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The harsh geological conditions in the northwest region of China, characterized by widespread saline-alkali soil rich in alkali ions, pose a high risk of Alkali-Silica reaction (ASR) in concrete, particularly due to the presence of ASR-active natural river sands. To address ASR hazards, locally applied concrete often employs High-Performance concrete (HPC) prepared with high proportions of mineral admixtures. In this paper, the alkali content is controlled by adding mixed water with NaOH to the initial configuration of concrete, and three different alkali content states are set up. A 1 mol/L NaOH solution was used to simulate alkaline conditions, and HPC specimens were immersed for an extended period to investigate the effects of equivalent alkali content, immersion time, concrete strength, and admixture on the flexural mechanical properties of HPC under the condition of long-term alkali immersion. Results indicate that, the strength grade was positively correlated with the flexural strength of HPC, but the alkali content was negatively. Initial immersion significantly enhances strength, followed by a gradual decline after long-term immersion. Among three types of admixture addition methods, the impact on flexural strength of HPC immersed in alkaline solution for 10 years follows the order: Double doped air entraining agent and rust inhibitor is greater than single doped air entraining agent is greater than single doped rust inhibitor. In the process of macroscopic test, it is difficult to observe the variation rule of stress and strain in detail, only the final aggregate failure mode can be analyzed. In order to analyze the strain change of the specimen and the failure process of the aggregates more accurately, a three-dimensional random aggregate concrete mesoscopic model was established, and equations relating microhardness to the mechanical properties of concrete components were derived from statistical analysis, providing a basis for parameter selection in the model. Results demonstrate that with increasing strength, the occurrence time of initial cracks is delayed, and the ratio of cracks bypassing aggregates (cracks develop along the ITZ between aggregate and mortar until complete failure) decreases, and the ratio of cracks penetrating aggregates (cracks develop directly through aggregates in an almost vertical direction) increases.
Keywords: ASR inhibition measures, HPC, prolonged alkaline solution immersion, flexural strength, numerical simulation
1 INTRODUCTION
In the northwest region of China, salt lakes and saline-alkali soils contain high concentrations of chlorides, sulfates, and alkali metal ions, which greatly predispose concrete to alkali-aggregate reaction (AAR). Aggregates, serving as the framework of concrete, typically consist of minerals containing silica dioxide such as chalcedony, quartz, and chert. These mineral components are prone to undergo ASR with alkalis (Na2O, K2O) in cement, resulting in the formation of expansive alkali-silicate gel, thus leading to concrete deterioration (Zhou, 2011).
Over the past half-century, more than 20 countries have incurred significant losses due to the damage inflicted on buildings by ASR (Tang et al., 2022; Mong et al., 2002; E Grattan-Bellew et al., 1998). Numerous experiments have been conducted to investigate the impact of ASR on concrete strength. Cavalcanti (Cavalcanti, 1986) studied the extent of strength, durability, and harmful cracking effects of concrete under long-term ASR. Sanchez et al. (Crouch and Wood, 1990; Kubo and Nakata, 2012; Sanchez, 2014) found that the tensile strength and elastic modulus of concrete are more affected by ASR than compressive strength. Nixon et al. (Nixon and Bollinghaus, 1985; Smaoui et al., 2004) demonstrated that high expansion levels have a significant impact on compressive strength. At low expansion levels (0.05%) and high expansion levels (0.2–0.3%), the tensile strength decreased by 12%–70% and 50%–70%, respectively.
Currently, the main methods to suppress ASR include the use of inactive aggregates, controlling moisture, managing total alkali content in concrete, and adding inhibitory materials and chemical admixtures (Ding et al., 2008; Jan et al., 2013; Liu et al., 2015). According to Qian’s research (Qian et al., 1994), as the content of slag and fly ash in concrete increases, the expansion decreases, and the inhibition effect on ASR strengthens. The optimal inhibition effect on ASR is achieved when the addition reaches 30%. Moreover, studies have pointed out that the key role of fly ash lies in alleviating or preventing the chemical reaction of reactive aggregates. Chen’s research (Chen et al., 1993) indicates that the effective addition of silica fume is about 10%–15%, but it can only delay the occurrence of ASR without complete inhibition. Duyhai et al. (Choi and Choi, 2015; Vo et al., 2020) explored the effect of slag content on inhibiting ASR in highly alkaline reactive aggregates and found a positive correlation. The use of admixtures to suppress ASR can be traced back to as early as 1951 (McCoy and Caldwell, 1951). Due to not requiring changes in construction conditions and even possibly improving the performance of concrete, this method has received considerable attention. Shayan and Ivanusec (Shayan and Ivanusec, 1989) explored the influence of adding NaOH on the mechanical properties of mortar containing non-reactive and reactive aggregates and ultimately found that adding NaOH led to a decrease in mortar strength, with similar trends observed in both types of concrete. This is because the addition of NaOH undergoes significant chemical reactions with cement, affecting the performance of concrete. In general, high alkaline conditions are detrimental to the strength of concrete (Qian, 1996).
Wu Z et al. (Wu, 2000) summarized the definition of HPC. In addition to cement, aggregate and water, low water-binder ratio, sufficient mineral admixtures and high-efficiency admixtures were used, and stricter quality management was adopted. Concrete with excellent mechanical properties, durability and good impact resistance can be called High-Performance Concrete (HPC).
HPC inherently exhibits a suppression effect on ASR due to its internal incorporation of large quantities of mineral admixtures such as slag, fly ash (FA), and silica fume (SF). Marzouk and Langdon (Marzouk and Langdon, 2003), in their exploration of the influence of alkaline aggregates on the mechanical properties of HPC and Ordinary Portland Cement (OPC), immersed concrete specimens separately in NaOH solution at 80°C or distilled water for 12 weeks. They found that high alkaline environments significantly affected the strength of OPC but had minimal impact on both low and high alkali-reactive HPC. Fares and Khan (Fares and Khan, 2013) investigated the inhibitory effects of two-phase and three-phase blended materials on ASR, including FA and SF. The results indicated that the inhibitory effect of single addition SF (15% content) or single addition FA (45% content) on ASR was not as good as the combined addition of FA + SF (10% FA and 10% SF).
Yu et al. (Yu et al., 2003) investigated the compressive strength of OPC20 and OPC30 after 270 days of exposure in the saline soil environment of Qinghai Chaerhan Salt Lake, and found that they were reduced by 41%–65% and 18%–23%.
Wang et al. (Wang, 1993) found that the compressive strength of high-strength and high-density concrete with a water-binder ratio of 0.22–0.26 and a strength grade of C50 mixed with 10% silica fume increased by 18.5%–27.3% after immersion in salt lake alkaline solution for 3 years, indicating that HPC showed better corrosion resistance in the face of long-term corrosion.
