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Aiming at the existing grouting material, there are a series of problems such as poor fluidity of the grouting, rapid loss of fluidity, non-compactness of the grouting after hardening, gaps or holes, and the like. In this paper, fly ash, limestone powder, and silica fume are used to replace cement, and the influence of mineral admixtures on the fluidity, rheological properties, and strength of the grouting material are systematically studied. The experiment found that: fly ash, limestone powder, and silica fume can all improve the fluidity of the grouting material, and the effect of fly ash is the best. Compared with pure cement grouting, the initial fluidity and 60 min fluidity of the grouting material mixed with 40 wt% fly ash were reduced by 35.5% and 53.8% respectively. Fly ash and limestone powder mixed into the grouting material will significantly improve the rheological properties, while silica fume will reduce the flow properties of the grouting. The addition of fly ash and limestone powder will reduce the mechanical properties of the grouting material, while silica fume can improve the mechanical properties of the grouting material. Compared with pure cement grouting, the 28 days compressive strength with 4 wt% limestone powder grouting material is reduced by 4.5%, and the flexural strength is reduced by 6%; the 28 days compressive strength with 4 wt% silica fume grouting material is increased by 6.5%, the flexural strength increased by 1%.
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1 INTRODUCTION
In recent years, the construction of highway bridges in our country has developed rapidly. The design and construction of long-span prestressed concrete bridges have become a popular trend. Prestressed concrete technology has the advantages of using high strength materials, promoting the lightweight structure, with large span ability, and effectively avoid concrete cracking. However, all the advantages of the prestressed concrete bridge structure must be based on the integrity of the bond between the prestressed reinforcement and the structural concrete. According to the different characteristics of fabrication, design and construction, the prestressed concrete structure can be divided into pre-tensioning method and post-tensioning method. At present, the post-tensioning method has been widely used in the construction of highway bridges. The cantilever construction, site pouring and span construction mainly adopt the post-tensioning method. Duct grouting is an important part of post-tensioning prestressed structure construction. It plays an important role in protecting prestressed reinforcement from harmful ion erosion. Moreover, it directly affects the overall stiffness and strength of the prestressed concrete component, making the prestressed reinforcement and surrounding concrete joint as a whole. To improve and ensure the quality of prestressed duct grouting, the quality of grouting material is the premise. It is necessary to choose the raw materials and optimize the mix ratio design. The performance of the grouting material is directly related to the durability of the post-tensioning prestressed concrete structure (Feng and Wang, 2012; Song et al., 2014a; Ba, 2018; Zhang et al., 2020; Tan et al., 2022).
Prestressed duct grouting material as an important construction material for prestressed structures, scholars have done a lot of research on it. Li (2011) prepared a new grouting material made of ordinary Portland cement and rapid hardened sulphoaluminate cement as the compound system, adding retarder (tartaric acid and boric acid) and early strength admixture (lithium carbonate). Due to the characteristics of high early strength and rapid hardening. Compared with the conventional grouting material, the prepared grouting material has higher early strength and better working performance. However, it is difficult to control the setting time, so it is proposed that the cementing material of prestressed grouting should not choose thioaluminate cement, but mainly ordinary silicic acid cement. Song et al. (2014b) improved the physical properties of grouting material by changing mixing parameters and replacing cement varieties. Cheng et al. (2014) explored the influence of volume deformation and submicrostructure of prestressed pore by adding plastic expansion agent. Li (Li et al., 2018) studied the influence of ultrafine calumonite on the performance of the grouting material. The study shows that the increase of the calcium increases the strength and setting time of the grouting material.
