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Numerical Simulation Study of Temperature Control in Hydraulic Concrete



Abstract: Hydraulic mass concrete is prone to developing temperature cracks due to the accumulation of hydration heat. Numerical simulation of temperature control is a key technology for crack prevention. This paper focuses on numerical simulation methods and parameter calibration, systematically reviews the modeling theory in this field, analyzes the research progress of core elements such as hydration heat models and environmental boundary conditions, expounds the current research status in terms of research object expansion, numerical method verification, and scheme parameterization optimization, and dissects existing issues such as insufficient parameter transferability, multi-objective optimization conflicts, and difficulties in implementing multi-field coupling. Finally, it summarizes the technical consensus formed and proposes future research directions in cross-engineering parameter calibration, multi-measure collaborative optimization, and digital closed-loop control.
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1. Introduction



Hydraulic mass concrete (such as concrete dams, gate piers, surge tanks, pressure regulating shaft caps, ultra-thick slabs, culvert and tunnel linings, underground chamber invert arches, etc.) generally features thick cross-sections, large volumes, long construction periods, and complex constraints. Moreover, its early-age hydration reaction is concentrated, its thermal conductivity is limited, and internal heat is difficult to dissipate in a timely manner. This can easily lead to high temperature peaks and significant temperature gradients, resulting in large thermal stresses, which in turn may cause cracks under the constraints of the structure or foundation. Existing finite element simulation schemes are often "based on empirical division" and lack



close coupling with quantitative data of temperature and stress fields, affecting the scientificity and reliability of the schemes. Yuan Guanglin [1] systematically studied the hydration heat temperature field and temperature stress development law of mass concrete during construction based on on-site temperature monitoring and three-dimensional finite element analysis, focusing on the ship lock slab. He pointed out that if low hydration heat cement and reasonable temperature control measures are not adopted, the surface tensile stress during the cooling stage can approach or even exceed the tensile strength of concrete, easily inducing harmful temperature cracks.
2. Theoretical background
2.1 Control equations and modeling framework
The temperature field of large-volume hydraulic concrete is essentially a time-dependent process of 'internal heat source driven, boundary heat exchange controlled, heat conduction diffusion.' For regular components, finite difference method and analytical approximation method can be used, while for complex structures, finite element three-dimensional modeling is often used.
2.2 Hydration heat model and parameter calibration
Hydration heat is the main source of uncertainty in temperature field prediction. If the calibration of the heat source term is unreliable, even using a fine mesh may not ensure the reliability of the prediction. Hou Dongwei [2] proposed a modeling approach based on adiabatic temperature rise tests, degree of hydration, and the idea of equivalent age. Chen Changjiu [3] established a model that can better simulate the influence of cement particle size distribution and initial temperature on the adiabatic temperature rise process of concrete, providing a theoretical basis for the inversion of adiabatic temperature rise parameters in engineering. Li Hongsheng [4] found that composite mineral admixtures and inhibitors can significantly reduce the temperature peak and delay its occurrence, while also reducing early-age expansion and shrinkage deformation. Alsulami S N, Chen [5] developed a multi-scale hydration model based on the chemical composition of cementitious materials and mix proportions, and the results show that the adiabatic temperature rise predicted by the model agrees well with the measured values, which can serve as an effective alternative to adiabatic temperature rise tests for fly ash concrete. Kai S C, Wen B X [6] proposed a mass concrete adiabatic temperature rise model that simultaneously considers the initial temperature, temperature history, activation energy, and the degree of completion of the adiabatic temperature rise. Jin D J et al. [7] proposed an analytical model of concrete adiabatic temperature rise based on isothermal calorimetry of cementitious materials, achieving a parametric representation of the concrete adiabatic temperature rise curve and providing practical steps for establishing the adiabatic temperature rise curve using isothermal calorimetry results in engineering. Dabarera A et al. [8] established a time-varying model of hydration degree of cement and slag, free water content, specific heat, and total heat release, and combined them to form a method for predicting adiabatic temperature rise that takes into account the effects of water-cement ratio, slag replacement rate, slag physical properties, and initial temperature.
