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The service life of concrete products with exposure to an aggressive environment has raised great concerns in the past decades. Nanomaterials have been used as a promising approach to improve the environmental resistance of concrete products when exposed to synergistic attacks. The impacts of CaCl2 on nano-modified concrete, especially along with freeze/thaw (F/T) and wet/dry (W/D) cycles, were barely discussed. In this study, the impacts of CaCl2 along with F/T and W/D cycles on the nano SiO2 and Al2O3 modified concrete were investigated. The mass loss, flexural strength, compressive strength, and relative dynamic modulus of elasticity were tested to evaluate the durability of concrete products. The testing results indicate that the addition of nanoparticles has a distinctive effect on the environment resistance enhancement of concrete samples. The microstructure analysis demonstrates that with the addition of nanoparticles, high-density hydration products were formed, which is beneficial to the properties enhancement of concrete products. This study not only provides an approach to realize the nano modification on the durability of concrete products but also helps to design and fabricate environmentally resistant concrete products when exposed to a synergistic aggressive environment.
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INTRODUCTION
In cold regions, chemicals have been widely utilized as deicers to control the ice and snow on the road. Despite using deicing chemicals can significantly improve transportation efficiency and mitigate the damage from traffic accidents in the winter season, the side effect of using deicing chemicals is also inevitable. Currently, the widely used deicing chemicals include NaCl, MgCl2, CaCl2, and even CaAc2. It has been widely accepted that the concrete products will severely deteriorate when exposed to aggressive environments, such as freeze/thaw (F/T) and wet/dry (W/D) cycling, especially along with attacks from the deicers. Although previous studies have pointed out that the failure of concrete products with exposure to an aggressive environment can be attributed to physical scaling and chemical reactions between the aggressive agents and the C-S-H binder phase, which synergistically result in the deterioration of the concrete products (Farnam et al., 2015; Qiao et al., 2018a), the agreement of the chemical deteriorate mechanisms and the microstructure evolution process was yet achieved.
Numerous studies have reported that the deleterious process of concrete products is complicated and the damage mechanism is synergistic (Peterson et al., 2013; Xie et al., 2019). In a laboratory study, the deleterious process of concrete products with exposure to inorganic chemical solutions along with freeze/thaw and wet/dry cycles had been investigated. It was reported that all concrete products exhibited various mass and strength variations, and the microstructure of the cement hydration products was distinctively changed after a long term of soaking in the chemical solutions (Shi et al., 2013). In addition to the inorganic chemical solutions, the impact of the organic chemical solutions on the durability of concrete products has been studied (Xie et al., 2017). It was pointed out that the organic chemicals posed a negative impact on the durability of concrete products, especially for the concrete products prepared with reactive aggregates, which lead to the aggregate silicate reaction. The microstructure analysis demonstrated that the distress of the concrete was attributed to the leaching of the Ca from the C-S-H binder phase. Although the mechanical properties and durability of concrete products can be enhanced by many approaches such as using supplementary cementitious materials, fiber reinforcement, or water/binder ratio reduction, the side effects of these methods are also apparent, including high internal stress, thermal cracks, adhesion and corrosion problems of reinforced fibers. As a result, it is compelling to explore appropriate materials or technologies to mitigate the side effects of traditional modification methods.
In the past decades, it has been widely accepted that the hydration products of cementitious materials are composed of nanoscale phases (Xu and Viehland, 1996; Allen et al., 2007a; Allen and Thomas, 2007b). As a result, many studies have tried using nanomaterials to manipulate the microstructures of these nano-sized phases to enhance the durability of concrete products (Monteiro et al., 2009; Morsy et al., 2012; Lim and Mondal, 2014; Lu et al., 2015). The most widely used nanomaterials were titanium dioxide (TiO2) (Feng et al., 2013; Zhang et al., 2015), silica (SiO2) (Hou et al., 2013; Shiho et al., 2013; Singh et al., 2013), alumina (Al2O3) (Nazari et al., 2010), iron oxide (Fe2O3) (Li et al., 2004; Heikal, 2016), nano clay (Hakamy and Shaikh, 2014; Fan et al., 2015), and carbon nanomaterials (Morsy et al., 2011; Lv et al., 2013; Pan et al., 2015; Erdem et al., 2017; Luo et al., 2017; Zhou and Xie, 2020). It was claimed that with the addition of TiO2, SiO2, and Fe2O3 nanoparticles, the mechanical properties and wear resistance of the concrete products have been enhanced, and nano TiO2 had a higher modification effect than the nano SiO2 (Li et al., 2004; Li et al., 2006). Apart from nano TiO2 particles, the effects of nano Al2O3 particles on the mechanical properties have been investigated. It was found that the 7 days compressive strength of concrete samples has enhanced by 30% and the 28 days elastic modulus has increased 143% with the addition of 5 wt% Al2O3 nanoparticles (Li et al., 2006).