Xiang et al. (2018) studied the influence of limestone powder on the performance of the grouting material. The results show that in a certain range, the fluidity of the grouting material is gradually increased with the increase of limestone powder. Moreover, it has a positive effect on improving the strength of the grouting material and can inhibit the contraction of the grouting material in the later stage. Through microscopic testing and characterization, it is known that the strength increase is mainly due to the physical filling effect of limestone powder, which makes the interior more dense. The pozzolanic activity of limestone powder and other mineral admixture will also lead to the increase of the grouting material strength. Ma et al. (2021) studied the influence of gypsum on the fluidity, mechanical properties and shrinkage rate of the grouting material. The results show that when the gypsum (CaSO4) exists simultaneously with the water-reducing agent, the adsorption and steric hindrance will improve the initial fluidity of the grouting material. At the same time, CaSO4 can promote the generation of calcium sulfoaluminate in the hydration products, which improve the strength of the grouting material. In addition, the increase in the amount of calcium can fill the gap between hydration products, making the grouting material more dense and improve the stability of the grouting material. Masbin et al. formulated a prestressed grouting agent from fly ash, silicon ash, water-reducing agent, expansion agent, cellulose and defoaming agent (Shu et al., 2021a). The effects of various raw materials on the variability of compressive strength were studied through the test system. And the mix ratio was optimized by applying the Logit model. The test results show that the dosage of water-reducing agent and defoaming agent will increase the variability of the compressive strength of the grouting material. While silica fume, expansion agent and cellulose will inhibit the variability of the compressive strength to some extent. The compressive strength of the optimized grouting material can reach more than 60 MPa in 7 days and 74 MPa in 28 days. Moreover, the data error of the same group is within 10%, and the variability is significantly reduced. Shu et al. (2021b) used fly ash (FA) or steel slag powder (SS) as raw material, and studied the influence of FA and SS on the fluidity and mechanical properties of grouting material. The results show that the optimal amounts of FA and SS were 40% and 20%. The grouting material containing 40% FA or 20% SS have good mobility and mechanical properties. Guan and Zhong (2013) deeply studied the physical and mechanical properties, rheological properties and microstructural changes of ultrafine high-performance grouting cement. The study shows that when the fly ash is mixed into the ultrafine cement, the fluidity of the grouting material can be greatly improved. Because the pozzolanic activity of the fly ash, it can improve the hardening strength of the late grouting material stage. The interior can be more dense, and the impermeability of the slurry can be enhanced.
Liu et al. (2023) prepared nano-silica (NS) -modified aqueous epoxy resin (WEP) by in situ polymerization and mixed it into the grouting material. The characteristics and microstructure of composite grouting material and the microscopic coordination mechanism of each slurry composition is analyzed. The results show that increasing the NS concentration in WEP can shorten the setting time and improve the stability of the composite grouting material. When the NS content in WEP was 4%, the compressive strength of the specimens increased by 33.71% at 3 days and 39.03% at 28 days. The composite material of NS and WEP can promote the production of the hydration products C-S-H and C-A-S-H, and promote the fine crystallization of the hydration products. Hydrated crystals were grown on NS of the WEP surface, thereby bridging the resin film and cement particles. Zhang et al. (2021) used polypropylene fiber (PP), polyvinyl fiber (PVA) and basalt fiber (BF) as a mixture of the grouting material, studied the fiber on the basic mechanical properties, toughness and the best content and length of each fiber. The results show that fiber is the ideal material to improve the toughness of the grouting material. The best content of each fiber in the grouting material is 0.5% (PP), 0.3% (BF) and 0.1% (PVA), and the best length is 9 mm (PP), 3 mm (BF) and 3 mm (PVA). The best content of each fiber in grouting material is 0.5% (PP), 0.3% (BF) and 0.1% (PVA), and the best length is 9 mm (PP), 3 mm (BF) and 3 mm (PVA).