2.3 Environmental boundary conditions
For open-air or semi-open hydraulic structures, solar radiation and atmospheric temperature changes often dominate surface temperature fluctuations, while the convective heat transfer coefficient is influenced by wind speed, surface conditions, and formwork insulation. Wang Yuchuan [9] revealed that the temperature field of box-girder hydration heat evolves over time in the pattern of 'rising—sustained high temperature—cooling—equilibrium,' providing measured data for boundary condition values and temperature difference control indicators. Gao Yuan [10] pointed out that environmental humidity gradients and repeated wetting and drying can significantly change the stress distribution within components, which is a factor that cannot be ignored when assessing the risk of cracks in large-scale exposed concrete.
3 Research status
3.1 Research Object and Scenario Expansion
The types of hydraulic structures are diverse, resulting in different dominant mechanisms for temperature field issues. Yang Lei [11] addressed the temperature control problem during the construction period of concrete gravity dams and provided cooling strategies and temperature control indicators for different construction stages. Xu Jiaxiang [12] pointed out that reasonable control of pouring sequence, mold temperature, and insulation curing can effectively reduce the temperature difference between the bottom plate and the outside and the cooling rate, and reduce the risk of cracking. Ai Xinying [13] proposed a comprehensive temperature control scheme with the highest temperature and internal temperature difference meeting the specifications, achieving the construction goal of no harmful temperature cracks in large-volume bottom plate concrete. Shi Tao [14] systematically discussed the values and sensitivity of parameters such as convective heat transfer coefficient, pipe diameter, and flow velocity, and pointed out that by comparing with on-site monitoring data, a more reasonable heat transfer coefficient can be inverted. Sun Lihuan [15] established a three-dimensional temperature field numerical model considering the surrounding rock and ventilation conditions, and proposed a temperature control and crack prevention combined scheme suitable for underground engineering.
3.2 Numerical Methods and Verification
The current research mostly adopts the approach of "measured or empirical parameters + numerical simulation" to conduct studies. However, the differences mainly lie in the calibration method of the heat source term, the strategy for selecting boundary conditions, and the accuracy of depicting the construction process. In terms of the heat source term, Hou Dongwei et al. [2] correlated the hydration heat parameters with the isothermal temperature rise test and the equivalent age model, providing a reproducible path to improve the parameter transferability. In terms of boundary conditions, the diurnal cycle characteristics of solar radiation and atmospheric temperature changes jointly determine the development of the surface temperature gradient, and should be applied through time functions or measured data. Lin Y, Chen H [16] established a non-uniform heat analysis model for early-age concrete components based on the measured concrete isothermal temperature rise curve and the thermal conductivity of the steel formwork-concrete interface. Ballim Y [17] developed a two-dimensional finite difference temperature field model based on the Fourier heat conduction equation, using the heat release rate measured by the calorimeter as the heat source input, and introducing the maturity function to describe the change of heat release rate with the degree of hydration. Tian Zhongchu [18] inverted multiple thermal parameters based on the measured engineering temperature and obtained a temperature curve that matched well with the actual measurement. Zhou Lei [19] proposed a dynamic intelligent inversion method for the thermal parameters of large-volume concrete. Zhang Guozhi et al. [20] conducted an inversion analysis of the thermal insulation temperature rise parameters of concrete, combining the insulation temperature rise formula obtained from the experiments with the on-site monitored temperature, and using methods such as least squares to identify the model parameters with the goal of minimizing the sum of the squared errors between the calculated and actual maximum temperatures.