Zhang et al. (Zhang, 2014) found that the relative dynamic elastic modulus of OPC30 and OPC50 increased to 110% and 109% after 550 days immersion in salt lake alkaline solution, and decreased to 90% and 104% respectively after 1,550 days of immersion in salt lake alkaline solution. The relative dynamic elastic modulus of HPC with strength grade of C65 (10% silica fume +45% slag), C70 (10% silica fume +27% fly ash) and C80 (10% silica fume) were still in the growth stage at 1,550 days, and increased by about 110%–120%.
Gao et al. (Gao et al., 2019) studied the compressive strength of HPC exposed to salt lake alkaline solution for 1 year and 1.5 years. It was found that the compressive strength of HPC with the strength grade C50 (12% fly ash +20% slag +3% silica fume) increased by 35% and 27%.
At present, the research on the mechanical properties of HPC in salt lake alkali corrosion environment has not been more than 5 years, so it is urgent to study its durability and long-term strength change in a longer time span, which has important scientific value for the technical development and engineering application of HPC in salt lake environment.
With the continuous progress of computer technology, the strict requirements of traditional tests and high cost have prompted researchers to start exploring in the direction of numerical simulation. At present, breakthrough progress has been made in many fields, for example, Xiang et al. (Xiang and Liew, 2013) proposed a computational framework for transverse compression of microtubules using Cauchy-Born rules, and used atomistic-continuum simulation and mesh-free method to calculate the high-order gradient continuum theory format, and deeply studied the elastic properties and mechanical response of microtubules under transverse compression.
In the field of concrete, it has been widely used to analyze the mechanical response of concrete under load, such as cracking and failure mode. Compared with the test, numerical simulation has many advantages, which can more intuitively observe the stress and strain changes of the specimen, the specific failure process of aggregate, the crack propagation and damage mechanism. It has important research value and significance.
Xu et al. (Xu et al., 2011) employed a novel algorithm to determine the stacking problem between ellipsoidal and ellipsoidal aggregate models and investigated the influence of aggregate shape on aggregate packing behavior in concrete. Fang et al. (Fang et al., 2013) proposed an efficient three-dimensional aggregate growth and determination algorithm based on vector growth and judgment criteria. They generated spatial octahedral aggregate models with random shape characteristics and successfully applied them to static and dynamic microscopic mechanical simulation of concrete.
Zhang et al. (Zhang et al., 2021) discussed the influence of porosity characteristics on the compressive strength of coral aggregates and developed a series of algorithms considering the real mesoscopic characteristics of coral aggregates based on two-dimensional XCT images. Wu (Wu et al., 2021a; Wu et al., 2022) established particle generation algorithms and vector growth algorithms that can generate three-dimensional particle systems assembled from irregularly shaped and sized particles. They obtained convex-concave particles with different shapes and sizes, which are more in line with engineering reality compared to previous simulations that could only model regular geometric shapes or simple polyhedra particles. To address the issue of particle volume fraction in the model being smaller than the actual fraction, they proposed using the gravity compaction algorithm in the PFC3D program and a spatial translation/rotation algorithm from literature to analyze the distribution of aggregates in concrete models.
Wu et al. (Wu et al., 2021b), through numerical simulation and comparison with experimental results, found that coral aggregate concrete (CAC) with larger aggregate volumes and smaller MAS values experienced faster failure processes. They also demonstrated that the proposed three-dimensional random mesoscopic modeling method, considering the random characteristics of aggregate shape and spatial distribution, exhibits high reliability in simulating and analyzing the compression performance of CAC. This method can provide further insights into the mixture design, performance research, and prediction of CAC. Li (Li et al., 2023) utilized the 3D random aggregate concrete mesoscopic model to simulate the uniaxial compressive mechanical properties of HPC specimens under long-term corrosion conditions and found that the failure morphology was in good agreement with the compressive strength.
Chen (Chen et al., 2023) studied the change of bearing capacity of reinforced cage specimens and ordinary specimens with different eccentricity and width-thickness ratio, and discussed the law of reinforcement effect of reinforced cage using the finite element analysis method. And found that when the width-thickness ratio is 22.5 and the eccentricity is small, the reinforcement cage greatly improves the ultimate bearing capacity of the CFSST column, however, this enhancement decreases with the increase of eccentricity.
Currently, there is a lack of research on the mechanical properties of HPC containing alkali-reactive aggregates and high proportions of mineral admixtures under prolonged exposure to alkaline solution environments. Therefore, this study aims to investigate the flexural mechanical properties of HPC with ASR inhibition measures under prolonged immersion in alkaline solution and analyze the mesoscopic mechanisms of fracture failure.
2 EXPERIMENT
2.1 Raw materials
The cement used is P.II 52.5 cement and P.O 42.5 cement produced by Gansu Qilianshan Cement Group Co., Ltd. The main physical and mechanical properties of this type of cement are shown in Table 1. The chemical composition and alkali content of the main raw materials are shown in Tables 2 and 3, respectively. Fly ash is produced by Gansu Yongdeng Liandian Fly Ash Co., Ltd. Ground granulated blast furnace slag: S95 grade product from Gansu Xiangyang Trading Co., Ltd.’s slag mill, with a specific surface area of 330 m2/kg. Silica fume: Product from Qinghai Blue Sky Environmental Protection Technology Co., Ltd., with a SiO2 content of 90.51% and a specific surface area of 26,200 m2/kg. Fine aggregate: River sand from Ledu, Qinghai, with a bulk density of 1,639 kg/m3, fineness modulus of 2.87, and classified as medium sand with specific parameter indexes shown in Table 4. The coarse aggregate for C40∼45 consists of granite crushed stone from Xining, with a maximum particle size of 31.5 mm. It contains 2.9% needle-like particles, and it has a continuous grading from 5mm to 31.5 mm. The SO42- content is 0.02%, and the Cl- content is 0.0063%. For C50∼60, the coarse aggregate also comprises granite crushed stone from Xining, with a maximum particle size of 20 mm. It contains 2.6% needle-like particles, and it has a continuous grading from 5mm to 20 mm. The SO42- content is 0.02%, and the Cl- content is 0.0057%. For specific parameter details, please refer to Table 4. High-efficiency water reducer: PJ-FDN polycarboxylate-based high-efficiency water reducer from Xining Yangjian Waterproofing Additives Co., Ltd., liquid form, recommended dosage of 1.5%, water reduction rate of over 25%, K2O content of 0.000562%, Na2O content of 0.427518%, solid content greater than 9.5%, and Cl- content of 0.037909%. Air-entraining agent: Product from Xining Yangjian Waterproofing Additives Co., Ltd., with K2O content of 0.000562%, Na2O content of 0.390312%, SO42- content less than 0.105%, and Cl- content of 0.016994%. FDN steel anti-corrosion agent: Product from Xining Yangjian Waterproofing Additives Co., Ltd., with a solid content of 30%, K2O content of 0.131472%, Na2O content of 0.080336%, SO42- content less than 0.1145%, and Cl- content of 0.648371%. Water: Drinking water that meets national standards.
