Effects of Steam Curing on Fly Ash-Based Concrete Performance: A Review


Abstract：Steam curing is a method used to increase the strength of concrete at an early stage. Steam curing is based on applying hot water vapor at a certain temperature, and determining its constant temperature time and maximum temperature according to the characteristics, cost and production cycle of the target concrete. As a kind of cementing material, fly ash is more and more used in concrete. This study summarizes the previous literature on the effect of steam curing system on the performance of fly ash based concrete. The increase of fly ash content has obvious negative effects on the early compressive strength, splitting tensile strength and elastic modulus of concrete, while the early high temperature curing can significantly improve the early mechanical properties of fly ash based concrete. Concrete exposed to steam curing at low temperatures of 45°C to 80°C and for longer periods of time within a 24-hour cycle can achieve better concrete performance. By studying the effect of steam curing on fly ash base concrete, a suitable curing scheme is developed and applied in practical engineering.
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1 Introduction
[bookmark: _GoBack]Concrete is a kind of building material composed of cement, sand, stone and other materials. There are many factors affecting the raw materials. At present, due to the wide variety of parameters involved in the prediction model and the difficulty in determining the specific values of some parameters, it is difficult for relevant personnel to accurately judge the concrete strength through the prediction model[1][2]. Through standard curing, concrete strength can be directly determined, and concrete design and production personnel can quickly grasp the potential activity of the admixture and adjust and determine the concrete mix ratio in time [3][4]. The strength of natural curing is closely related to age, curing time, curing method and curing temperature, and the curing method directly affects the strength. Steam curing is a thermal curing with high moisture content used to accelerate cement hydration at atmospheric pressure. Therefore, the strength of concrete products is developed in a short period of time [22,23]. Steam curing of concrete at a specified temperature can accelerate the increase in strength because the hydration rate of cement increases with the increase in temperature and curing time. Steam curing is a special case of wet curing in which steam involves supplying water to concrete at atmospheric pressure. Due to the heating of water, water vapor is produced at atmospheric pressure at temperatures below 100 °C.The most important process after concrete placement is maintenance [24,25]. Whether the curing is proper and sufficient directly affects the strength development, deformation, size, cracking, and durability of the concrete. Therefore, the curing determines whether the performance of the concrete in the actual structure is consistent with the performance of the laboratory standard conditioned concrete, and whether the design performance of the concrete can be achieved.
2. Influence of steam curing on concrete performance
2.1 Curing method of concrete
The curing of concrete refers to the necessary measures (including the humidity and temperature required for hydration) taken for the continuous hydration reaction of cementing materials (including cement and mineral admixtures) in concrete. The curing methods adopted for concrete after pouring are different. In actual construction, water coating is generally used for curing, while in the laboratory, humidity above 95% is usually used. The standard curing temperature of 20±3℃, in order to improve production efficiency and improve the early strength of concrete in the prefab plant, steam curing is generally used[5].
Osama Mohamed[6]studied the curing technology involving compounds, and conducted a comparative study on the influence of three curing methods: soaking in water, high-temperature air curing and compound curing on the compressive strength of concrete. A total of 20 mixtures were tested. For all mixtures, the sample cured in air at 45 ° C produced the highest 28-day compressive strength compared to other curing methods. Similarly, concrete samples cured with the compound yielded higher compressive strength compared to conventional curing methods.
2.2 Influence of steam curing on concrete performance
“Steam curing is based on the application of hot water vapor at temperatures ranging from 40°C to 100°C within a limited time” [7]. The maximum temperature and the longest curing time are determined according to the characteristics, cost and production cycle of the target concrete. The application of steam curing in precast structural components is beneficial and economical. One of its purposes is to accelerate the construction speed and achieve superior mechanical properties at an early stage.
Abdullah M. Zeyad[7] reviewed the previous literature on the impact of steam curing systems on the performance of concrete. Steam curing has a negative effect on the microstructure of concrete, and this effect increases with rising temperature. Besides the cooling period, the curing period and pre-curing period also have an impact on the performance and strength of concrete. Previous studies have confirmed that concrete exposed to low temperatures ranging from 45°C to 80°C for a longer period within a 24-hour cycle can achieve better concrete performance.
