maintained below 40°C. Table 1 presents the estimated
pouring temperatures for both the bridge tower connection
section and the foundation slab across different months.

Table 1. Concrete pouring temperatures for the bridge tower connection section and foundation slab across different months

Structural Time Amll?i‘(;fll;a'lg“:mp Cement Admixture Aggregate Water Temp. Inlz/g:;ion Pouring

Component ©C) * Temp. (°C) Temp. (°C) Temp. (°C) (°O) Temp. (°C) Temp. (°C)
Connection Aug. 27.5 60 45 27 28 32.6 345
section Sep. 235 60 45 23 24 29.0 30.9
Oct. 17.0 60 40 17 18 239 25.7
Jan. 1.2 60 35 4 2 10.0 11.7
Feb. 43 60 35 6 4 11.7 134
Mar. 10.5 60 35 12 10 16.9 18.6
Apr. 18.6 60 40 21 18 24.7 26.4
May. 234 60 40 26 23 29.1 30.8
Foundation Jun. 28.6 60 40 31 28 334 35.1
slab Jul. 28.9 60 40 31 29 33.6 353
Aug. 27.6 60 40 30 27 325 342
Sep. 23.7 60 40 26 23 29.1 30.8
Oct. 17.6 60 40 20 17 23.8 255
Nov. 9.8 60 35 11 9 16.1 17.8
Dec. 2.6 60 35 5 2 10.6 12.3
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According to the construction schedule, the pouring period temperature ranges from 30.8°C to 35.3°C. To control the

for the bridge tower connection section is from August to foundation slab pouring temperature and keep it below 28°C,
September. Based on the local temperature conditions, the measures such as mixing crushed ice and using chilled water
average temperature during this period ranges from 23.5°C to will be implemented.

27.5°C, resulting in an estimated pouring temperature for the
C60 concrete of between 30.9°C and 34.5°C. To ensure that
the pouring temperature of the tower foundation and solid 4. NUMERICAL SIMULATION AND RESULT

sections does not exceed 28°C, measures such as mixing ANALYSIS

crushed ice and using chilled water will be implemented. From

December to February, which is the cold season in Jinan, the 4.1 Material parameters

average temperature ranges from 1.2°C to 4.3°C, with the

foundation slab pouring temperature ranging from 11.7°C to Table 2 presents the physical and thermal parameters of the
13.4°C. During March, April, October, and November, Jinan concrete used for the bridge tower connection section and
experiences moderate  temperatures, with  average foundation slab. The concrete mix design is initially
temperatures ranging from 9.8°C to 18.6°C. The pouring determined through laboratory trials and trial mixes, ensuring
temperature of the foundation slab is estimated to range from that the concrete meets construction requirements such as
17.8°C to 26.7°C. In May and September, the high- workability, setting time, and other relevant factors. The
temperature season in Jinan, the average temperature ranges concrete slump is controlled within the range of 180+20 mm.

from 23.4°C to 28.9°C, and the foundation slab pouring

Table 2. Physical and thermal properties of concrete in the bridge tower connection section and foundation slab

Elastic 28d Splittin 7d Hydration Coefficient of Thermal . . .
StGr::gzh Modulus Tensile%trenggth Heat oyf Cement Thermal Conductivity S?E;;E;Eg;‘ t Adu;g:;lzoz‘;mp'
(MPa) (MPa) J/g) Expansion (°C)  (kJ/(m-d-°C)
C60 4.6x10° 44 312 8x10° 228 0.89 56
C35 3.13x10% 3.1 312 8x10°° 228 0.92 44
4.2 Model establishment days. The pouring period for the bridge tower connection
section is considered to be from August to September, with a
ANSYS finite element analysis software is used for pouring temperature of 28°C. The ambient temperature is
hydration heat analysis, carried out in two steps: Step 1 based on the average maximum and minimum temperatures
involves performing a temperature field analysis using for Jinan in August, calculated as 28+4°C. Under these
temperature field elements to examine the hydration heat conditions, the highest internal temperature of the bridge tower
temperature distribution; Step 2 converts the temperature field connection section reaches 77.3°C, with the peak temperature
results from Step 1 into a stress field, applies the occurring approximately 2 to 3 days after pouring. Figure 2
corresponding boundary conditions, and then conducts the presents the simulation model for the connection section
stress field analysis. The 3D solid element used for concrete is concrete and the temperature envelope showing the highest
SOLID70, which has one temperature degree of freedom per internal temperature, while the stress field is detailed in
node, heat conduction capability in all three directions, and Figures 3(a) to 3(d).
allows for the transfer of uniform heat flow. This element is
suitable for both 3D static and transient heat analysis, as well NODAL ELEMENT MISC.