TABLE 1 | Physical mechanical properties of cement (Yan et al., 2022).
[image: Table 1]TABLE 2 | Chemical composition of main materials/%.
[image: Table 2]TABLE 3 | Alkali active ingredients of main materials (Yan et al., 2022).
[image: Table 3]TABLE 4 | Basic parameters of aggregate (Yan et al., 2022).
[image: Table 4]According to the CECS53: 93 standard, the alkali content of concrete raw materials refers to the content of equivalent sodium oxide in raw materials, measured as a percentage of weight. Equivalent sodium oxide content refers to the sum of sodium oxide and 0.658 times of potassium oxide. When calculating the alkali content (kg/m3) of concrete, the equivalent alkali content of cement is counted as 100% of the equivalent alkali content, the equivalent alkali content of mineral admixture = 15% of the equivalent alkali of fly ash +50% of the equivalent alkali of slag +50% of the equivalent alkali of silica fume, the equivalent alkali content of admixture = 100% of the equivalent alkali of admixture. The equivalent alkali content of each component including mixed water multiplied by the corresponding amount (kg/m3), and then all the alkali content of each components are added as the alkali content of concrete (kg/m3). The equivalent alkali content of concrete refers to the percentage of the alkali content of concrete divided by the mass of unit volume concrete.
2.2 Mixture design
The paper presents four different concrete mix designs for varying strength grades, and for the C50 strength grade, three types of admixture addition methods are employed. To investigate the influence of total alkali content in concrete on its physical mechanical properties under high-concentration alkali exposure, various equivalent alkali contents are designed based on the aforementioned six concrete mixtures. Specifically, specimens labeled as −0 represent the original equivalent alkali content of the materials, termed as low alkali state; whereas specimens labeled as −1 and −2 have NaOH added to the mixing water to increase the equivalent alkali content, referred to as medium alkali state and high alkali state, respectively. The detailed information regarding the equivalent alkali content and material usage for each mix design can be found in Table 5. Additionally, Table 6 provides detailed specifications of important indicators such as slump, water-cement ratio, expansion degree, and air content for each mix design.
TABLE 5 | The mix proportion and material consumption of concrete/kg (YAN et al., 2022).
[image: Table 5]TABLE 6 | The performance of HPC with different strength grades.
[image: Table 6]2.3 Corrosion medium
The corrosion medium used in this experiment is a standard alkaline solution, specifically employed for ASR testing. Following ASTM standards, a solution of 1 mol/L NaOH concentration is utilized, and all concrete specimens are fully immersed in the solution. Figure 1 illustrates the preparation process of concrete specimens 10 years ago.
[image: Figure 1]FIGURE 1 | HPC preparation process 10 years ago (Yan et al., 2022). (A) Vibrating, (B) Mold release, (C) Immersion, (D) Immersing device, (E) Temperature controller.
2.4 Test method
2.4.1 The flexural test
The concrete specimens immersed in alkaline solution for 10 years are highly valuable, and it is crucial to ensure adequate spacing between specimens in the immersion environment. To fully utilize the immersion space and obtain as many different mechanical properties as possible, the specimens used in this experiment have dimensions of 515 mm × 100 mm × 100 mm. All the specimens were made in the same batch and began to immerse. They are all immersed in standard alkaline solution (1 mol/L NaOH) for durations of 0 days, 28 days, 182 days, 365 days and 3,650 days. When the required immersion time was reached, some specimens were taken out for testing and the rest continued to immerse. The flexural test is conducted using four-point loading, with the loading points illustrated in Figure 2. After completing the flexural test, the remaining portions of the specimens are subjected to other mechanical property tests.
[image: Figure 2]FIGURE 2 | Loading diagram of flexural test (mm).
2.4.2 Flexural test data processing
According to the Standard for Testing Methods of Physical and Mechanical Properties of Concrete (Ministry of Housing and Urban-Rural Development of the OPeople’s Republic of China, 2019), the flexural strength of concrete specimens can be calculated by Eq. 1:
[image: image]
Where, [image: image] is the flexural strength (MPa), L is the span between the supports (mm), h and b are the section height and width (mm) of the specimen. In addition, the strength values measured by non-standard specimens should be multiplied by the size conversion coefficient of 0.85 (Ministry of Housing and Urban-Rural Development of the OPeople’s Republic of China, 2019).
2.4.3 Preparation and measurement instruments for microhardness testing
During the specimen preparation process, the specimens were first cut into approximately 3 mm thick slices using a precision automatic cutting machine. Subsequently, they were polished using 240-grit and 600-grit sandpaper. During the polishing process, a figure “8” motion was used to pre-polish, aiming to remove any damage zones that could cause polishing errors. Next, the specimens were embedded in epoxy resin within a metallographic mold. The epoxy resin mixture was injected into the mold using a vacuum drying oven to ensure complete sealing of the specimens. After sealing, the back of the specimens was polished to ensure uniform force application during polishing. Manual pre-polishing was performed to remove the resin layer from the front surface, ensuring a resin impregnation depth of 0.1 mm and avoiding excessive resin thickness during pre-polishing. Ultrasonic cleaning with anhydrous ethanol was then conducted, followed by formal polishing using a UNIPOL-12000M automatic pressure grinding and polishing machine (as shown in Figure 3A). Diamond polishing compounds of varying particle sizes were used for polishing, ranging from large to small. The final polished samples retained a thin layer of resin protection on the surface, exhibiting a mirror-like finish. The polished samples were dried in a vacuum drying oven for more than 48 h to evaporate the anhydrous ethanol and prevent contamination of the hardness tester. Microhardness testing was performed using an HVS-1000MZ hardness tester (as shown in Figure 3B), employing a 136° inverted pyramid diamond indenter. Indentations were made on the specimen surface under the applied test load, and Vickers hardness values were calculated accordingly.
[image: Figure 3]FIGURE 3 | Microhardness specimen preparation and testing equipment. (A) UNIPOL-12000M automatic pressure grinding and polishing machine, (B) HVS-1000MZ hardness tester.
2.4.4 Vickers hardness calculation
After applying a certain test load with the diamond indenter, the length of the indentation diagonal is calculated using the arithmetic mean method. Based on this, the indentation surface area is calculated, and subsequently, the Vickers hardness value is determined. The specific calculation formula is shown as Eq. 2:
[image: image]