Yun Duan[8] experimentally analyzed the hydration heat, temperature changes and microstructure under different steam curing temperatures, and studied the influence of steam curing temperature and curing time on the compressive strength of concrete in the constant temperature stage to determine an economical and practical steam curing scheme. The results show that the higher the steam curing temperature and the longer the curing time, the greater the loss of later strength of concrete. If the duration of the constant steam curing temperature stage is too short, the hydration products only cover a small area, and most of the cement remains unhydrated. This is more obvious at lower steam curing temperatures.
Liu Baoju and Xie Youjun[9] used ultra-fine fly ash (UFA)and slag to replace cement, and accelerated the hydration of cement and fly ash with steam curing and chemical activators, and compared it with standard curing. The influence of steam curing on the compressive strength of UFA concrete with and without slag was studied. The test results show that the early strength of UFA concrete is relatively low after steam curing for 13 hours, and the 28-day compressive strength of the concrete after steam curing for 13 hours is significantly different from that of the standard curing concrete. However, the early strength of the concrete is relatively high after UFA is mixed with CaSO4 or Ca(OH)2, which accelerates the reactivity of fly ash. Concrete containing UFA and ground slag was prepared, and the compressive strength of the concrete was improved. The compressive strength of UFA concrete after demolding and steam curing is relatively low, and the 28-day compressive strength is also relatively low, indicating that the steam curing adaptability of UFA is poor.
Cement type, curing time and curing temperature are important parameters in the steam curing process. Selcuk Tqrkela [10] prepared concrete cubes with a water-cement ratio (W/C) of 0.44 and conducted steam curing for 4, 8, 16, 24 and 36 hours at curing temperatures of 65℃ and 85℃. The aim of the study was to compare the performance of the new binder with traditional PC42.5 under steam curing. The compressive strength values and maturity changes under each condition were compared. The test results show that Portland composite cement (PKC/A42.5) can replace PC42.5 for normal pressure steam curing in precast concrete production. However, if early demolding and early high strength requirements are present for PKC/A42.5 cement concrete, the curing temperature should be increased to 85.8℃.
A.A. Ramezanianpour[11]investigated the influence of 36 different steam curing regimes on the compressive strength and permeability of self-compacting concrete mixtures, which were used for the prefabricated concrete elements of the Sadar Elevated Highway. Compressive strength tests indicated that within a certain total time, an increase in pre-temperature exposure time would lead to a decrease in immediate compressive strength. On the other hand, increasing the treatment temperature and total cycle time (which implies higher energy and time consumption) resulted in higher immediate compressive strength. Moreover, the durability test results showed that applying a cycle with a maximum temperature of 70°C had a negative impact on the durability performance of the reference SCC, such as surface resistivity and capillary absorption. Finally, based on three indicators of compressive strength, permeability, and energy consumption of the steam curing cycle, the optimal steam curing cycle was proposed and applied to the prefabricated concrete factory. The influence of steam curing on the compressive strength and permeability of aggregate-filled SCC was studied.
At present, the HDE problem of steam-cured concrete has not been well solved. Jinyan Shi, Baoju Liu[12]adopted two steam curing methods and four subsequent curing methods to cure the concrete. Through long-term compressive strength, surface permeability and microstructure tests, the influence of curing conditions on the performance of steam-cured concrete was analyzed. The results showed that stepwise curing was beneficial to the formation of pre-structure, thereby improving the long-term mechanical properties and impermeability of steam-cured concrete. Among the four subsequent curing conditions, saturated limestone soaking was the most favorable for the long-term performance of steam-cured concrete, while water soaking was the most unfavorable. Through a series of experimental analyses, the influence of staged curing, variable-rate curing and subsequent curing on the evolution of HDE was studied.
Shashi Kant Sharma[13]initially produced plain cement concrete with a 28-day compressive strength of 70 MPa and conducted tests on this concrete, while changing the binder composition, aggregate ratio, and application of on-site curing methods, thereby achieving the same strength with less binder content. Ground granulated blast furnace slag (GGBS), fly ash (FA), and silica fume (SF) were used under normal water (23°C) and hot water (40°C) for 24 hours, and steam (60°C) curing for 2 hours in a 6-hour cycle (four cycles of 24 hours) to achieve early strength and reduced shrinkage of pavement quality self-compacting concrete (PQSCC). The results showed that steam curing could achieve good results even without CaCl2, while hot water curing must be supplemented with CaCl2 to achieve high strength.