In addition to the mechanical properties, the environmental resistance of concrete products can also be considerably enhanced with the addition of nanoparticles (Lu, 2013; Shah, 2013). Behfarnia investigated the freeze/thaw resistance of the concrete materials modified by nano-silica and nano alumina. The results indicated that, after 300 freeze/thaw cycles in water, the strength of the concrete samples with or without nano modification decreased 16 and 100%, respectively, (Behfarnia and Salemi, 2013). A similar statement was claimed that the addition of nano SiO2 and nano Al2O3 has positive effects on the freeze/thaw resistance of concrete. With the addition of 5 wt% nano SiO2 or nano Al2O3, the freeze/thaw resistance of the concrete samples enhanced by over 80% comparing with the control samples (Salemi and Behfarnia, 2013).
Previous studies have stated that the modification mechanisms of the nanomaterials on the concrete materials can be attributed to the following reasons: 1) act as nano-sized fillers to decrease the nano-sized pores in the hydration products of the cementitious materials; 2) serve as the “nucleus” to align the hydration process and tune the microstructure evolution of the cementitious hydration products; 3) promote the forming of high-density C-S-H phase. Despite these mechanisms have been stated for many years, the modification mechanism of diverse nanomaterials on the properties of concrete materials remains unclear.
To elucidate the modification mechanism of the nanoparticles on the cement concrete, microstructure analysis is a promising method that can tell the impacts of nanoparticles on the microstructure evolution process. Scanning electron microscopy has been widely used to characterize the microstructure of concrete or cementitious materials with or without nano modification (Qing et al., 2007; Kong et al., 2012; Meng et al., 2012; Kong et al., 2013). According to the fracture surface morphology analysis, it can be found that the microstructures of Portland cement paste modified with nanomaterials are composed of Ca(OH)2, amorphous C-S-H phase, and pores (Li et al., 2004). Previous studies have assumed that the nanoparticles will act as nuclei to help growing new types of nanostructural hydration products, such as needle-shaped (or wire-shaped) hydration products. The EDS results showed that the needle-shaped hydration products were composed of Al, Ca, and Si with a Ca/Si ratio of 5:1 and Al/Si ratio of 3:5. Meanwhile, the adjacent area featured the Ca/Si and Al/Si ratio of 2:1 and 1:6, respectively, (Feng, 2012). Another study has also observed these needle-shaped hydration products and claimed them as ettringite. Based on the EDS analysis of the needle-shaped phases, it can be found that the main chemical composition of these phases was Ca, Al, and O, and a large amount of Si, little S was detected. Therefore, it can be deduced that the needle-shaped phase is more complicated than the ettringite.
Although the benefits of the nano modification are observable, the potential strengthening mechanisms are yet crystal clear. A few studies have argued that the benefits of the nano modification are questionable from the perspective of the nanoparticle types, especially with the addition of Al2O3 nanoparticles. It was claimed that the nano Al2O3 has negative effects on the durability enhancement of concrete products (Leòn et al., 2014). Furthermore, to the best of our knowledge, limited studies were implemented to investigate the damage mechanism of nano-modified concrete with exposure to freeze/thaw cycling along with the attacks of CaCl2. As a result, it is critical to find out the potential modification mechanism of diverse nanomaterials on the concrete products with exposure to the freeze/thaw and wet/dry cycles along with CaCl2 attacks.
EXPERIMENTAL METHODS AND MATERIALS
Ordinary Portland cement (P.O 42.5), natural sand, and basalt rocks were used as raw materials. Commercially available SiO2 and Al2O3 nanoparticles (provided by Hefei Liangziyuan Co.) were used as the modifiers. The purity of the nanomaterials was higher than 99.0%, and the average size and the specific surface area were about 30 nm and 80 m2/g, respectively.
