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Fire accidents happen randomly which may occur in the construction of concrete buildings. In this study, the effects of high temperature and curing ages on shear properties of early-age concrete were experimentally studied. The pore structure of early-age concrete before heating, after heating, and re-curing after heating were examined through nuclear magnetic resonance and scanning electron microscope tests. Experimental results reveal that high temperature treatment of early-age concrete multiplies the number of pores but has little influence on the change of pore size distribution, while the re-curing treatment reduces pore size but has little influence on the change of pore numbers. Under the same exposed temperature, the shear strength of concretes before heating, after heating, and re-curing after heating increases gradually with curing ages. For concretes with certain curing ages, the shear strength increases first and then decreases with the exposed high temperature. While the cohesion and internal friction angle show a negative relationship with elevated temperature. The research can provide base data for buildings encountering fire accidents.
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1 INTRODUCTION
Fire has been one of the major threats to the safety of buildings. The mechanical properties of concrete after fire have become one of the research hotspots (Nadeem et al., 2014; Khan and Abbas, 2015; Laim et al., 2022). Fire accidents happen randomly and many of them happen during the construction period of concrete buildings. For example, a large fire accident happen in a reinforced concrete building in Wuhan, China only after 3 days of concreting (Wang et al., 2022). The physical-mechanical properties and durability of concrete show significant degradation after exposure to high temperature. Hence, it is crucial to understand the thermal damage behavior of early-age concrete after fire.
The thermal damage behavior of concrete has been widely investigated since the 1940s. The compression strength (Pan et al., 2018; Monte et al., 2019; Zhao et al., 2021a), thermal conductivity (Nguyen et al., 2019), composite behavior (Xotta et al., 2015), dynamic behavior (Bi et al., 2020), and microstructure change (Liu et al., 2018; Jia et al., 2019) of concrete exposed to elevated temperature have been investigated through experimental works. Previous studies have illustrated that the mechanical properties of concrete suffered significant degradation when exposed to high temperature. The degradation mechanism of concrete strength can be attributed to three reasons: 1) incompatibilities between the aggregates and the cement paste (Zhao et al., 2021b); 2) chemical changes (such as siliceous aggregates transforming from α phase to β phase) (Masse et al., 2002); 3) and moisture transport (Lim and Mondal, 2014; Ahn et al., 2016). It should be noted that these experimental works mainly focused on the thermal behavior of in-service concrete. Research on the thermal behavior and mechanical properties of early-age concrete, however, is less studied. It is well known that the microstructure and chemical composition of early-age concrete is quite different from that of concrete in service due to inadequate hydration (Wang et al., 2022). Some scholars have explored the effect of temperature on the mechanical properties of early age concretes. For example, Li et al. (Li et al., 2017) presented a comprehensive experimental study on the degradation of mechanical properties of cement-based materials at their early age after fire. Chen et al. (2009) investigated the splitting tensile strengths of early-age concretes after heating up to 800°C. Yuan et al. (2021) studied the cracking resistance of early-age concrete under elevated temperatures. Shu et al. (2021) analyzed the compressive strength and tensile strength of early-age concrete after high temperature treatment. Previous studies mainly focus on the compression or tension properties of early-age concrete. Research on the shear properties of early-age concrete, however, is very limited, especially under the effect of thermal damage. Shear failure has been detected in many concrete structure engineerings in practice. For example, tunnel lining concrete may suffer shear damage due to the rupture of surrounding rock or the excavation of an adjacent tunnel (Zhang et al., 2018; 2019; Zhao et al., 2020; Zhao et al., 2021a).
In this study, the effect of high temperature on the shear properties of early-age concrete is experimentally studied. Pore structure evolution of early-age concrete before heating, after heating, and re-curing after heating is investigated through NMR and SEM tests.
2 EXPERIMENTAL STUDY
2.1 Specimens preparation
Cement-based materials were used in this study. Cubic specimens were prepared with size of 70 × 70 × 70 mm. They were made of white Portland cement, water, and standard sand. First, these materials were stirred in a cement mixer and then placed into 70 × 70 × 70 mm molds. After casting for 1 day, the mixtures were demoulded and were placed in a curing room with a constant temperature of 25 °C and humidity of 90%.