Sun et al. (2020) introduced thioaluminate cement, hydroxypropyl methyl cellulose, lithium carbonate and calcium formate in the cementing system, and prepared the prestressed duct grouting material for railway that meets the requirements of JTG/TF 50-2011 “Technical Specification for Construction of Highway Bridge and Culverts” under the condition of −5°C. Yang et al. (2019) studied the effect of expansion agent on the limiting expansion rate of grouting material. The result shows that the rate of limiting expansion increased with the increase of expansion agent. In a certain dosage range, the expansion agent has an obvious effect on increasing the early limiting expansion rate of grouting material. Wang and Zhang (2017) developed a duct grouting material, which has high fluidity, small flow loss, micro expansion and no bleeding occur. They selected polycarboxylicacid water reducer, plastic expansion agent, defoaming agent as chemical admixture. By performing orthogonal test to optimize the raw materials and the mix ratio. The prepared duct grouting material meets the requirements of JTG/TF 50-2011 “Technical Specification for Construction of Highway Bridge and Culverts.” He et al. (2023) proposed that the combination of superabsorbent polymer (SAP) and the expansion agent can effectively reduce the shrinkage deformation of ultra-high strength cement-based grouting materials (UHS-CGM) in dry environment. Moreover, the effects of different SAP sizes and dosage on the compressive strength, inhibitory expansion rate, internal relative humidity (IRH) and hydration characteristics of UHS-CGM containing MgO expansion agent (MEA) were studied. And the composition and content of hydration products are analyzed by TG and XRD by SEM. The results show that SAP improved the hydration degree of UHS-CGM and the expansion efficiency of MEA, significantly improved the inhibitory expansion rate of UHS-CGM under standard curing and sealed curing. While reduced the compressive strength of UHS-CGM, which increased with the increasing size and dose of SAP.
At present, there is a comprehensive study on the addition of adding appropriate admixture to the grouting material and the optimization of the mix ratio of raw materials. But the existing research on the rheology or working performance of the grouting is less. Studying the rheological characteristics of grouting can provide a basis for adjusting the ratio of the grouting and controlling the preparation process of materials. Thus, improving the construction performance of the material and its physical and chemical properties as well as application effect. This paper combined with the test system of fly ash, limestone powder, silicon ash mineral admixture on the grouting material flowability, rheology, mechanical properties of the law, in order to improve the working performance and mechanical properties of the grouting material.
2 EXPERIMENT
2.1 Raw materials
The cement is P·O 42.5 cement from Shanshui Dongyue with a density of 3.10 g/cm3 and a specific surface area of 380 m2/kg. The fly ash is Beijing-taipei Grade I fly ash with a density of 2.2 g/cm3, a fineness of 5.9% and a loss on ignition of 2.1%, water requirement ratio 95%; Limestone powder; Sika water reducing agent, white powder, water reducing rate 27%, air content 2.4% (water reducing rate and air content 1%), expansion agent. The 3 and 28 days compressive strength (CS) and flexural strength (FS) of the main cement materials used in this experiment are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Mechanical properties of the selected cement.
2.2 Specimen preparation
In the traditional sense, the vast majority of prestressed duct grouting materials is pure cement slurry. Only a certain amount of water reducing agent, expansion agent and thickening agent are added to prepare the duct grouting materials on site. The mixing is not sufficient and the influence of various factors makes the quality of the duct grouting materials can not be guaranteed. Thus, there are a series of problems such as poor fluidity, fast flow loss, large drainage rate of serous slurry, stratified segregation, uncompaction after slurry hardening, void or holes (Zhang et al., 2019; Chen et al., 2020; Ma et al., 2022; Mou et al., 2022; Wang et al., 2022). Therefore, this study is based on the literature review and previous experiments (Xie et al., 2020; Khan et al., 2021; Khan et al., 2022a; Khan et al., 2022b; Sha et al., 2023). The key parameters of water-binder ratio, water-reducing agent and expansion agent are determined in Table 1. On the basis of these parameters, the working state of the grouting material can be adjusted by adjusting the composition of the cementitious material and adding admixtures until the grouting material with excellent performance can be prepared. First, the test raw materials will be proportionally prepared dry mixture, and pre-mixing. Then first add water to the mixing pot, then add the dry mixture, then start the mixing device, from low-speed mixing (500 r/min, stirring 1 min) to high-speed full mixing (2,000 r/min, stirring 9 min, blade linear speed of 15 m/s).
TABLE 1 | Mix ratio parameter.