The dosages of the nano modifiers were 0, 0.05, 0.1, 0.5, and 1.0% by the weight of cement. The water/cement ratio (w/c) was 0.5, and the mix proportion of the nano-modified concrete is listed in Table 1. To realize a dispersion condition of the nanoparticles, the naphthalene water reducer (UNF-5), with a content of 0.5 wt% of cement, was mixed in water via magnetic stirring with a mixing speed of 1,500 rpm for 5 min. Subsequently, the nano modifiers were added to the mixture and followed by sonication (200 w and 40 Hz) for 10 min. After sufficient mixing of the raw materials, the fresh concrete mixture was cast into steel molds with a size of 100 mm3 × 100 mm3 × 400 mm3. The specimens were de-molded after 24 h and cured in a moist room with relative humidity (RH) of 95% at 25°C for another 27 days. Once fully cured, the concrete specimens were air-dried for 24 h at 25°C at RH 45–55% and weighed before testing. The slump testing was based on the ASTM C143.
TABLE 1 | Mix design of the nano-modified concrete.
[image: Table 1]The impacts of the chemical attacks on the durability of nano-modified concrete products were evaluated by comparing the performance of concrete samples before and after freeze/thaw and wet/dry cycles in a diluted CaCl2 solution with a concentration of 3 wt%. An accelerated manner of 3, 7, and 15 freeze/thaw and wet/dry cycles were used as the testing process. In each cycle, freezing the concrete samples in the diluted CaCl2 solution at −25°C for 48 h and followed by thawing for 24 h and air-dried for another 12 h at room temperature (25°C, RH 50 ± 5%). The freezing and thawing rates were approximately 0.05 and 0.01°C/minute, respectively. After freeze/thaw and wet/dry cycles, the samples were washed and the scaled-off materials on the surface were removed by hands. Finally, the weights of the samples were recorded and the properties were tested accordingly. The compressive and flexural strengths of the concrete samples were determined using ASTM C39 and ASTM C496, respectively. The relative dynamic modulus of elasticity was obtained by testing the time of the supersonic wave passing through the concrete samples before and after freeze/thaw and wet/dry cycles. The testing period was 0.4 μs with a voltage of 500 V. The relative dynamic modulus of elasticity was calculated based on the following equation:
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where Rn is the relative dynamic modulus of the concrete after n times of freeze/thaw and wet/dry cycles, t0 is the time that the supersonic wave passing through the concrete samples before freeze/thaw and wet/dry, and tn is the time that the supersonic wave passing through the concrete samples after n times of freeze/thaw and wet/dry cycles.
The electric flux was tested according to GB/T 50082–2009. In this process, 28 days samples with a size of 150 mm × 150 mm × 150 mm × 51 mm. After properly connected, a constant 60 V direct current power was applied to the testing device, and the current values were recorded every 15 min. The final results were the average value of three samples.
The non-evaporable water content was obtained by calculating the mass change of the hardened paste before and after the calcination process. First, the samples were heated in air for 1 h at 85°C and then ground into powders. After an 80 μm sieving, the fine powders were dried at 105°C to reach a constant mass value and followed by calcination at 950°C for 1 h. The non-evaporable water can be calculated according to the following equation:
[image: image]
where wc is the content of the non-evaporable water, m1 and m2 are the mass of the cement powder before and after calcination, and wLOI is the loss of ignition of the cement.
The heat of hydration was measured by TAM Air isothermal calorimeter with the inner mixing mode at 25°C. The temperature range of the thermogravimetric analysis (TA-SDT-Q600) was 30–800°C. A scanning electron microscope (FEI-Quanta 200F) coupled with energy-dispersive X-ray spectroscopy (EDS) analyzer was used to analyze the fracture surface morphologies of concrete samples before and after the freeze/thaw and wet/dry cycles in the CaCl2 solution. The EDS results were obtained from the selected zone corresponding to the SEM morphology images. A typical 15–20 kV accelerating voltage was used with a scan time over 60 s per sampling area.
RESULTS AND DISCUSSION
Figure 1 gives the slump of fresh concrete samples as a function of the content of Al2O3 nanoparticles via using nano SiO2 as reference. As can be seen from this figure, the slump of the nano-modified concrete was not distinctively reduced with increasing the dosage of nanoparticles when the dosage was lower than 1 wt%. The slumps of the nano SiO2 and nano Al2O3 modified concrete is lower than 65 mm, which is acceptable for field applications. Comparing with previous studies, the appropriate workability was originated from the low dosage of the nanomaterials. As demonstrated from this figure, the dosage of the nanomaterials was in a range of 0.05 to 1 wt%, which is lower than previous studies. If the contents of the nanomaterials increased from 1 to 5%, the workability of the concrete will be significantly decreased. It has been demonstrated that the high dosage addition of nanomaterials will significantly decrease the workability of the concrete (Nazari et al., 2010; Li et al., 2006). A few studies have even claimed that, if using the workability as the control parameter, the modification effect of nano Al2O3 was not distinctive (Berra et al., 2012). Therefore, it is a critical issue to realize the mechanical properties enhancement without sacrifice the workability of nano-modified concrete. Comparing with increasing the water/binder ratio or the dosage of water reducers, decreasing the content of nanoparticles is a cost-effective method to prepare high property nano-modified concrete.