After the specimens were cured for certain days, they were exposed to high temperature to simulate fire conditions. To investigate the effects of curing ages on the shear behavior of thermal-damaged concretes, four curing ages (i.e. 3, 7, 14, and 28 days) were designed.
2.2 Test procedure
Figure 1 shows the sketch of the test procedure. After specimens were cured for certain days, NMR tests were first carried out on the early age concrete to obtain the initial pore structure. Then, these early-age concrete specimens were heated through an electrical heating furnace with a heating rate of 5 °C/min. Previous studies suggest that concretes exposed to temperature over 600 °C exhibited serious damage and the mechanical properties were degraded significantly (Li et al., 2017). Therefore, in this study, four groups of temperature (room temperature, 150°C, 350°C, and 550°C) were set. To evaluate the repairability of thermal-damaged concretes, the early-age concretes were re-cured for another 28 days. NMR tests were carried out again to investigate the pore changes induced by thermal damage and the re-curing process. Finally, direct shear tests were conducted on these thermal-damaged concretes.
[image: Figure 1]FIGURE 1 | Schematic diagram of test procedure (Wang et al., 2022).
3 EXPERIMENTAL RESULTS AND ANALYSIS
Figure 2 shows the T2 distribution of early-age concretes before heating, after heating, and re-curing after heating, respectively. All NMR tests were successively carried out on specimens with different curing ages, with the main results being exemplified by specimens with a curing age of 14 days. As shown in the figure, all T2 curves exhibited two peaks, which correspond to the micro-pores and macro-pores, respectively. High temperature causes thermal damage to early-age concrete. Compared to the initial curve, the T2 area is significantly enlarged after exposure to high temperature. Both the two T2 peaks become higher after the high temperature treatment, while the position of the peaks remains unchanged. Previous studies indicated that the T2 peak represents the number of pores and the T2 distribution reflects the form of the pore size distribution (PSD) (Frosch et al., 2000; Weng et al., 2018; Zhao et al., 2022). Therefore, high temperature treatment of early-age concrete multiplies the number of pores but has little influence on the change of PSD. Moreover, the multiple of pores increases with the exposed temperature. For example, for samples heating up to 150°C and 550°C, respectively, the amplitude of the first T2 curve increased by 29.654 and 78.822 a. u., respectively.
[image: Figure 2]FIGURE 2 | T2 distribution of early-age concretes (14 days curing ages) before heating, after heating, and re-curing after heating (A) exposed to high temperature of 150°C; (B) exposed to high temperature of 350°C; and (C) exposed to high temperature of 550°C.
After heating, the early-age concretes were re-cured for another 28 days. The T2 curve of re-cured concrete after heating is also presented in Figure 2. As shown in the figure, the T2 curve shits to left on the T2 relaxation time axis but the amplitude of the T2 peaks remains nearly unchanged. This indicates that pore size decreased after re-curing but the number of pores kept unchanged.
3.2 Effect of curing ages on shear properties
Figure 3 shows the peak shear strength of tested specimens with varied curing ages. Note that average values are presented from three identical specimens. As expected, the peak shear strength of early-age concrete before heating increases with the curing ages due to the cement hydration reaction. After exposure to different high temperatures, one group of specimens was used to carry out shear tests directly, while the other group was re-cured for another 28 days.
[image: Figure 3]FIGURE 3 | Peak shear strength of tested specimens with varied curing ages under.
The peak shear strength of concretes after heating shows a similar changing trend to that of specimens before heating, i.e., the shear strength increases with curing ages. After re-curing, the peak shear strength increases to a certain level depending on the curing ages. In general, the strength recoverability decreases with the curing ages. For example, in the case of re-cured concretes after exposing to 350°C, the peak shear strength increased by 0.93, 0.6, 0.24, and 0.15 MPa for concretes with 3, 7, 14, and 28 days curing ages, respectively.