[image: Table 1]The working performance (fluidity) of the mixed grouting was tested first, and then the grouting was poured into a 40 mm × 40 mm × 160 mm cement mortar triple die for molding. The grouting level was slightly higher than the test model height for the first time, to be the surface of the “Plastic” state after the collection. After the specimens for mechanical properties testing were finished, polyethylene film was applied to the surface of the specimens (as shown in Figure 2) and the molds were removed after indoor curing at a temperature of 20°C ± 2°C or 1 day, remove the mold and move to the concrete standard curing room for standard curing, until the specified age to take out the mechanical properties of the test.
[image: Figure 2]FIGURE 2 | Specimen preparation and sample testing.
2.3 Testing methods
2.3.1 Working performance
2.3.1.1 Liquidity
The working performance (fluidity) of the grouting material was tested in accordance with the “Test code for cement and cement concrete for highway engineering” (JTG E 30) (JTGE30-2005.2005-03-03, 2005) (as shown in Figure 2).
2.3.1.2 Rheological properties
The rheological properties of mortar were tested by BML rheometer.
2.3.2 Mechanical properties
The compressive strength and flexural strength of the grouting material at 3, 7, and 28 days were measured by automatic pressure testing machine for cement mortar strength. The test method was carried out according to “Testing method for strength of cement mortar (ISO method)” (GB/T 17671) (Standardization Administration of China, 2009).
3 RESULTS AND DISCUSSIONS
3.1 The influence of mineral admixture on the working performance of the grouting material
3.1.1 Effect of fly ash on the fluidity of the grouting material
In order to study the effect of the content of fly ash on the working performance of the grouting, the same content of fly ash was used to replace 10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt% of the cement. The test mix ratio and fluidity test results are shown in Table 2 and Figure 3.
TABLE 2 | Single test material amount (kg/m3).
[image: Table 2][image: Figure 3]FIGURE 3 | Test results of the effect of fly ash on the working performance of the grouting material.
Figure 3 reflects the effect of the amount of fly ash on the performance of the grouting material. It can be seen from Figure 3 that the fluidity of the grouting decreases with time. As the time increased from 0 to 60 mins, the fluidity of pure cement grouting increased from 31 to 52 s, and the fluidity increased by 67.7%. The fluidity of the grouting material mixed with 50 wt% fly ash increased from 23 to 24 s, and the fluidity increased by 4.35%. It can be seen that the addition of fly ash can significantly reduce the time loss of the grouting material. When the content of fly ash in the grouting material increases from 0 wt% to 40 wt%, the initial fluidity of the grouting material tends to decrease. However, when the content of fly ash is 50 wt%, the initial fluidity of the grouting material increases. When the content of fly ash in the grouting material increases from 0 wt% to 50 wt%, the initial fluidity of the grouting material decreases from 31 to 23 s, a decrease of 25.8%, and the 60 min fluidity of the grouting material decreases from 52 to 24 s, a decrease of 53.8%. In summary, the addition of fly ash can effectively improve the working performance of the grouting material and reduce the loss of fluidity over time, but the dosage should not be too high.
3.1.2 Effect of limestone powder on the fluidity of the grouting material
In order to study the effect of limestone powder on the working performance of the grouting material, an equal content of limestone was used to replace 5 wt% 10 wt%, and 20 wt% cement. The test mix ratio and fluidity test results are shown in Table 3 and Figure 4.
TABLE 3 | Single test material amount (kg/m3).
[image: Table 3][image: Figure 4]FIGURE 4 | Test results of the effect of limestone powder on the working performance of the grouting material.
Figure 4 reflects the effect of adding limestone powder on the working performance of the grouting material. It can be seen from Figure 4 that the fluidity of the grouting decreases with time. The content of limestone powder increased from 0 wt% to 5 wt%, and the initial fluidity of the grouting material decreased from 31 to 22 s, a decrease of 29%. As the time increased from 0 to 60 mins, the fluidity of the grouting material decreased from 52 to 26 s, a decrease of 50%. It can be seen that the incorporation of limestone powder can effectively improve the working performance of the grouting material and greatly reduce the loss of the fluidity of the grouting material over time. However, when the limestone powder content increased from 5 wt% to 20 wt%, the initial fluidity of the grouting material increased from 22 to 27 s, an increase of 23%. The fluidity of the grouting increased from 26 to 32 s at 60 min, an increase of 23%. In summary, limestone powder can significantly improve the fluidity of the grouting material and reduce the loss of fluidity of the grouting material over time. However, excessive limestone powder will inhibit the working performance of the grouting material, resulting in a decrease in the fluidity of the grouting material.