2.3 Effects of Steam Curing on the Properties of Fly Ash-Based Concrete
Gou Yu[14]conducted experiments to investigate the influence of steam curing temperature and fly ash on the properties of steam-cured concrete. The compressive strength of concrete with fly ash at a temperature of 60°C was tested. The results showed that at the studied temperature, the compressive strength of concrete with fly ash replacing the benchmark cement in equal amounts was lower than that of the benchmark concrete within the age range of 1 to 90 days. With the increase in steam curing temperature, the compressive strength of each concrete after 7 days of age showed a decreasing trend.
She Liang[15]prepared high-activity multi-component supplementary cementitious materials by using a combined activation method with fly ash microspheres, granulated blast furnace slag, and silica fume. The effects of different activation methods on the activity index of mortar and hydration products were studied. The influence of adding multi-component supplementary cementitious materials on the compressive strength and sulfate resistance of concrete was also explored. When 30% of the multi-component supplementary cementitious materials were added to replace cement, and after static curing for 7.5 hours and steam curing at 90°C for 4.5 hours, the compressive strength of the concrete was significantly improved, and its sulfate resistance was enhanced. This indicates that the multi-component supplementary cementitious materials made from slag, fly ash microspheres, and silica fume, after mechanical-chemical combined activation, can partially replace cement to prepare high-performance steam-cured concrete.
Zhao Xingli[16] prepared SCC with a high fly ash replacement rate and cured it in a standard curing box for 24 hours or in a steam curing machine at 60°C and 90°C for 24 hours, and then placed it in tap water for curing. The effects of different early curing conditions on the mechanical properties of fly ash-based SCC were analyzed, and the relationship between the mechanical properties of fly ash-based self-compacting concrete was discussed. The conclusion was drawn that an increase in the fly ash content had a significant negative effect on the early compressive strength, splitting tensile strength, and elastic modulus of SCC. However, early high-temperature curing could significantly improve the early mechanical properties of fly ash-based SCC. Considering the actual engineering requirements, the application of fly ash-based SCC in the production of prefabricated components is feasible.
In order to understand the brittleness characteristics of steam-cured concrete, Li Guang et al. [17] used the brittleness coefficient and impact toughness as evaluation indicators to study the effects of curing temperature (20, 45, 55, 65, 75°C) and mineral admixtures on the brittleness of concrete. The results showed that as the curing temperature increased or the curing age prolonged, the brittleness coefficient of concrete increased, and steam curing reduced the impact toughness of concrete. The combined addition of fly ash and slag powder admixtures could improve the brittleness and impact resistance of steam-cured concrete. Higher curing temperatures led to coarser crystallization of hydration products, the formation of microcracks in the interfacial transition zone, and an increase in the porosity of the matrix, thereby increasing the brittleness of steam-cured concrete. The combined addition of fly ash and slag powder admixtures improved the pore structure and microstructure of the interfacial transition zone of steam-cured concrete.
Zhang Yao et al.[18] studied the mechanical properties, chloride ion permeability, and volume stability of high-volume fly ash and slag steam-cured concrete under 60°C and 80°C steam curing conditions, and analyzed the reaction degree of fly ash and slag. The results showed that under 60°C steam curing conditions, when the slag content was high, the early strength of concrete slightly increased, while when the fly ash content was high, it significantly decreased. The later strength of both was only slightly lower than that of pure cement concrete. Under 80°C steam curing conditions, the early strength of high-volume fly ash specimens improved, while that of high-volume slag specimens decreased. The later strength of all three types of concrete decreased, but the strength degradation of fly ash and slag concrete was less than that of pure cement concrete. This was mainly because fly ash and slag could alleviate the delayed formation of ettringite, improve the chloride ion permeability and volume stability of concrete, and enhance the durability of steam-cured concrete.
Chen Hai et al.[19] studied the effect of addition of fly ash on the physical and mechanical properties of manufactured sand concrete under steam curing at 50℃, and concluded that steam curing at 50℃ for 24 h would rapidly improve the early strength of concrete. When the density of fly ash in cementing material increases, the cohesiveness of concrete increases.