Where, HV is the Vickers hardness (MPa), F is the test load (N) (the test load is determined based on the clarity of the indentation, typically ranging from 20 μm to 60μm, and in this study, a test load of 0.490N was used under a ×400 magnification), S is the surface area of the indentation (mm2), d is the arithmetic mean of the diagonals of the indentation (mm), θ is the included angle of the diamond indenter (°), which is 136° in this study.
3 RESULTS AND DISCUSSION
The long-term immersion of HPC in standard alkali solution can lead to changes in its strength, which is a key indicator for assessing its durability. Systematic studies on the strength variation of HPC specimens at different immersion ages provide valuable insights into their performance under various environmental conditions. This research helps to determine the corrosion resistance of HPC in harsh environments such as brine, providing comprehensive information and basis for evaluating its durability.
3.1 The effect of immersing in standard alkali solution for 10 years on the flexural strength of HPC
The flexural strength of HPC immersed in 38°C standard alkali solution for 10 years was tested, and the flexural strength of 0 days and 3,650 days was recorded. The resistance coefficient proposed in reference (Gao, 2018) can effectively assess the strength changes of HPC after long-term immersion, thus providing a more comprehensive and accurate evaluation of the material’s durability. The specific calculation formula is shown as Eq. 3:
[image: image]
Where, [image: image] is the corrosion resistance coefficient, [image: image] is the strength of the specimen when the immersing time in the standard alkali solution is t, [image: image] is the strength of the specimen before immersing (the age before immersion is 28 days).
Table 7 summarizes the initial strength, strength after 10 years immersion, and corresponding corrosion resistance coefficients of specimens with different strength levels under low alkali and medium alkali conditions. For HPC with varying alkali content, the flexural strength generally exhibits an increasing trend with higher strength grades. Furthermore, comparison between HPC specimens with different admixture at C50 strength level reveals that air-entraining agent and corrosion inhibitor can enhance the flexural strength of HPC. It is noteworthy that although both air-entraining agent and corrosion inhibitor improve the flexural performance of HPC, after 10 years of immersion, the HPC with air-entraining agent demonstrates superior flexural performance.
TABLE 7 | Comparison of initial flexural strength and flexural strength immersed in standard alkali solution for 10 years of HPC (MPa).
[image: Table 7]Furthermore, the corrosion resistance coefficients in Table 7 are generally greater than 1, indicating a widespread increase in flexural strength of HPC under long-term ASR inhibition. A comparison of corrosion resistance coefficients between low alkali and medium alkali states of HPC reveals that the corrosion resistance coefficient under low alkali conditions is typically greater than that under medium alkali conditions. The corrosion resistance coefficient under low alkali conditions is around 1.2, while that under medium alkali conditions is slightly higher than 1. Further analysis indicates that before immersion in alkali solution, the difference in flexural strength between low alkali and medium alkali states of HPC is small, and the flexural strength of HPC under medium alkali conditions is relatively higher. However, after 10 years of immersion in alkali solution, the flexural strength of HPC under medium alkali conditions is affected by factors such as expansion rate and damage, resulting in slightly lower strength of specimens under medium alkali conditions. Additionally, long-term immersion of HPC in standard alkali solution leads to the formation of ASR corrosion products, which fill and divide cracks. Although this increases the porosity, the corrosion products fill the pores, resulting in a reduction in crack size, thereby improving the flexural strength of HPC to some extent.
3.2 Effect of immersing time in standard alkali solution on flexural strength of HPC
This study conducted experimental tests on the flexural strength of HPC under medium alkali conditions immersed in alkali solution for 0 days, 28 days, 182 days, 365 days, and 3650 days, and the results are shown in Table 8.
TABLE 8 | The change of flexural strength of HPC in medium alkali state with the immersing time (MPa).
[image: Table 8]Based on the experimental data in Table 8, curves depicting the flexural strength and relative flexural strength of HPC under medium alkali conditions over time of alkali immersion were plotted as shown in Figures 4, 5. From the observations in Figure 4, it can be inferred that the flexural strength of HPC under medium alkali conditions generally increases with increasing strength grade during different immersion periods. With prolonged immersion time, the flexural strength of HPC exhibits a trend of initially increasing and then decreasing: at 28 days of immersion, the flexural strength of HPC is generally higher compared to the initial strength, during the period from 28 days to 182 days of immersion, the flexural strength of most strength grades of HPC continues to increase but gradually levels off, after 365 days of immersion, the flexural strength of HPC is lower than that at 182 days, however, between 365 days and 3650 days of immersion, the flexural strength of HPC continues to decrease but remains higher than the initial flexural strength before immersion. This indicates that during prolonged alkali immersion, HPC with ASR inhibition measures experiences a significant increase in flexural strength at the initial stage of immersion, followed by corrosion-induced damage. Nonetheless, the ultimate flexural mechanical performance still exhibits an improvement in durability characteristics.
[image: Figure 4]FIGURE 4 | The change of flexural strength of HPC in medium alkali state with the immersing time of alkali solution.
[image: Figure 5]FIGURE 5 | The change of the relative flexural strength of HPC in alkali state with the immersion time of alkali solution.
By comparing the flexural strengths of C50Z-1, Ca50-1, and Ca50Z-1 at different time intervals, it was found that the addition of air-entraining agent and corrosion inhibitor can improve the flexural performance of HPC. During the immersion period of 28 days to 365 days in alkali solution, the HPC with only air-entraining agent showed higher flexural strength compared to that with only corrosion inhibitor. After immersion for 3650 days, HPC with both additives maintained higher long-term flexural performance, indicating that the combination of air-entraining agent and corrosion inhibitor can synergistically enhance the stability of long-term flexural performance in alkali solution immersion.
In Figure 5, the relative flexural strength of Ca50-1 specimens is significantly higher than other mix proportions at each time interval, demonstrating a notable performance advantage. This also suggests that the effect of air-entraining agent on resisting ASR in HPC is stronger than that of corrosion inhibitor. Additionally, the relative flexural strength of Ca60Z-1 remains relatively stable over time, indicating that long-term immersion in alkali solution has the least impact on its flexural mechanical performance.
3.3 The effect of alkali content on the flexural strength of HPC immersed in standard alkali solution for 10 years
This study analyzed the flexural strength of specimens with different alkali contents immersed in standard alkali solution for 10 years, and the relevant data were summarized in Table 9. The relative residual flexural strength represents the ratio of the flexural strength of HPC under medium and high alkali conditions to that under low alkali conditions.