To further interpret the test results, SEM tests were carried out on concretes with different curing ages before heating, after heating, and re-curing after heating. Figure 4 shows the SEM images of the concretes before heating. With the increase of curing ages, the hydration products (such as C-S-H, CH) increase gradually, which results in the enhancement of concrete density and integration. For specimens with curing ages of 3 and 7 days, the degree of hydration is very low. There exist a lot of free water and pore voids within the material. Therefore, the flocculent structure of hydration products and the internal structure are loose (Li et al., 2017). While for specimens with curing ages of 14 and 28 days, the degree of hydration is much higher than the one with 3 and 7 days curing ages. A larger number of hydration products are generated which results in a decrease in free water and porosity. Hence, the flocculent structure of hydration products and the internal structure become denser. This provides an explanation that the peak shear strength of early-age concrete before heating increases with the curing ages.
[image: Figure 4]FIGURE 4 | SEM images of the concrete before heating with curing ages; (A) 3 days and (B) 14 days.
Figure 5 shows the SEM images of the concretes after exposure to temperature of 350°C with different curing ages. Thermal-induced cracks are observed at this temperature regardless of curing ages. In the case of concretes with curing ages of 3 and 7 days, thermal-induced cracks were induced because of the loose internal structure. Although the integrity of concretes with 14 and 28 days curing ages are denser, the free water and crystal water were difficult to release when subjected to high temperature, leading to high water vapor pressure inside the specimen. As a result, thermal-induced cracks were also observed in concretes with 14 and 28 days curing ages.
[image: Figure 5]FIGURE 5 | SEM images of the concretes after exposure to temperature of 350°C with different curing ages; (A) 3 days; (B) 7 days; (C) 14 days; and (D) 28 days.
Figure 6 shows the SEM image of the concretes (curing ages 7 days) re-curing after heating to 350°C. By detail examining the SEM image of the specimen, there are many remnants of hydration products within concretes after re-curing. For the specimens with curing ages less than 28 days, the degree of hydration is low. The less the curing ages before heating, the less the hydration products. After re-curing, many remnants of hydration products were generated, especially for specimens with low hydration degrees. As shown in Figure 6, these remnants of hydration products can fill the voids or cracks induced by thermal damage, hence improving the specimen strength. Since the specimen with 3 days curing ages before heating had the largest cement continuing to hydrate, the shear strength increment after re-curing was the largest compared to the concretes with other curing ages.
[image: Figure 6]FIGURE 6 | SEM image of concrete (curing ages 7d) re-curing after heating.
3.3 Effect of high temperature on shear properties
3.3.1 Peak shear strength
Figure 7 shows the peak shear strength of early-age concretes under different temperature treatments. Under the same curing ages, the peak shear strength of early-age concretes increases first and then decreases with the exposed high temperature. For example, the peak shear strength of concretes at curing ages of 14 days is 4.55 MPa before heating, which increased to 4.79 MPa when heating to 150°C. While exposed to temperature of 350°C and 550°C, the peak shear strength of early-age concretes decreased to 3.67 and 2.12 MPa, respectively.
[image: Figure 7]FIGURE 7 | The peak shear stresses of early-age concrete under different temperature treatments.
The main characteristic of early-age concrete is inadequate hydration reaction. The effect of high temperature on the early-age concrete is twofold. On the one hand, high temperature treatment can accelerate the hydration process. Meanwhile, the evaporation of free water may dehydrated the C-S-H gel, which results in the hardening of the cement slurry, and an increase in the chemical bonding forces (Kocak and Nas, 2014; Li et al., 2021). These factors cause an increase in the peak shear strength. On the other hand, thermal damage occurs in concrete when exposed to high temperatures. High temperature can cause microstructural changes in cement pastes, and produce thermal stress which induces micro-cracking in concrete. As a result, the strength of thermal damaged concretes is less than that of unheated concretes.
In the case of early-age concretes exposed to 150°C, the thermal damage to the concrete can be ignored. As shown in Figure 8, no obvious cracks are observed on the concrete surface. While the hydration reaction is promoted and the chemical bonding forces is strengthened, leading to an increase in shear strength. In the case of early-age concretes exposed to 350°C, part of the chemical-bound water is removed. Several micro-cracks are observed on the crack surface due to high temperature. Although the accelerated hydration of cement improves the shear strength, the damage to concretes is more significant due to the thermal cracking. Therefore, the peak shear strength of early-age concrete exposed to 350°C is lower than that of unheated specimens. After exposure to 550°C, both physical and chemical bond water are released completely. Thermal-induced micro-cracks increase considerably causing macroscopic damages in early-age concretes. As shown in Figure 8, a large number of cracks are observed on the concrete surface. These cracks coalesced causing a rapid decrease in shear strength.