By adjusting the steam curing process, Li Guyuan et al.[20]studied the effects of static stop time and steaming time on the mechanical properties and durability of concrete. By comparing the difference of mechanical properties between steam curing concrete and standard curing concrete and the same condition curing concrete, as well as the difference of frost resistance and impervious properties between steam curing concrete and standard curing concrete, the best steam curing process was determined to reduce the adverse effects of steam curing on concrete properties. Finally, the steam curing process is adopted to adjust the type of water reducing agent used in steam curing concrete and determine the type of admixture suitable for steam curing concrete, so as to further ensure the quality of steam curing concrete.
Wang Xianshu[21] selected the steaming system of large amount of fly ash through experiments based on economic conditions and practical projects: static time 6h, heating time 2h, constant temperature time 8h, constant temperature temperature 60℃, cooling rate 1h. Under the condition of steam cultivation, the strength of fly ash can be improved by selecting a better steam cultivation system, which is conducive to the wide application of fly ash in civil engineering materials.
3 Conclusion
This paper reports the effect of steam curing on the properties of fly ash based concrete. The following conclusions can be drawn:
(1) The early strength of the concrete with steam curing is obviously improved, and the selection of appropriate steam curing system makes the fly ash based concrete obtain better compressive strength. Steam curing accelerates the early hydration of concrete and improves the mechanical properties of concrete to a certain extent.
(2) At the temperature of 60℃, the compressive strength of the concrete with the same amount of fly ash replaced the reference cement is lower than that of the reference concrete during the age of 1 to 90 days; The compressive strength of each concrete after 7 days of age showed a decreasing trend with the increase of steaming temperature.
(3) The phenomenon of delayed formation of ettringite caused by high temperature evaporation is one of the reasons for the poor durability of steam cured concrete. The addition of mineral admixtures can effectively alleviate this phenomenon, and the inhibition effect of fly ash on volume expansion is greater than that of slag. The addition of mineral admixtures can greatly improve the chloride ion permeability resistance and volume stability of the steamed concrete, and greatly enhance the durability of the steamed concrete.








[bookmark: _Hlk180402183]Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.































Reference
[1] [bookmark: _Ref189925955]Si Xiuyong, Hu Weihua, Pan Huimin. (2024).Carbonation resistance and prediction model of concrete with mineral admixtures. Concrete,27 ,17-20.
[2] [bookmark: _Ref190185010]Wang Xu. (2023).Analysis of influencing factors and optimization measures for testing concrete strength by rebound method. Foshan Ceramics, 33 (7),87-89. 
[3] [bookmark: _Ref190184989]Zhang Xuhui, Liu Bowen, Yang Ling, et al.(2020).Experimental study on carbonation performance of concrete under different temperatures and strengths. Building Structure, 50(24),110-115. 
[4] [bookmark: _Ref190184993]Fan Yaohu, He Zhen, Cai Xinhua, et al.(2021).Study on the effects of fly ash dosage and curing conditions on mechanical properties and carbonation resistance of concrete. Guangdong Building Materials, 37 (7),4-6, 3 
[5] [bookmark: _Ref190119221]China Academy of Building Science, Ministry of Construction of the People's Republic of China, State Administration of Quality Supervision, Inspection and Quarantine.(2003).《Standard test method for mechanical properties of ordinary concrete》GB/T50081— 2002. China, China Building Industry Press.
[6] [bookmark: _Ref189926478]Osama Mohamed, Omar Najm. (2019).Effect of Curing Methods on Compressive Strength of Sustainable Self-Consolidated Concrete. Materials Science and Engineering，471，032059.
doi:10.1088/1757-899X/471/3/032059 
[7] [bookmark: _Ref189926495]Abdullah M. Zeyad , Bassam A. Tayeh , Adeyemi Adesina.(2022).Review on effect of steam curing on behavior of concrete. Cleaner Materials,3,100042. https://doi.org/10.1016/j.clema.2022.100042
[8] [bookmark: _Ref189926515]Yun Duan , Qicai Wang , Zijiang Yang. (2022).Research on the effect of steam curing temperature and duration on the strength of manufactured sand concrete and strength estimation model considering thermal damage. Construction and Building Materials,315，125531.
https://doi.org/10.1016/j.conbuildmat.2021.125531
[9] [bookmark: _Ref189926523]Baoju Liu, Youjun Xie, Jian Li.(2005).Influence of steam curing on the compressive strength of concrete containing supplementary cementing materials.Cement and Concrete Research，35，994-998.