3.1.3 Effect of silica fume on the grouting material fluidity
In order to study the influence of silica fume on the performance of grouting material, an equal content of silica fume was used to replace 4 wt%, 5 wt%, and 6 wt% cement. The test mix ratio and fluidity test results are shown in Table 4 and Figure 5.
TABLE 4 | Single test material amount (kg/m3).
[image: Table 4][image: Figure 5]FIGURE 5 | Test results of the effect of silica fume on the working performance of the grouting material.
Figure 5 reflects the effect of silica fume on the performance of the grouting material. It can be seen from Figure 5 that with 4 wt% silica fume, the initial fluidity of the grouting decreased from 31 to 26 s, a decrease of 16%. And the 60 min fluidity decreased from 52 to 31 s, a decrease of 41%. Silica fume can improve the working performance of the grouting, and can significantly reduce the loss of the fluidity of the grouting material over time. When the content of silica fume increased from 4 wt% to 6 wt%, the initial fluidity of the grouting material increased from 26 to 50 s, an increase of 92%. The fluidity of the grouting material increased from 31 to 65 s at 60 min, an increase of 109%. The working performance of the grouting material is very sensitive to the change of the silica fume content, and excessive silica fume will seriously inhibit the working performance of the grouting material. Therefore, the content of silica fume in the grouting material needs to be strictly controlled, otherwise the working performance of the grouting material will be severely inhibited.
3.1.4 Effect of fly ash, limestone powder and silica fume on rheological properties of the grouting material
Figure 6 is the relationship curve between shear stress and shear rate of pure cement grouting and mixed with different amounts of fly ash, silica fume and limestone powder grouting material drawn using the data measured by the rheometer. It can be seen from Figure 6 that there is an obvious positive correlation between the shear stress and the shear rate of the grouting material. From the curve of shear stress and shear rate of cement paste, it can be seen that when the shear rate is low, the shear stress increases rapidly. But with the further increase of the shear rate, the growth rate of the shear stress gradually slows down. The rheological curve of pure cement grouting material can fit well with the modified Binghan model, where R2 can reach 0.97. The relationship between shear stress and shear rate can be described by fitting Eq. 1.
[image: image]
[image: Figure 6]FIGURE 6 | Effect of fly ash, silica fume and limestone powder on rheological properties of the grouting material.
When 10 wt% fly ash was added to the grouting material, the rheological properties of the grouting material changed significantly. When the shear rate is constant, the shear stress of the grouting mixed with 10 wt% fly ash is significantly smaller than that of the pure cement grouting. There is also an obvious positive correlation between the shear stress and the shear rate of the grouting material mixed with 10 wt% fly ash. Similar to the pure cement grouting material, the rheological curve of the grouting material mixed with 10 wt% fly ash can also fit the modified Binghan model very well, in which R2 can reach 0.99. Therefore, the relationship between the shear stress and the shear rate of the grouting material mixed with 10 wt% fly ash can be described by the fitting Eq. 2.
[image: image]
When adding 10 wt% limestone powder to the grouting material, the rheological properties of the grouting material also changed significantly. When the shear rate is constant, the shear stress of the grouting material mixed with 10 wt% limestone powder is smaller than the shear stress of the pure cement grouting material and the grouting material mixed with 10 wt% fly ash. The shear stress and shear rate of the same grouting material mixed with 10.0 wt% limestone powder also have a significant positive correlation. The rheological curve of the grouting material can also fit well with the modified Binghan model, where R2 can reach 0.99. Therefore, the relationship between the shear stress and the shear rate of the grouting material mixed with 10 wt% fly ash can be described by the fitting Eq. 3.