[image: Figure 8]FIGURE 8 | Early-age concretes (14d) after high temperature treatment.
3.3.2 Shear strength parameters
To obtain the shear strength parameters, additional shear tests were conducted under different normal stresses. Previous studies have indicated that normal stress can considerably enhance the shear resistance of concretes (Zhang et al., 2019; Zhang et al., 2020). Experimental results show that with the increase of normal stress, the peak strength of specimens for the same temperature treatments increases linearly. The Mohr-Coulomb criterion can be used to describe the relationship.
[image: image]
where τf and σN represent the peak shear stress and normal stress, respectively, c and φ are the cohesion and internal friction angle, respectively.
Figure 9 shows the evolution of cohesion c with exposed temperature. With the increase of exposed temperature, cohesion c decreases linearly. Meanwhile, concretes with less curing ages exhibited more reduction of cohesion under the same thermal treatment conditions. However, this tendency was not found in the evolution of internal friction angle with exposed temperature. As shown in Figure 10, the internal friction angle decreased nonlinearly with temperature. For example, the internal friction angle decreased by 4.38%, 17.67%, and 65.9% for specimens with 14 days curing ages when the specimens were heated to 150 °C, 350 °C, and 350 °C, respectively. In general, both the nominal cohesion and internal friction angle were reduced after high temperature treatments. Therefore, thermal damage can result in deterioration of shear resistance of concrete, especially for concretes with less curing ages.
[image: Figure 9]FIGURE 9 | Cohesion of early-age concrete (14d) under different temperature treatments.
[image: Figure 10]FIGURE 10 | Internal friction angle of early-age concrete (14d) under different temperature treatments.
The cohesion of concretes consists of two parts: 1) interlock between cement and aggregate; 2) adhesion between the cementitious pastes and the aggregates (Zhang et al., 2019). Previous studies show that temperature below 550°C removes the physical and chemical water which mainly causes the damage of cement pastes but has little influence on the aggregates (Zhao et al., 2021a). The thermal damage destroys the cementations matrix leading to the weakening of the cement-aggregate interlock and adhesion. Hence, the concrete cohesion decreases linearly with the exposed temperature.
Internal friction angle includes two portions: contact friction and shear dilation (Wong et al., 2007). After high temperature treatment, the pore structures become loose due to the removal of physical and chemical bound water. This change of microstructure may result in a decrease in shear dilation angle and friction resistance of concrete. Such reduction increases with the exposed temperature. Hence, the concrete internal friction angle decreases non-linearly with the exposed temperature.
4 CONCLUSION
In this paper, a comprehensive experimental study on shear properties of early-age concretes under elevated temperature is presented. Microstructure characteristic of early-age concretes before heating, after heating, and re-curing after heating is analyzed through NMR and SEM tests. The following conclusions can be drawn.
(1) NMR test results show that the peaks of the T2 curve become higher after the high temperature treatment, but the position of the peaks remains unchanged. This indicates that high temperature treatment of early-age concrete multiplies the number of pores but has little influence on the change of pore size distribution. After re-curing, the T2 curve shits to left but the amplitude of the T2 peaks remains nearly unchanged, indicating that re-curing treatment reduces pore size of concretes but has little influence on pore numbers.
(2) Under the same exposed temperature, the shear strength of concretes before heating, after heating, and re-curing after heating increases gradually with curing ages. The peak shear strength of early-age concrete before and after heating increases with the curing ages due to the cement hydration reaction. After re-curing, many remnants of hydration products were generated, which fill the voids or cracks induced by thermal damage, hence improving the specimen strength.
(3) High temperature treatment can accelerate the hydration process but also cause thermal damage occurs in concrete. Therefore, the peak shear strength of early-age concretes increases first and then decreases with the exposed high temperature.
(4) Cohesion and international friction angle were altered due to thermal damage. Both of them decreased over exposed temperature. This can be attributed to that thermal damage destroying the cementations matrix leading to the weakening of the cement-aggregate interlock and adhesion.
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