doi:10.1016/j.cemconres.2004.05.044
[10] [bookmark: _Ref189926532]Selcuk Tqrkela, V olkan Alabas. (2005).The effect of excessive steam curing on Portland composite cement concrete. Cement and Concrete Research,35，405-411.
doi:10.1016/j.cemconres.2004.07.038
[11] [bookmark: _Ref189926540]A.A. Ramezanianpour, M.H. Khazali, P. Vosoughi. (2013).Effect of steam curing cycles on strength and durability of SCC: A case study in precast concrete. Construction and Building Materials，49，807-813.
http://dx.doi.org/10.1016/j.conbuildmat.2013.08.040
[12] [bookmark: _Ref189926547]Jinyan Shi, Baoju Liu, Shuai Shen. (2022).Effect of curing regime on long-term mechanical strength and transport properties of steam-cured concrete. Construction and Building Materials， 255，119407.
https://doi.org/10.1016/j.conbuildmat.2020.119407
[13] [bookmark: _Ref189926554]Shashi Kant Sharma，Kanish Kapoor，Mohit Kumar. (2022) .Evaluating the effect of different mix compositions and site curing methods on the drying shrinkage and early strength of pavement quality self‑compacting concrete. International Journal of Pavement Research and Technology,（15）：10-28.
https://doi.org/10.1007/s42947-021-00004-6
[14] [bookmark: _Ref190184836]Gou Yu. (2021) Effect of fly ash on compressive strength of steam-cured concrete [J]. 2021 Concrete, 07: 86-89.
[15] [bookmark: _Ref190184842]She Liang, Fu Pingfeng, Deng Wei. (2022).Effect of combined activated multi-component auxiliary cementitious materials on the performance of steam-cured concrete . Chinese Journal of the Chinese Ceramic Society, 41 (9): 3059-3067.
[16] [bookmark: _Ref190184848]Zhao Xingli, Dong Pengcheng, Luo Yuanbin. (2020).Effect of early high temperature curing on the performance of fly ash-based self-compacting concrete. Chinese Journal of the Chinese Ceramic Society.,39 (09): 2821-2829.
[17] [bookmark: _Ref190184856]Li Guang, Li Beixing, Huang An. (2023).Effects of curing temperature and mineral admixtures on the brittleness of steam-cured concrete.Bulletin of the Chinese Silicate Society.,42(02), 487-495.
[18] [bookmark: _Ref190184860]Zhang Yao, Zou Guangqiang, Hu Yizhang. (2022).Effects of curing temperature on the properties of steam-cured concrete with fly ash and slag alone. Concrete,(11), 32-35.
[19] [bookmark: _Ref190184876]Chen Hai, Wang Qicai, Dai Jinpeng.(2023).Effect of fly ash on physical and mechanical properties of concrete under steam curing at 50℃. Concrete, (12),1002-3550.
[20] [bookmark: _Ref190184884]Li Guyuan, Deng Zhaoxun, Zhou Guanfeng. (2023).Study on the influence of steam curing on the mechanics and durability of concrete. Shanxi Architecture,49(20),1009-6825.
[21] [bookmark: _Ref190184890]Wang Xianshu. (2013).Study on steam curing system of high dosage fly ash concrete. Journal of Chuzhou University,15(05),64-66.
[22] Diab MA. Enhancing class F fly ash geopolymer concrete performance using lime and steam curing. Journal of Engineering and Applied Science. 2022 Dec;69(1):59.
[23] Zeyad AM, Johari MA, Abadel A, Abutaleb A, Mijarsh MJ, Almalki A. Transport properties of palm oil fuel ash-based high-performance green concrete subjected to steam curing regimes. Case Studies in Construction Materials. 2022 Jun 1;16:e01077.
[24] Zeyad AM, Johari MA, Alharbi YR, Abadel AA, Amran YM, Tayeh BA, Abutaleb A. Influence of steam curing regimes on the properties of ultrafine POFA-based high-strength green concrete. Journal of Building Engineering. 2021 Jun 1;38:102204.
[25] Farida FM, Kusumohadi CS, Wibisono JJ, Surahman AD. Water and steam curing types and three NaOH molarities effects due to fly ash based geopolymer concrete compressive strength studies. Journal of Engineering Science and Technology. 2023;18(1):167-77.
