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The construction period of most tailing ponds generally lasts for more than 10 years or even decades. During this period, it may be affected by more than one earthquake and is often subjected to vibrations generated by mining activities. The tailings liquefied by earthquakes or vibrations may experience dynamic loads again. Due to the low permeability of tailings, the reconsolidation process of tailings after liquefaction is prolonged. Therefore, changes in the nature of the tailings caused by previous earthquakes will affect the performance of the tailing dam in the subsequent earthquakes. Dynamic triaxial tests and bending element tests were conducted on two kinds of tailings from a copper mine in Southwest China to study this process. The tailing specimens will undergo two consolidation processes and subsequent cyclic loads during the test. The influence of reconsolidation degree, confining pressure, and particle size on the dynamic characteristics and wave velocity of the tailings after liquefaction under cyclic loading was measured. The results show that the reconsolidation degree significantly affects the trend of the excess pore water pressure ratio changing with the increase in the cycle number of loads. The reconsolidation process after liquefaction of tailings will improve its liquefaction resistance. The relationship between the ratio of the cycle number of liquefaction after reconsolidation to the cycle number of first liquefaction and the reconsolidation degree is proposed. In the entire experimental process, the shear wave velocity of the tailings gradually decreases when applying the cyclic load and gradually increases during the consolidation process, including the first consolidation before cyclic loading and reconsolidation after liquefaction. The research results are of great significance to the safe disposal of tailings, especially those in earthquake-prone areas.
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1 INTRODUCTION
A tailing pond is formed by the accumulation of tailings discharged from metal and non-metal mines, which has a high potential risk of debris flow (Vick, 1990; Wei et al., 2013). Once a tailing pond is damaged, it will lead to vast environmental pollution along with casualties and property losses (Villavicencio et al., 2014; Martin-Crespo et al., 2015; Santamarina et al., 2019; Chen et al., 2021). According to relevant statistics, seismic liquefaction is the second significant factor responsible for the failure of a tailing pond (Rico et al., 2008). The laboratory test is a meaningful way to explore the dynamic characteristics of tailings, which can provide a basis for revealing the seismic instability mechanism of tailing dams. Several scholars have studied the dynamic characteristics of tailings such as cyclic shear stress ratio ([image: image]), dynamic shear modulus [image: image], initial shear modulus [image: image], damping ratio [image: image], shear wave velocity [image: image], and excess pore water pressure [image: image], etc (Wijewickreme et al., 2005; James et al., 2011; Liu et al., 2012; Cao et al., 2019; Lu et al., 2021).
The collapse of some dams is not due to seismic loading during an earthquake but rather due to reduction in shear strength or liquefaction resistance after an earthquake. The construction period of a tailing pond continues for dozens of years, during which it may have to withstand several accidental earthquakes. The influence of earthquakes on tailing dams is very complicated. The changes in the nature of tailings caused by the previous earthquake will affect the performance of the tailing dam during the subsequent earthquake. The Kayakari tailing reservoir in Japan did not suffer damage in the major earthquake of 2003, while in the minor earthquake of 2011, liquefaction occurred, and the dam broke. Ishihara et al. (2015) have conducted a series of in situ experiments and established relevant models for verification. The results show that the overall stability of the tailing dam decreases to some extent even if the earthquake does not directly destroy the dam; however, the strength of the tailings and the stability of the tailings reservoir will increase with the increase of time after the earthquake and reconsolidation of the tailings with the dissipation of excess pore pressure. Therefore, in addition to focusing on whether the dam will be damaged in the earthquake, the research on the dynamic stability of the tailing dam should also pay attention to whether or when the post-earthquake tailing dam can recover to the pre-earthquake stability, that is, the post-earthquake tailing consolidation to what extent can restore the original strength. It is of great significance to study the change in mechanical properties during the reconsolidation process of tailings after an earthquake.