TABLE 9 | The effect of alkali content on the flexural strength of HPC after immersing in standard alkali solution for 10 years.
[image: Table 9]According to the relevant data from Table 9 and Figure 6 is plotted below. In the graph, the horizontal axis labels 0, 1, and two represent the HPC specimens under low, medium, and high alkali conditions, respectively. By observing the data in the graph, it facilitates a better analysis of the trends and characteristics of the experimental results, thereby gaining deeper insights into the tendencies and features of the experiment.
[image: Figure 6]FIGURE 6 | The effect of alkali content on the flexural strength of HPC after 10 years of immersion in standard alkali solution.
Based on the observation of Figure 6, it is evident that HPC under different alkali content states generally exhibits an increasing trend in flexural strength as their respective strength grades increase. However, with the increase in alkali content, the flexural strength of HPC gradually decreases. Under medium alkali conditions, the relationship between flexural strength and strength grade is not significant, with a decrease ranging from 3.07% to 8.68%. Specifically, the Ca40 specimens show the highest decrease in flexural strength at 8.68%, while the Ca50Z specimens exhibit the lowest decrease at only 3.07%. Conversely, under high alkali conditions, the relative residual flexural strength of specimens across different strength grades remains at around 92%. This indicates that although the flexural strength of HPC generally increases with the increase in concrete strength grade, excessively high alkali content also leads to a certain degree of performance reduction.
3.4 The failure mode and crack propagation characteristics of HPC flexural test
The flexural strength is an important index to measure the flexural failure resistance of materials, which can be used to evaluate the performance of concrete beam-column members. At the same time, the actual flexural failure of concrete is also closely related to its seismic and other properties (Chen et al., 2019). Therefore, it is of great engineering significance to study the flexural strength of concrete. Figure 7 illustrates the flexural failure modes of Ca40 specimens with different alkali contents. In the early stages of the test, tensile deformation was observed at the bottom of the specimen, while compressive deformation was evident at the top. Due to the excellent performance of high-performance concrete, cracks typically exhibited small extension trends during the test. As the load continued to increase, cracks at the center of the specimen gradually expanded, forming distinct tensile failure characteristics. The expansion of cracks led to gradual loss of connection among the concrete inside the specimen, ultimately resulting in its failure. Upon reaching the failure point, noticeable fragmentation and collapse occurred at the center of the specimen, with cracks extending across the entire cross-section, exhibiting clear brittle failure characteristics.
[image: Figure 7]FIGURE 7 | The flexural failure modes of Ca40 with different alkali contents.
Furthermore, HPC specimens with different alkali contents exhibited similar characteristics in the flexural test: there were distinct nearly vertical main cracks near the center of the specimen, causing the concrete to fracture into two parts. Upon studying the cross-section of the HPC specimens, it was observed that the fracture surface was relatively smooth. Statistical analysis of the damage to the aggregates revealed (yellow circles in Figure 7 represent cracks bypassing the aggregates, while red circles represent cracks penetrating the aggregates) that the alkali content had minimal influence on the damage pattern of the aggregates within the specimens. Approximately 64.9% of the cracks in Ca40 specimens penetrated the aggregates (there is a relatively smooth section of the aggregate in the final failure surface). This is mainly due to the excellent mix design of HPC and the tight bond between aggregates and mortar induced by various admixtures. As a result, cracks directly penetrated through them, leading to a relatively smooth fracture surface.
Figure 8 illustrates the failure modes of HPC specimens with different strength grades under low alkali conditions. There were no significant differences in the overall failure modes of specimens with different strength grades, which still exhibited a single main crack near the center of the specimen. Some specimens experienced slight damage during immersion in the alkali solution, resulting in minor spalling of the concrete surface during the loading test. However, the overall fracture surfaces appeared relatively smooth.
[image: Figure 8]FIGURE 8 | Failure modes of HPC with different strength grades under low alkali state.
Compared to admixtures, the strength has a significant influence on the internal crack propagation characteristics of HPC. With the increase in strength grade, the probability of interface failure between aggregate and mortar decreases. Consequently, the proportion of cracks bypassing aggregates (there are grooves or protrusions of aggregate in the final failure surface) and causing aggregate detachment gradually reduces. When the strength grade reaches C50 and C60, the proportion of cracks penetrating aggregates is 80.4% and 83.3% respectively, with the majority of aggregates being directly split, resulting in smooth fracture surfaces.
4 MESOSCOPIC SIMULATION OF THE FLEXURAL FAILURE PROCESS OF HPC AND THE PROPAGATION PATH OF FRACTURE CRACKS
4.1 Establishment of 3D random aggregate concrete mesoscopic model
With the advancement of computer technology, scholars have established various random aggregate models of different shapes and dimensions to simulate the distribution of coarse aggregates in concrete. Since Wittmann’s pioneering work (Wittmann et al., 1985) using 2D circular aggregate models to study the influence of coarse aggregates on the micro-mechanical properties of concrete, the understanding of aggregate shapes has deepened. As a result, random aggregate models have gradually evolved from regular geometric bodies to random-shaped particles, transitioning from two-dimensional planes to three-dimensional space. Common random aggregate models include two-dimensional spheres, ellipses, and polygons, as well as three-dimensional spheres, ellipsoids, and regular polyhedra [(Häfner et al., 2006; Wriggers and Moftah, 2006; Lu et al., 2010)]. In this study, based on random quadrilaterals in a plane, a spatial random octahedra matrix is generated. Then, a 3D random convex polyhedron aggregate model with controllable shape and size is obtained by using the random growth algorithm. The modeling process is described in the following text.
(1) Generating Planar Random Quadrilaterals
To ensure the randomness of the aggregate model shapes, a random quadrilateral is established in the plane as the projection surface of the aggregate model. Specifically, a circle with a radius of R = 0.5D is generated in the XOY plane, where D is the determined aggregate diameter. Within this circle, a random quadrilateral ABCD is determined as the inscribed shape, roughly as shown in Figure 9A.
[image: Figure 9]FIGURE 9 | Modeling process of three-dimensional random aggregate concrete meso-model. (A) Generating Planar Random Quadrilaterals, (B) The spatial random octahedron generates a 3D random convex polyhedron by growth algorithm, (C) Aggregate Placement.