[image: Figure 1]FIGURE 1 | Slum of concrete as a function of the dosage of nanoparticles.
Figure 2 shows the mechanical properties of concrete samples as a function of the dosage of nano SiO2 and nano Al2O3 particles. As demonstrated in this figure, the mechanical properties, including the compressive strength and the flexural strength, have been slightly increased with the increasing content of nanoparticles. Although the enhancement effect is not that distinctive, the average compressive strength of the nano-modified samples increased about 15% comparing with the control samples from 32.5 to 37.3 MPa and 37.0 MPa, respectively, with 1.0 wt% addition of nano SiO2 and nano Al2O3. Similarly, the flexural strengths have also been slightly enhanced with the increasing content of the nanomaterials. Without the addition of nanomaterials, the flexural strength of the control sample was about 4.4 MPa, while with the addition of 1.0 wt% nano SiO2 and nano Al2O3 particles, the flexural strengths have increased 11 and 13%, and reached 5.0 and 4.9 MPa, respectively.
[image: Figure 2]FIGURE 2 | Mechanical properties of concrete as a function of the dosage of nanoparticles.
The chemical resistance of the nano SiO2 modified concrete samples with exposure to F/T and W/D cycles in a 3 wt% CaCl2 solution is shown in Figure 3. As can be seen from Figure 3A), the mass loss of the concrete samples has considerably reduced with increasing contents of nano SiO2. Without the addition of nano SiO2, the mass loss was about 0.5, 1.2, and 2.8%, while with the addition of 1 wt% nano SiO2, the mass loss decreased to 0.2, 0.5, and 1.7%, after 3, 7, and 15 times of F/T and W/D cycles. Meanwhile, as demonstrated from Figures 3B–D), the nano modification effects on the relative dynamic modulus, the loss of compressive strength, and the loss of flexural strength are all observable. When the dosage of the nano SiO2 increased from 0 to 1 wt%, the relative dynamic modulus increased from 95.4 to 97.4, 87.3–92.6, and 72.0–78.1% corresponding to 3, 7, and 15 times of F/T and W/D cycles. The loss of the compressive strength decreased from 3.5 to 0.9, 8.3–3.8, and 17.2–10.6% after 3, 7, and 15 F/T and W/D cycles. The loss of the flexural strength decreased from 3.7 to 1.2, 8.4–5.2, and 20.5–16.1% after 3, 7, and 15 F/T and W/D cycles.
[image: Figure 3]FIGURE 3 | (A) Mass loss rate, (B) Relative dynamic elastic modulus, (C) Loss rate of flexural strength, and (D) Loss rate of compressive strength of nano SiO2 modified concrete samples experienced F/T and W/D cycles in a 3 wt% of CaCl2 solution.
Similar to the nano SiO2, nano Al2O3 has been used as a modifier to strengthen the concrete products. It was claimed that the addition of nano Al2O3 is beneficial to the mechanical properties of concrete products; however, the impact of nano Al2O3 on the chemical resistance remains unclear. Figure 4 shows the chemical resistance performance of concrete samples as a function of nano Al2O3 contents. It can be found from the testing results, the mass loss of the nano Al2O3 modified concrete decreased to 0.2, 0.6, and 1.8%, after 3, 7, and 15 times of F/T and W/D cycles in a 3 wt% CaCl2 solution. With the contents of the nano Al2O3 increased from 0 to 1 wt%, the relative dynamic modulus enhanced from 95.4 to 98.1%, 87.3–90.8%, and 72.0–76.6% corresponding to 3, 7, and 15 times of F/T and W/D cycles. The loss of the compressive strength decreased from 4.0 to 1.9, 7.9–6.0, and 17.5–14.5% after 3, 7, and 15 F/T and W/D cycles. The loss of the flexural strength decreased from 3.4 to 2.1, 10.1–7.8, and 22.6–20.7% after 3, 7, and 15 F/T and W/D cycles.