3.3 Optimization of parameterization scheme
The engineering value of numerical simulation lies in converting the construction organization and temperature control measures into "comparable and optimizable" variables. Jiang Kai [21] based on three-dimensional finite element forward analysis and simplex optimization method, conducted inverse analysis on the thermal parameters of the already poured concrete in the construction area, and used the inverse parameters to predict the temperature of the newly poured construction area. Gong Jingwei [22] proposed the closed-loop control idea of "on-site monitoring - feedback analysis - authenticity state analysis - temperature control measure regulation", and studied the self-generated volume deformation calculation model and the artificial intelligence inverse method for thermodynamic parameters. Yu Keshi [23] used the improved genetic algorithm to conduct inverse calculations on the adiabatic temperature rise, temperature rise law function parameters, and insulation surface heat release coefficient of the large-volume concrete of the ship lock under the influence of environmental factors. Wang Peixiong [24] established a three-dimensional numerical model using ANSYS and compared it with on-site temperature measurement. The results showed that the internal temperature presented a distribution characteristic of "lower and gentle at the bottom, highest in the center, and lower at the top".
3.4 Systematic understanding of environmental effects
For open-air hydraulic structures, the environmental boundary not only affects the peak temperature but also influences the matching of the timing of the temperature peak occurrence and the development sequence of the temperature intensity. By comparing the seasons and pouring times, it is pointed out that pouring at 2 p.m. can significantly reduce the temperature peak on the first day and the temperature difference between the surface and the bottom. Fan Yuzhi [25] developed an intelligent temperature control system for large-volume concrete components such as bridge towers, piers, and anchors to achieve integrated temperature control of "monitoring - analysis - adaptive control". Zou Haitao [26] analyzed the influence laws of cooling water temperature, cooling pipe spacing, and surface insulation measures on the internal temperature difference and surface tensile stress based on the thermal-structural coupling model. The study shows that reasonable arrangement of cooling pipes can significantly reduce the temperature peak and regulate the surface stress field.
4 Research challenges and controversies
(1) Insufficient parameter uncertainty and transferability: Although a modeling path related to adiabatic temperature rise tests and equivalent age periods was proposed, a more systematic test calibration and parameter inversion system still needs to be established.
(2) The "double-edged sword effect" of layering and partitioning: Layering and partitioning can reduce peak values, but inter-layer reheating effects, interface stress concentration, and complex construction organization may introduce new weak links.
(3) Insufficient transition from a single temperature field to thermal-hygro-force coupling: Although studies have emphasized the importance of humidity and shrinkage stress from the perspective of multi-field coupling, engineering applications often simplify processing due to monitoring costs and modeling complexity. Yu Weijie [27] based on the temperature-humidity-force multi-field coupling model and combined with in-situ tests of constrained components, emphasized that in the temperature control of large-volume concrete, both humidity and shrinkage effects should be considered simultaneously.
5 Conclusion and Outlook
Methodological Chain Consensus: The research on the temperature field of hydraulic mass concrete is transitioning from empirical control to a closed loop of "experimental calibration - parameter inversion - boundary modeling - numerical solution - monitoring verification - scheme optimization". The approach provides a calibration method for adiabatic temperature rise and equivalent age, as well as a path for optimization through thermal-stress coupling and layered and blocked quantification, representing two key capabilities that are both reproducible and decision-making.
Consensus on executable measures: Cooling at the source, optimizing in layers and blocks, differentiated heat preservation and moisture preservation curing, and active cooling (cooling water pipes) when necessary are the main technical paths; especially, parameterizing the molding temperature control, temperature rise, temperature drop stages, and covering and spraying strategies is the key to turning empirical measures into verifiable controls.
Future Directions: It is recommended to prioritize the promotion of standardized processes for parameter calibration and boundary inversion that are transferable across different engineering projects; develop multi-objective optimization methods that incorporate layered and block-based insulation, as well as pipe cooling, in a coordinated manner; and integrate temperature control and temperature-humidity control into the entire process monitoring and digital construction  management,  strengthening  the  closed  loop  of "prediction-warning-regulation".
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