as structural analysis. The bridge tower connection section and
foundation slab are modeled using 853 and 1239 elements,
respectively. To take advantage of structural symmetry, the

+7.732%10!
7.3%

+7.174x10!
7 8%

concrete models for the bridge tower connection section and 8%

foundation slab are reduced to 1/2 and 1/4 of the full geometry, +6.616x10'
respectively, for temperature and stress calculations. —7.6% ~

+6.057x10!

4.3 Simulation calculation results gy 3-4%
= +5.499%10!

= 0,

. . . —7.0%
4.3.1 Brl@ge tower connection section ' +4.940%10"

The bridge tower connection section is constructed using —5 7%
steel formwork, with a thickness of 4 to 5 mm. Based on the +4.382x10!

calculations, the surface heat dissipation coefficient is set at 5.2%

75.9 kJ/(m?-h-°C). The concrete is poured in two stages, with +3.823x10'
cooling water pipes spaced 0.8 m apart horizontally, and the I-OO{}‘_’3 265x10!
effect of these cooling pipes is included in the temperature ’
calculations. Temperature and temperature stress calculations

begin at the start of the concrete pouring, simulating the Figure 2. Simulation model of the connection section
temperature and stress development over the subsequent 60 concrete and the envelope of the highest internal temperature
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Figure 3. Concrete temperature and stress fields at various ages for the bridge tower connection section

Table 3 presents the results of the temperature stress field
calculations for the connection section during the cold season.
A comparative analysis of the temperature stresses at different
ages (3d, 7d, 28d, 60d) is conducted for both the first and
second layers. The results indicate that the temperature stress
in the first layer is 1.63 MPa at 3 days, gradually increasing to
2.63 MPa at 7 days, reaching a peak of 3.01 MPa at 28 days,
and then decreasing to 2.11 MPa at 60 days. In contrast, the
stress variation in the second layer is more gradual, with values
of 1.59 MPa at 3 days and 2.52 MPa at 7 days. After 28 days,
the stress decreases significantly, with values of 1.43 MPa at
28 days and 1.35 MPa at 60 days. The safety factor calculated
for all cases is no less than 1.35. Overall, the temperature stress
in the first layer exhibits a larger fluctuation over time and
remains higher than in the second layer, suggesting that the
first layer is more significantly affected by temperature
changes during the cold season. The splitting tensile strength
values for the cold season are 2.2 MPa, 3.6 MPa, 4.4 MPa, and
4.6 MPa at 3d, 7d, 28d, and 60d, respectively.

Table 3. Calculation results of the temperature stress field for
the bridge tower connection section in the cold season

Operating Structural

Condition Component 3d 7d 284 60d
Low- The first layer 1.63 263 3.01 2.11

temperature The second 159 250 143 135
season layer

4.3.2 Foundation slab

The foundation slab is constructed using a steel sheet piling
enclosure and steel formwork, with the formwork thickness
ranging from 4 to 5 mm. Based on calculations, the surface
heat dissipation coefficient is taken as 75.9 kJ/(m?-h-°C). The
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concrete for the foundation slab is poured in two stages along
the thickness direction: the first stage is 2 meters, and the
second stage is 3 meters. A total of five layers of cooling water
pipes are arranged, with the horizontal spacing between the
pipes set at 1.0 meter, and the effect of the cooling pipes is
incorporated into the calculations. The temperature and
temperature stress calculations begin at the start of concrete
pouring, simulating the development of temperature and stress
over the next 60 days.

The analysis is divided into three scenarios. For the low-
temperature season, the concrete pouring for the foundation
slab is considered to take place from December to February,
with a pouring temperature of 14°C and an ambient
temperature of 5+4°C. For the normal-temperature season, the
pouring is considered to occur in March, April, October, and
November, with a pouring temperature of 27°C and an ambient
temperature of 16+4°C. For the high-temperature season, the
pouring is considered to occur from May to September, with a
pouring temperature of 28°C and an ambient temperature of
28+4°C.