[image: Figure 4]FIGURE 4 | (A) Mass loss rate, (B) Relative dynamic elastic modulus, (C) Loss rate of flexural strength, and (D) Loss rate of compressive strength of nano Al2O3 modified concrete samples experienced F/T and W/D cycles in a 3 wt% of CaCl2 solution.
Figure 5 shows the electric flux of concrete samples as a function of the contents of nanoparticles. As can be seen from this figure, the electric flux of concrete samples decreased with increasing the contents of nanoparticles, especially when the dosage of nano SiO2 reached 1.0 wt%, the electric flux of the samples was reduced by about 30%, from about 5,000 to 3,500 C. For the Al2O3 nano-modified concrete samples, the electric flux reduced from 5,000 to about 4100 C when the dosage increased to 1.0 wt%, suggesting that the permeability of the concrete samples has been reduced by the addition of nano SiO2 and nano Al2O3.
[image: Figure 5]FIGURE 5 | The effect of dosage on the electric flux of the nano-modified concrete.
Figure 6 gives the isothermal calorimetry curves of the paste samples modified with nanoparticles. Figures 6A,B) demonstrate the total heat curves of the samples modified with nano SiO2 and nano Al2O3, respectively. As can be seen from this figure, with the addition of nanoparticles, the hydration process has been distinctively changed. Although there is a slight fluctuation with the dosage of 0.5 wt%, the heat of hydration has considerably enhanced when the dosage of nanoparticles reached 1.0 wt%. Figures 6C,D) demonstrate the heat flow evaluation of the nano-modified cement paste samples corresponding to the same data group of Figures 6A,B). In Figures 6C,D), the hydration heat of C3A can be reflected by the first peak, and the hydration heat of C3S can be detected through the second peak. As demonstrated in this figure, the distinctive increase of the hydration heat indicates the addition of the nanoparticles is beneficial to the early age hydration process of cement paste.
[image: Figure 6]FIGURE 6 | The effect of nanomaterials on the hydration evolution of nano-modified cement paste. (A) Total heat curves of the samples modified with nano SiO2, (B) total heat curves of the samples modified with nano Al2O3, (C) heat flow evaluation of the nano SiO2 modified cement paste, and (D) heat flow evaluation of the nano Al2O3 modified cement paste.
The effect of nanoparticles on the non-evaporable water contents is shown in Figure 7. It can be observed that the content of the non-evaporable water has considerably increased with the addition of the nanoparticles. This phenomenon demonstrates that the content of chemically bonded water in the hydration products can be increased because of the addition of the nanoparticles. Besides, the nano SiO2 shows a higher enhancement effect than the nano Al2O3. This mainly results from the pozzolanic activity of nano SiO2, which is beneficial to form more C-S-H phases (xCaO•SiO2•yH2O, C-S-H gel). Meanwhile, although the effect of nano Al2O3 is less than the nano SiO2, it still has a remarkable enhancement by comparing with the control samples. Previous studies have claimed that the amount of hydration products is proportional to the contents of the non-evaporable water. Therefore, it is reasonable to claim that nano SiO2 and Al2O3 are beneficial to optimize the phase structures.
[image: Figure 7]FIGURE 7 | The non-evaporable water of nano-modified concrete.
Different from the physical F/T scaling process, the deterioration of concrete with exposure to F/T, W/D, and chemical attacks is attributed to both physical and chemical mechanisms. The physical F/T damage mainly resulted from the hydraulic pressure, which is determined by the permeability of concrete materials, while the chemical deterioration is governed by the chemical reaction between the aggressive agents and the cementitious binder phases (Xie et al., 2017; Xie et al., 2019; Qiao et al., 2018a; Qiao et al., 2018b). According to the results from previous studies, it has been widely accepted that the CaCl2 will react with the Ca(OH)2 and form the volume expansive calcium oxychloride (CaCl2·3Ca(OH)2·12H2O), which increase the internal stress and results in the failure of concrete products (Farnam et al., 2015; Qiao et al., 2019).
Figures 8, 9 depict the fracture surface SEM morphologies and the corresponding EDS analysis of the control cement paste samples before and after F/T along with W/D cycles in a 3 wt% of CaCl2 solution. As can be seen from Figure 8, without the F/T and W/D cycles in the CaCl2 solution, the microstructure of the control paste sample is quite dense. The EDS result shows that the Ca/Si ratio is about 2.5, and no Cl can be detected. While after the F/T and W/D cycles in CaCl2 solution, the microstructure of the cement paste start to have continuous pores in the dense cementitious phase, and a colloidal precipitation layer was affiliated on the surface of the binder phase. The corresponding EDS results indicate that the Ca and Cl contents are slightly higher than the control sample, while the Si and Fe contents remain similar values.