[image: image]
When adding 5 wt% silica fume to the grouting material, the rheological properties of the paste changed significantly. When the shear rate is constant, the shear stress of the grouting material mixed with 5 wt% silica fume is significantly greater than that of the pure grouting material, grouting material mixed with 10 wt% fly ash and grouting material mixed with 10 wt% limestone powder. The rheological curve of the grouting material can also fit well with the modified Binghan model, where R2 can reach 0.99. Therefore, the relationship between the shear stress and the shear rate of the grouting material mixed with 10 wt% fly ash can be described by the fitting Eq. 4.
[image: image]
Combining the above four fitting equations, it can be known that mixing fly ash and limestone powder into grouting material will significantly improve the rheological properties of grouting material. When 10 wt% fly ash is added to the grouting material, the apparent viscosity and yield stress of the grouting material are reduced from 0.40 Pa∙s and 41.3 Pa to 0.33 Pa∙s and 33.3 Pa, reduced by 17.5% and 19.4%. This may be due to the fact that the spherical structure of fly ash reduces the friction between grouting material. Compared with the pure cement grouting the apparent viscosity and yield stress are reduced by 25% and 26% when 10 wt% of limestone powder is added to the grouting material. However, when adding 5 wt% silica fume, the apparent viscosity and yield stress of the grouting increased significantly. Compared with the pure cement grouting, the apparent viscosity and yield stress of the grouting increased from 0.40 Pa∙s and 41.3 Pa to 0.47 Pa∙s and 53.4 Pa, which increased by 17.5% and 30%. Therefore, the incorporation of fly ash and limestone powder can improve the working performance of the grouting material, while silica fume can reduce the rheological properties of the grouting material.
3.2 Effect of mineral admixture on mechanical properties of the grouting material
3.2.1 Effect of fly ash on mechanical properties of the grouting material
Figure 7A reflects the 3, 7, and 28 days flexural strength of pure cement grouting material and grouting material mixed with different proportions of fly ash. It can be seen from Figure 7A that the 3, 7, and 28 days flexural strength of pure cement grouting material (SP1) is higher than that grouting material with fly ash. Compared with pure cement grouting material, when the fly ash content is 10 wt%, 20 wt%, 30 wt%, 40 wt% and 50 wt%. The 3 days flexural strength of the grouting material is reduced by 13.33%, 28.33%, 38.33%, 48.33% and 55%, respectively; The 7 days flexural strength of the grouting material is reduced by 12.79%, 23.26%, 32.56%, 40.70% and 47.67%, respectively; The 28 days flexural strength of the grouting material is reduced by 11.65%, 23.30%, 32.04%, 39.81% and 48.54%, respectively; It can be seen that with the increase of the amount of fly ash, the flexural strength of the grouting material gradually decreases, and the influence of the addition of fly ash on the early strength of the grouting material is more significant.
[image: Figure 7]FIGURE 7 | Mechanical properties of the grouting material mixed with fly ash. (A) flexural strength; (B) compressive strength.
Figure 7B reflects the 3, 7, and 28 days compressive strength of pure cement grouting material and grouting material mixed with different proportions of fly ash. It can be seen from Figure 7B that the 3, 7, and 28 days compressive strength of pure cement grouting material (SP1) is higher than that grouting material with fly ash. Compared with pure cement grouting material, when the fly ash content is 10 wt%, 20 wt%, 30 wt%, 40 wt% and 50 wt%. The 3 days compressive strength of the grouting material is reduced by 10.54%, 18.50%, 27.17%, 35.36% and 41.90%, respectively; The 7 days compressive strength of the grouting material is reduced by 11.58%, 20.36%, 28.74%, 37.92% and 44.91%, respectively; The 28 days compressive strength of the grouting material is reduced by 9.13%, 19.66%, 28.02%, 36.22% and 43.81%, respectively; It can be seen that with the increase of the content of fly ash, the compressive strength of the grouting material gradually decreases.
In summary, the addition of fly ash will reduce the mechanical properties of the grouting material, but when the content is small (less than 10%), it has little effect on the mechanical properties. And the mechanical properties of the grouting material increase significantly with age.