Under the conditions of the low, normal, and high-
temperature seasons, the highest internal temperatures of the
foundation slab are 49.7°C, 62.6°C, and 64.3°C, respectively,
with the peak temperature occurring around 3 to 4 days after
pouring. The temperature envelope showing the highest
internal temperatures of the foundation slab is presented in
Figure 4(a) to (c), and the stress calculation results are shown
in Table 4. The stress field for the low-temperature season is
illustrated in Figure 5.

Table 4 presents the calculated results of the temperature
stress field for the foundation slab under different seasonal
conditions. It analyzes the temperature stress variation trends
for the first and second layers at ages of 3, 7, 28, and 60 days.

In the cold season, the temperature stress for both the first



and second layers generally increases with age. At 60 days, the
stress in the first layer reaches 2.22 MPa, while the second
layer reaches 2.39 MPa, slightly higher than the first layer.

In the normal temperature season, the stress variation trend

for both layers is similar to that in the cold season, but the
overall stress values are slightly higher. Notably, the stress in
the second layer reaches 2.40 MPa at 60 days, the highest
observed value.
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Figure 4. Temperature envelope of the highest internal temperature of the foundation slab concrete in different seasons

Table 4. Calculation results of the temperature stress field for the foundation slab under various seasonal conditions

Operating Condition Structural Component  3d 7d  28d  60d
Low-temperature season The first layer 122 1.62 2.01 222
P The second layer 124 1.7 211 239
N 1t t The first layer 1.18 1.62 212 234
ormal-temperature scason The second layer 121 1.61 2.12 240
Hich-temperature season The first layer 1.18 1.00 150 2.20
gh-temp The second layer 114 154 170 225
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(b) The first layer, age 60d
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Figure 5. Concrete temperature and stress field at various ages for the foundation slab in the cold season

In the high-temperature season, the temperature stress
shows significant fluctuations. The first layer experiences
lower stress at early (3 days) and mid (7 days) stages, with
values of 1.18 MPa and 1.00 MPa, respectively. However, the
stress increases rapidly in the later stages (28 days and 60
days), reaching 1.50 MPa and 2.20 MPa, respectively. The
stress variation in the second layer is relatively stable,
gradually increasing from 3 days to 60 days, reaching 2.25
MPa. The calculated safety factor is approximately 1.37 for all
cases.

Overall, the stress growth patterns for the foundation slab in
the cold and normal temperature seasons are quite similar,
whereas the high-temperature season shows lower early-stage
stress with rapid growth in later stages. This indicates that
temperature control measures need to be optimized according
to seasonal variations. Throughout the year, the splitting
tensile strength values are 1.7 MPa, 2.4 MPa, 3.1 MPa, and 3.5
MPa at 3, 7, 28, and 60 days, respectively.

5. INTELLIGENT TEMPERATURE CONTROL
SYSTEM AND PERFORMANCE COMPARISON
5.1 Intelligent temperature control system

The concrete intelligent monitoring system proposed in this
paper is an integrated intelligent temperature control solution,

developed by combining a wireless monitoring module, an

3.5
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B
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& —— Simulate layer 1
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——=—- Test layer 2
L5
1.0 - :
3 7 28 60
td

(a) Bridge tower connection section low-temp season
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intelligent pipe cooling module, and an intelligent curing
module. The system incorporates capabilities for data analysis,
information push and early warnings, automatic control, and
remote monitoring, all designed to optimize concrete
temperature control and significantly reduce the risk of
cracking. Key features of the system include wireless data
collection, a data processing platform, online platform
notifications and alerts, and intelligent control mechanism.