(2) The spatial random octahedron matrix generates a 3D random convex polyhedron by growth algorithm.
An appropriate aggregate center point O is determined in the XOY plane, and a spatial random octahedron is established as the base of the aggregate model. After that, a random growth algorithm is used to obtain 3D random convex polyhedron aggregate model with controllable shape and size. As seen in Figure 9B, the three-dimensional random model closely resembles real aggregates in terms of edge and corner features, demonstrating the authenticity and reliability of this aggregate model.
(3) Aggregate Placement
During aggregate placement, the Fuller grading curve is used to determine the gradation relationship of random polyhedral aggregates in the mesoscopic model of concrete to meet the gradation requirements of coarse aggregates. An aggregate library is established based on the grading curve, and random center coordinates for aggregates are determined. Aggregates are then selected from the library based on these coordinates and placed within the designated area. Subsequently, the coordinates of the placed aggregates are checked against the boundary: if all vertexes of the aggregates are within the area, the placement is valid; if any vertexes are outside the area, indicating invalid placement, the aggregates are removed, and new center coordinates are determined for re-placement. During aggregate placement, the spatial “limited translation” and “random placement” algorithms proposed in reference (Fang et al., 2013) are utilized, combined with criteria for aggregate intersection and boundary intrusion, to adjust the spatial positions of aggregates. This process ultimately yields a three-dimensional random aggregate model that meets the desired aggregate volume fraction.
After completing the aggregate placement, referring to the mesoscopic model established by Wu et al. (Wu et al., 2021c) based on the finite element method, the ITZ is treated as a continuum damage-plasticity model. The material identification algorithm [(Fang and Zhang, 2012; Fang et al., 2016; Mao et al., 2019)] is used to identify coarse aggregates, mortar, and ITZ in the three-dimensional mesoscopic model. Subsequently, the mapping algorithm [(Fang and Zhang, 2012; Fang et al., 2016; Mao et al., 2019)] is employed to mesh the model, generating finite element meshes for different components, the mesh type is hexahedral mesh, the characteristic mesh size is 2mm, and the element number is 643,750, as shown in Figure 10. From the figure, it can be observed that after concealing the mortar and ITZ in the central part of the specimen, the distribution of aggregates appears completely random.
[image: Figure 10]FIGURE 10 | Three-dimensional random aggregate concrete model.
In this paper, the model of aggregate is selected as HJC model, and the model of mortar and ITZ is selected as K&C model. The HJC model needs to obtain the elastic modulus, mass density, Poisson’s ratio and compressive strength of the aggregate. Because this paper uses the REL3 version of the K&C model, compared with other versions, it has the function of automatically determining the material parameters. It only needs to input the initial parameters such as uniaxial compressive strength, uniaxial tensile strength and elastic modulus, other parameters of concrete can be automatically calculated.
In this paper, the parameters of the model are determined by the microhardness as the medium, and the relationship between the microhardness and the meso-components of the concrete is acquired by means of statistics. The microhardness of each component of HPC required in this paper is obtained through experiments, and finally the mechanical parameters of each component of HPC are obtained. Details are shown in Section 4.2.
4.2 Mechanical properties of HPC meso-components and determination of model parameters
In order to obtain the mechanical parameters of each mesoscopic component of HPC, the microhardness test was carried out in this paper. According to the calculation formula for microhardness in Section 2.4.4, the microhardness variation with position near the coarse aggregate can be obtained (Figure 11). In the figure, the initial phase with relatively high microhardness corresponds to the aggregate, the lowest point in the curve represents the microhardness of the ITZ, and the subsequent relatively flat segment corresponds to the microhardness of the matrix. By conducting parallel measurements of 10 sets of data near the same aggregate and taking the average, the specific microhardness values for Ca40-0, Ca50-0, and Ca60Z-0 components are presented in Table 10.
[image: Figure 11]FIGURE 11 | Microhardness distribution near coarse aggregate of HPC with different strength.
TABLE 10 | Microhardness of HPC components with different strength.
[image: Table 10]Due to limitations in size and testing conditions, the mechanical properties of mortar and the interface transition zone (ITZ) have not been accurately determined. Therefore, this study first obtained the microhardness values of various components inside concrete, including the matrix, aggregate, and ITZ, through experiments. Then, based on the work of Diao et al. (Diao, 2021) and Liu et al. (Liu and Jia, 1995), relationships between the macroscopic mechanical properties such as compressive strength fc, splitting tensile strength fst, and elastic modulus Ec of concrete and microhardness were established.
Through data fitting analysis, it was found that there is a linear relationship between the microhardness HV of the matrix and the splitting tensile strength fst-mor of mortar, and a quadratic function relationship between the compressive strength fc of the matrix and its microhardness. The relationship between the compressive strength fc and the static modulus of elasticity Ec of the matrix is linear. The static modulus of elasticity Ec of the matrix has a power function relationship with the elastic modulus Ec-mor of mortar, and the elastic modulus Ec-mor of mortar has a power function relationship with the compressive strength fc-mor of mortar, as shown in Figure 12. By using the experimentally measured microhardness of the matrix, the mechanical properties of the mortar components can be subsequently determined.
[image: Figure 12]FIGURE 12 | Relationship between the macroscopic mechanical properties of mortar and HV of matrix. (A) Relationship between HV and fst-mor of matrix, (B) Relationship between HV and fc of matrix, (C) The relationship between fc and Ec of matrix, (D) The relationship between Ec and Ec-mor, (E) Relationship between Ec-mor and fc-mor.
Figure 13 illustrates the relationship between the microhardness of the ITZ and its mechanical properties. From the graph, it is evident that the microhardness of the ITZ exhibits an exponential relationship with its splitting tensile strength, and the splitting tensile strength of the ITZ has an exponential relationship with its compressive strength. Since the ITZ can be considered as the weaker mortar component, the relationship between Ec-ITZ and fc can be referenced from Figure 12C.