3.2.2 Effect of limestone powder on mechanical properties of the grouting material
Figure 8A reflects the 3, 7 and 28 days flexural strength of pure cement grouting material and grouting material mixed with different proportions of limestone powder. It can be seen from Figure 8A that the 3 days, 7, and 28 days flexural strength of pure cement grouting material (SP1) is higher than that grouting material with limestone powder. Compared with pure cement grouting material, when the limestone powder content is 5 wt%, 10 wt%, and 20 wt%. The 3 days flexural strength of the grouting is reduced by 5.00%, 20.00% and 31.67%, respectively; The 7 days flexural strength of the grouting is reduced by 3.59%, 10.38% and 24.75%, respectively; The 28 days flexural strength of the grouting is reduced by 5.82%, 15.53% and 29.13%, respectively; It can be seen that with the increase of the amount of limestone powder, the flexural strength of the grouting material gradually decreases. However, when the amount of limestone powder is less (5 wt%), the flexural strength of the grouting material is only reduced by about 5%.
[image: Figure 8]FIGURE 8 | Mechanical properties of the grouting material mixed with limestone powder. (A) flexural strength; (B) compressive strength.
Figure 8B reflects the 3, 7, and 28 days compressive strength of pure cement grouting material and grouting material mixed with different proportions of limestone powder. It can be seen from Figure 8B that the 3, 7, and 28 days compressive strength of pure cement grouting material (SP1) is higher than that grouting material with limestone powder. Compared with pure cement grouting material, when the limestone powder content is 5 wt%, 10 wt%, and 20 wt%. The 3 days compressive strength of the grouting is reduced by 4.92%, 11.48% and 24.82%, respectively; The 7 days compressive strength of the grouting is reduced by 3.59%, 9.30% and 24.75%, respectively; The 28 days compressive strength of the grouting is reduced by 5.42%, 11.92% and 24.92%, respectively; It can be seen that with the increase of the content of limestone powder, the compressive strength of the grouting material gradually decreases.
In summary, the addition of limestone powder will reduce the mechanical properties of the grouting material, but when the content is small (5%), it has little effect on the mechanical properties of the grouting material. The mechanical properties of the grouting material will increase significantly with age.
3.2.3 Effect of silica fume on mechanical properties of the grouting material
Figure 9A reflects the 3, 7, and 28 days flexural strength of pure cement grouting material and grouting material mixed with different proportions of silica fume. It can be seen from Figure 9A that the 3, 7, and 28 days flexural strength of pure cement grouting material (SP1) is lower than that grouting material with silica fume. Compared with pure cement grouting material, when the silica fume content is 4 wt%, 5 wt%, and 6 wt%. The 3 days flexural strength of the grouting material is increased by 8.33%, 8.33% and 10.00%, respectively; The 7 days flexural strength of the grouting is increased by 2.33%, 2.33% and 3.49%, respectively; The 28 days flexural strength of the grouting is increased by 0.97%, 1.94% and 1.94%, respectively; It can be seen that the increase of silica fume content can promote the development of the early flexural strength of the grouting material, but has little effect on the later strength of the grouting material.
[image: Figure 9]FIGURE 9 | Mechanical properties of the grouting material mixed with silica fume. (A) flexural strength; (B) compressive strength.
Figure 9B reflects the 3, 7, and 28 days compressive strength of pure cement grouting material and grouting material mixed with different proportions of silica fume. It can be seen from Figure 9B that the 3, 7, and 28 days compressive strength of pure cement grouting material (SP1) is lower than that grouting material with silica fume. Compared with pure cement grouting material, when the silica fume content is 4 wt%, 5 wt%, and 6 wt%. The 3 days compressive strength of the grouting material is increased by 8.90%, 11.48% and 15.46%, respectively; The 7 days compressive strength of the grouting material is increased by 8.98%, 13.37% and 16.36%, respectively; The 28 days compressive strength of the grouting material is increased by 6.50%, 8.51% and 16.25%, respectively; It can be seen that as the content of silica fume increases, the compressive strength of the grouting material increases gradually.
In summary, silica fume can improve the mechanical properties of grouting material, and with the increase of silica fume content, the effect of improving the compressive strength of grouting material is more significant.