[image: Figure 8]FIGURE 8 | SEM microstructure and the corresponding EDS results of the fracture surfaces of the cement paste in concrete without nano modification before F/T and W/D cycles.
[image: Figure 9]FIGURE 9 | SEM morphology and EDS results of the cement paste in concrete without nano modification after F/T and W/D cycles in 3 wt% of CaCl2 solution.
Figures 10, 11 illustrate the SEM fracture surface microstructure and the corresponding EDS results of the cement paste samples modified with nano SiO2 before and after F/T along with W/D cycles in a 3 wt% of CaCl2 solution. As shown in Figure 10, before the F/T and W/D cycles in CaCl2 solution, coral shape hydration products can be observed, and the microstructure of the sample is quite dense. This is well agreed with the results from previous studies that the addition of nano SiO2 is beneficial to form high-density hydration products (Shah, 2013; Hou et al., 2013). The EDS result shows that the Ca/Si ratio is about 2.0, and a small amount of S can be detected. Similar to the microstructure of cement paste without nano modification, after the F/T and W/D cycles in CaCl2 solution, the dense structure of the binder phase has been broken, and a colloidal precipitation layer was affiliated on the surface of the binder phase. The corresponding EDS results indicate that the Ca/Si ratio has changed to about 4.3, and the Cl can be detected.
[image: Figure 10]FIGURE 10 | SEM morphology and corresponding EDS results of the cement paste in concrete modified with nano SiO2 before F/T and W/D cycles.
[image: Figure 11]FIGURE 11 | SEM morphology and corresponding EDS results of the cement paste in concrete modified with nano SiO2 after F/T and W/D cycles in 3 wt% of CaCl2 solution.
Figures 12, 13 demonstrate the microstructure and the corresponding EDS results of the nano Al2O3 modified cement paste before and after F/T along with W/D cycles in a 3 wt% of CaCl2 solution. As can be seen from the low magnification fracture surface morphology (Figure 12A), without the F/T and W/D cycles in CaCl2 solution, the microstructure of the nano Al2O3 modified sample is also quite dense and no distinctive cracks or pores can be detected. Furthermore, it can be observed from the high magnification microstructure (Figure 12B), needle shape hydration products can be observed. The corresponding EDS result of this needle shape hydration product demonstrates that the Ca/Si ratio of this phase is about 2.3, a small amount of S, and no Cl can be detected. While after the F/T and W/D cycles in the CaCl2 solution, similar to previous ones, a large number of colloidal precipitates can be observed on the surface of the binder phase. The corresponding EDS results indicate that the Ca/Si ratio has become 2.0, and the Al content is relatively higher than the other samples.
[image: Figure 12]FIGURE 12 | Low and high magnification SEM morphologies of cement paste in concrete modified with nano Al2O3 before F/T and W/D cycles. (A) Low magnification image, (B) High magnification image, and (C) EDS results corresponding to (B).
[image: Figure 13]FIGURE 13 | (A) SEM morphology and (B) corresponding EDS results of the cement paste in concrete modified with nano Al2O3 after F/T and W/D cycles in 3 wt.% of CaCl2 solution.
CONCLUSION
This work presents a comparative result to investigate the impacts of CaCl2 along with F/T and W/D cycles on the durability of concrete products modified with nano SiO2 and nano Al2O3. It was found that the environmental resistance of concrete materials can be remarkably enhanced with the addition of nanoparticles. The compressive and flexural strengths have increased about 15 and 13%, respectively, corresponding to the dosage of 1.0 wt% of nano SiO2 and nano Al2O3. The electric flux has significantly decreased from 5,000 to 3,500°C and 4,100, suggesting the reduction of the permeability. Besides, the heat of hydration testing results demonstrates that the nano SiO2 and nano Al2O3 have considerable impacts on accelerating the hydration process. The non-evaporable water contents have reduced with increasing contents of nano SiO2 and nano Al2O3. The SEM/EDS analysis demonstrates that the high-density C-S-H phase will be formed. After the F/T and W/D cycles in a CaCl2 solution, although colloidal precipitates will be formed and the dense microstructure of the cement paste will be damaged, the addition of nanoparticles is beneficial to remain the dense structure of cement paste.
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