[image: Figure 13]FIGURE 13 | Relationship between the macroscopic mechanical properties of ITZ and HV. (A) Relationship between HV-ITZ and fst-ITZ, (B) Relationship between fst-ITZ and fc-ITZ.
In this study, the mortar and ITZ are modeled using the K&C model, which includes three strength failure surfaces: the initial yield surface, the ultimate strength surface, and the residual strength surface. This model can simulate the changes of the strengthening surface between the initial yield surface and the ultimate strength surface, as well as the softening surface between the ultimate strength surface and the residual strength surface (Liu and Jia, 1995). By utilizing the aforementioned relationships between microhardness and the mechanical properties of each component, the material parameters of mortar and ITZ can be calculated, as detailed in Table 11.
TABLE 11 | Model parameters of mortar and ITZ material.
[image: Table 11]The aggregate is modeled using the HJC model, which comprises a state equation, a yield surface equation, and a damage evolution model, as illustrated in Figure 14. Specific material parameters are selected based on references (Li et al., 2023), with an elastic modulus E = 66GPa, mass density ρ = 2780 kg/m3, Poisson’s ratio μ = 0.15, and compressive strength fc = 50 MPa.
[image: Figure 14]FIGURE 14 | The yield surface equation of HJC model (Qin et al., 2014).
4.3 Verification of model parameters of 3D concrete mesoscopic model in HPC flexural test
Based on the modeling method and process described in Section 4.1, a 515 mm × 100 mm × 100 mm prismatic concrete specimen model was established with a mesh size of 2mm, resulting in a total of 645,060 elements. The aggregate volume fraction is 46%. Distributed displacement loads were applied along the Z-axis to simulate the mesosfailure mechanism of HPC in flexural experiments (Figure 15). From the simulated results, stress is concentrated between the two loading points, and cracks gradually propagate upwards in this region. Eventually, the overall failure process is consistent with the simulation results, with most of the aggregates along the failure surface being split, forming relatively smooth fracture surfaces.
[image: Figure 15]FIGURE 15 | Failure mode of Ca50-0 specimen in flexural test.
By referring to the relevant articles (Liu et al., 2021; Guo et al., 2022; Li et al., 2023), it can be found that the simulation effect is better when the error between the experiment and the simulation results is less than 10%.
Table 12 summarizes the experimental and simulated flexural strengths, the error is within 10%, indicating that this model can effectively simulate the flexural mechanical properties of HPC containing ASR inhibitors under long-term alkali immersion.
TABLE 12 | Comparison of different strength HPC test and simulated flexural strength.
[image: Table 12]Figure 16 depicts the failure process of three different strength HPC specimens, Ca40-0, Ca50-0, and Ca60Z-0. The maximum effective strain was adjusted to 0.003. From the figure, it can be observed that cracks in all specimens generally develop from bottom to top. Cracks first appear in Ca40-0 at 0.002 s, then propagate rapidly upwards, bypassing the bottom aggregates and directly penetrating some aggregates in the middle of the specimen by 0.008s, forming the main crack. In contrast, cracks in Ca50-0 and Ca60Z-0 form later due to directly penetrating the bottom aggregates, but the main cracks also form at 0.008 s. With subsequent loading, the cracks gradually widen, leading to the final failure mode consistent with the actual scenario. Specifically, with increasing strength, the proportion of cracks penetrating aggregates increases. Almost no cracks bypassing aggregates were observed in Ca50-0 and Ca60Z, indicating that using the three-dimensional random aggregate mesoscopic model and associating microhardness with the mechanical parameters of concrete components to obtain model parameters can effectively simulate the flexural failure mode of HPC.
[image: Figure 16]FIGURE 16 | Analysis of failure process of HPC with different strength grades.
4.4 Numerical simulation of mesoscopic failure mechanism in HPC flexural test
Figure 17 illustrates the failure process of coarse aggregates in the Ca40-0 model, where most aggregates exhibit splitting failure. As shown in the figure, as the loading time progresses, cracks make contact with the aggregates at 0.002s, followed by the appearance of fine cracks in the aggregates at 0.004 s. With further loading, the cracks continue to expand, penetrating the aggregates almost vertically, widening the cracks on both sides, and squeezing the aggregates sideways, ultimately resulting in a relatively smooth fracture surface. A small portion of cracks bypassing the aggregates can be observed. At 0.004s, the crack penetrates the ITZ and reaches the aggregates. Subsequently, instead of continuing to propagate in the original direction, the crack propagates along the ITZ between the aggregates and the mortar until complete failure occurs, causing the detachment of the aggregates from the mortar. The final failure surface exhibits protruding aggregates or retained aggregate voids.
[image: Figure 17]FIGURE 17 | Different failure processes of coarse aggregate.
5 CONCLUSION
Based on the investigation of the mechanical properties and microfailure mechanisms of HPC containing ASR inhibition measures under long-term alkali immersion, the specific conclusions are as follows.
(1) With the increase in strength grade, the flexural strength of HPC generally shows an increasing trend, but as the alkali content rises, the flexural strength gradually decreases. Air-entraining agents perform better in resisting ASR under long-term alkali immersion compared to corrosion inhibitor.
(2) In standard alkali solution, the flexural strength of HPC in the middle alkali state generally increases with the increase in strength grade during different immersion periods. The immersion time has an impact on the flexural strength of HPC with different strength grades. Initially, immersion can significantly enhance the flexural strength, but prolonged immersion leads to a gradual decrease in strength, albeit still maintained at a relatively high level.
(3) HPC specimens of different strength grades and alkali contents exhibit similar fracture characteristics in flexural tests, mainly characterized by a single primary crack formed between loading points and eventually extending to the specimen section.
(4) The three-dimensional random aggregate mesoscopic concrete model was used to simulate the flexural failure mode of HPC. Results demonstrate that with increasing strength, the occurrence time of initial cracks is delayed, and the ratio of cracks bypassing aggregates (cracks develop along the ITZ between aggregate and mortar until complete failure) decreases, and the ratio of cracks penetrating aggregates (cracks develop directly through the aggregates in an almost vertical direction) increases.
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Coarse ITZ/MPa  Matrix/MPa