4 DISCUSSION
At the present stage, the adjustment of the water binder ratio of the grouting material is limited between 0.26 and 0.28. Which can effectively avoid the bleeding phenomenon of the grouting material and improves the early strength of the grouting material (Song et al., 2014b; Gao et al., 2022). With the decrease of the water binder ratio of the grouting material. The requirements of all kinds of new grouting material are getting higher and higher, which promotes the grouting matierial construction technology constantly updated and improved (Shi, 2020). Grouting materials mixed with appropriate amount of admixtures, such as fly ash, silica fume, limestone powder, etc., can fully meet the needs of mechanical properties and working properties in the current construction. Therefore, the demand for the admixture of the grouting matierial is getting lower and lower. In some special cases that must be mixed with admixture. It should be considered to use good compatibility with the grouting or cement, low chloride, nitrite content, can ensure good grouting mobility, no bleeding and can meet the requirements of mechanical strength specification and construction (Cheng et al., 2014; Yang, 2020). Mineral admixture should be grade I fly ash, slag or silica fume, and the quality should meet the standard requirements. Mineral admixture should be selected according to the engineering needs, and the materials conducive to improve the fluidity and stability of the grouting material should be selected (Xiang et al., 2018). The mixing water shall not contain substances harmful to prestressed tendons or cement. Test and construction of the water source must be tested in the water source and can be used only after meeting the requirements.
5 CONCLUSION
This paper systematically studies the influence of different contents of fly ash, limestone powder and silica fume on the working performance and mechanical properties of the grouting material, and the main conclusions are as follows:
(1) Fly ash and limestone powder can effectively improve the working performance of the grouting and reduce the loss of fluidity of the grouting material over time, and the effect of fly ash is the most significant. Compared with the pure cement grouting material, the initial fluidity and 60 mins fluidity of the grouting material mixed with 40 wt% fly ash are reduced by 35.5% and 53.8%. The initial fluidity and 60 mins fluidity of the grouting material mixed with 5 wt% limestone powder decrease by 30% and 41%. But when the fly ash content is 50 wt% and the limestone powder content is 10 wt%, the working performance of the grouting material begins to decrease.
(2) Adding 4 wt% silica fume can improve the working performance of the grouting material, and the initial fluidity and 60 min fluidity of the grouting are reduced by 16% and 41%. However, as the content of silica fume increases, the working performance of the grouting will be significantly reduced, and the fluidity of the grouting will be increased over time.
(3) Fly ash and limestone powder mixed into grouting will significantly improve the rheological properties of the grouting material, but silica fume will reduce the rheological properties of grouting material. Compared with the pure cement grouting material, the apparent viscosity and yield stress of the grouting material mixed with 10 wt% fly ash decreased by 17.5% and 19.4%, respectively; The apparent viscosity and yield stress of the grouting mixed with 10 wt% limestone powder decreased by 25% and 26%, respectively. But mixed with 5 wt% silica fume, the apparent viscosity and yield stress of the grouting increase significantly. Compared with the pure cement grouting material, the apparent viscosity and yield stress of the grouting material mixed with 5 wt% silica fume increase by 17.5% and 30%, respectively.
(4) The addition of fly ash and limestone powder will reduce the mechanical properties of the grouting material. Compared with the pure cement grouting material, the 28 days compressive strength of the grouting material with 10 wt% fly ash is reduced by 9% and the flexural strength is reduced by 12%; The 28 days compressive strength of the grouting material with 4 wt% limestone powder is reduced by 4.5% and the flexural strength is reduced by 6%. With the increase of the content of fly ash and limestone powder, the mechanical properties of the grouting material tended to decrease gradually.
(5) The addition of silica fume can improve the mechanical properties of the grouting material. Compared with pure cement grouting, the 28 days compressive strength of 4 wt% silica fume grouting material is increased by 6.5%, and the 28 days flexural strength is increased by 1%. With the increase of silica fume content, the mechanical properties of the grouting material tend to increase gradually, especially the increase of compressive strength is the most obvious.
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