The system provides scientific references for parameter
adjustment and measure formulation by comparing and
analyzing construction methods and temperature control data
for similar structures in the same region, in conjunction with
optimization solutions derived from finite element simulations.
Additionally, by utilizing wireless automatic monitoring
equipment, the system enables real-time data monitoring and
automatic early warnings. Users can access data in real-time
through WeChat and PC clients, and receive alerts for key
parameters, ensuring full control over on-site temperature
conditions. Furthermore, the system platform supports identity
authentication and hierarchical management, delivering
personalized data based on user needs and enabling a closed
feedback loop through online responses, which enhances issue
resolution speed. Lastly, the intelligent temperature control
system integrates proprietary pipe cooling circulation and
curing modules, offering high-precision flow control. It allows
for real-time adjustments based on platform data, overcoming
the delays and inaccuracies typically associated with manual
interventions.

2.5

o/MPa

Simulate layer |
Simulate layer 2
Test layer 1
Test layer 2

1.0 . a
28

t/d
(b) Foundation slab low-temperature season

60



o/MPa

——— Simulate layer 1
—— Simulate layer 2
wa e Test layer:1
<= Tegtlayer2

1.0

28
t/d
(c) Foundation slab normal-temperature season

60

201
<
-
> 15
S
1.0 1 —— Simulate layer 1
—— Simulate layer 2
———- Test layer 1
—=—=—- Test layer 2
0.5 . s
3 7 28 60
t/d

(d) Foundation slab high-temperature season

Figure 6. Comparison of experimental and numerical simulation results

5.2 Comparison of temperature control effects

Temperature and stress sensors are installed in the bridge
tower concrete connection section and foundation slab, with
the cooling pipe temperature regulated through the concrete
intelligent monitoring system. Figure 6 presents a comparison
of the experimental and numerical simulation results. By
analyzing the experimental and simulation data, the accuracy
and applicability of the numerical model can be clearly
evaluated. In this study, the experimental results and
simulation data exhibit consistent trends in key indicators,
indicating that the numerical model accurately reflects the
dynamic behavior of concrete hydration heat. Under varying
temperature conditions, the maximum discrepancy between
the experimental and simulation results is 2%, which may be
attributed to boundary condition settings and mesh refinement.
Overall, the experimental data confirm the reliability of the
numerical simulation, providing strong support for the
widespread application of the concrete intelligent monitoring
system.

6. CONCLUSION

This paper uses the Jinan Yellow River Fenghuang Bridge
in China as a case study to develop a hydration heat dynamic
model suitable for various engineering conditions. The study
identifies key factors influencing the temperature and stress
fields in large-volume concrete and proposes cost-effective
temperature control and crack prevention techniques. The
main findings are as follows:

(1) Based on the seasonal temperature characteristics in
Jinan, targeted temperature control measures are proposed.
During the high-temperature season and under high pouring
temperature conditions, cooling measures such as the use of
crushed ice and chilled water are necessary, and the pouring
temperature must be strictly controlled to not exceed 28°C. In
contrast, during the cold season, insulation measures should be
implemented to maintain construction quality. These measures
effectively reduce temperature-induced stress risks and
prevent harmful cracking.

(2) The temperature stress in the bridge tower connection
section during the cold season shows clear trends with age.
The temperature stress in the first layer fluctuates more
significantly and is consistently higher than in the second layer,
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indicating that the low-temperature environment has a more
pronounced impact on the first layer. Additionally, the
splitting tensile strength at all ages meets safety requirements,
with safety factors no less than 1.35, confirming the rationality
of the structural design.

(3) The temperature stress variation in the foundation slab
is heavily influenced by seasonal factors. During the cold and
normal-temperature seasons, the temperature stress increases
gradually with age, and the stress distribution remains
relatively uniform. In contrast, the high-temperature season
exhibits lower stress in the early stages, followed by rapid
growth in the later stages, highlighting the need for enhanced
temperature control measures to maintain construction quality
during hot weather.

(4) The comparison of experimental data with numerical
simulation results shows consistent trends in key indicators,
with a maximum error of only 5%. This demonstrates that the
numerical model accurately reflects the dynamic behavior of
concrete hydration heat. These results provide essential
reference for the design and optimization of temperature
control systems and lay a solid theoretical foundation for their
application in large-volume concrete construction.

(5) The concrete intelligent temperature control system,
which combines wireless monitoring, data comparative
analysis, and automated regulation, enables real-time
monitoring of on-site temperature changes and provides early
warnings. This improves construction efficiency and safety.
The system’s high-precision flow control module significantly
reduces the lag associated with manual adjustments, further
optimizing the temperature control effect.
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