aggregate/MPa
Ca0-0 3765 181 5375
Cas0-0 3708 217 64.07

Ca60-0 386.2 246 69.71
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Test/MPa Simulation/MPa Error (%)

Cad0-0 ‘ 6.68 623 -6.73

Ca50-0 ‘ 745 7.1 -4.56

Ca60Z-0 ‘ 8.65 883 +2.08
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Expansion degree (mm) Gas content (%)

Cad0 035 210 580 52
Cad5 035 235 600 57
Cas0 030 215 500 51
C50Z 025 190 400 19
Cas0Z 025 220 570 4

Ca60Z 024 235 600 56
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Specimen Flexural Relative residual Specimel Flexural Relative residual

strength/MPa flexural strength/MPa flexural
strength/% strength/%
Cad0-0 6.68 100.00 Cad5-0 628 100.00
Cad0-1 6.10 9132 Cat5-1 603 96.02
Cad0-2 598 89.52 Cat5-2 574 9140
C502-0 ‘ 735 10000 Cas0-0 ‘ 745 100.00
C50Z-1 696 | 94.69 Cas0-1 713 95.70
C502-2 684 93.06 Cas0-2 ‘ 679 9114
Cas02-0 7.49 10000 Ca60Z-0 885 100.00
Cas0z-1 v 7.26 96.93 Ca60Z-1 818 92.43
Cas02-2 688 91.86 Ca60Z-2 81 9153
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Specimen 0d 182d
Cad0-1 559 | 694 7.3 655
Cads-1 644 | 725 742 7.06 603
C502-1 687 | 7.89 7.64 741 6.96
Cas0-1 638 803 833 815 7.13
Cas0z-1 676 | 804 82 7.85 7.26
Ca60Z-1 806 | 912 8.96 8.64 8.18
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Materials | Na,0/% K,O/% Na,O+0.658 K,0/%

PO42.5 cement 0.24 0.59 0.63
PII52.5 cement 0.50 0.82 1.04
SE 1.03 200 235

FA 0.63 135 152

Slag 027 040 053
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Type of aggregate Apparent Bulk Soil content/%  Porosity/%  Crush index/%

density/(kg/m?) density/(kg/m?)

Fine aggregate ‘ - 2,650 ‘ 1,470 56 38.1 -

C40-Cd5 ‘ 1,525
2,780
C50-C60 ‘ 1,530

Coarse aggregate | 08 41 82






OPS/images/fmats-11-1407922-g017.gif
aﬁlm






OPS/images/fmats-11-1407922-g016.gif





OPS/images/fmats-11-1407922-t002.jpg
Materials

PII525 19.56 378 65.88 242 241 369 050 0.82 0.94 0.022
PO 425 2098 938 ‘ 5945 200 244 364 024 059 128 ‘ 0.023
SE 90.51 096 ‘ 050 210 - 0.64 1.03 2,00 226 ‘ 0.26
FA 5268 3242 ' 294 121 074 747 074 146 034 ‘ 0.0012
Slag 2609 2688 3738 56 175 067 049 0.83 031 ‘ 0.014 ‘
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