Some researchers have studied the post-liquefaction behavior of sand, silt, and clay with various factors, including densities, fine content, and reconsolidated degrees (Ure). Ashour et al. (2009) presented equations to assess the undrained response of liquefied sand based on drained test behavior, indicating that the post-cyclic excess pore pressure and associated residual effective confining pressure govern the post-liquefaction undrained behavior of sand. Wang et al. (2013) studied the effect of limited excess pore pressures on silt, indicating that an excess pore pressure ratio of greater than 0.70 was a prerequisite for significant volume reduction, and thus an increase in undrained shear strength due to reconsolidation after cyclic loading. Soroush and Soltani-Jigheh (2009) measured the behavior of clay under monotonic, cyclic, and post-cyclic loading and found that during post-cyclic monotonic shearing, the clay behaves similarly to over-consolidated soil; the larger the particle size is, the higher the over-consolidation ratio would be. According to previous studies, the dynamic and mechanical properties of post-liquefied soil are affected by factors such as effective confining pressure ([image: image]), Ure, CSR, particle size, and other factors. However, most scholars focused more on the residual strength and deformation characteristics of post-liquefied soils with a monotonic shear method and seldom paid attention to the liquefaction resistance with recyclic loading. Tailing dams usually contain a lot of fine grains, resulting in poor permeability, which will make them more prone to liquefaction and collapse (Karim and Alam, 2014). Therefore, it is necessary to study the dynamic response of post-liquefied tailings under cyclic loading during the reconsolidation process under the influence of multifactor coupling.
In this study, a dynamic triaxial test system was adopted to carry out the cyclic loading test again on the tailing specimens with different degrees of reconsolidation after the first liquefaction and the second liquefaction was achieved. Several cyclic loading tests with different Ure, [image: image], and CSR were conducted on two types of tailing specimens. This study aims to obtain the change in excess pore water pressure and shear wave velocity during the cyclic reloading process with variant Ure. In particular, the liquefaction resistance of tailings under different Ure was compared. The research results can provide a basis for further understanding of the stability change law and failure mechanism of tailing dams in earthquake-prone areas.
2 TEST MATERIALS, METHODS, AND PROCEDURES
2.1 Source of Test Materials
The tailing materials being examined in this study are chosen from the Xiaodae copper tailing pond located 2.8 km in the southwest of Huili County, Liangshan Prefecture, Sichuan Province, China, as shown in Figure 1. The Xiaodae tailing pond is surrounded by mountains in three directions, with the bottom of the terrain shaped like a “V.” The north side of the terrain is higher than the south, with the slope being 8–10. The total dam height is 187.5 m, and its total final capacity is 953.61 million m3. It is a typical upstream tailing pond.
[image: Figure 1]FIGURE 1 | Distribution of the main seismic belt of China and location of the Xiaodae tailing pond.
The Xiaodae tailing pond is located in the Himalayan earthquake zone. The Himalayan earthquake zone is one of the largest earthquake areas in China and the region where earthquakes occur most intensely and frequently. In the vicinity of the Xiaodae tailing pond, the 7.7 magnitude Tonghai earthquake (5 January 1970), 7.0 magnitude Lijiang earthquake (3 February 1996), 8.0 Wenchuan earthquake (12 May 2008), and 7.0 magnitude Yaan earthquake (20 April 2013) have occurred. China’s seismic belt and mineral resource distribution area have considerably overlapped. There are currently about 8,000 tailing ponds in China, nearly half of which are distributed in the two major earthquake areas (North China and Southwest China) shown in Figure 1. Therefore, it is necessary to study the dynamic characteristics of the Xiaodae tailings for variant consolidation degrees after cyclic loading.
2.2 Physical and Mechanical Properties of Test Materials
2.2.1 Particle Size Distribution
The Xiaodae tailing pond is constructed using the upstream method. Therefore, on the top beach surface near the sub-dams, the particle size of the tailings is larger; whereas, at the tail part of the beach, it is finer. Previous studies have shown that particle size has a great effect on the dynamic properties of soils (Gratchev et al., 2006; Yilmaz et al., 2008). Therefore, on the typical top beach surface shown in Figure 1, two Xiaodae copper tailings were collected, taken from the front position (position A) and tail position (position B). The particle size distribution curves of tailings were obtained by using an S3500 light-scattering particle size analyzer (manufactured by Microtrac, Inc., Montgomeryville, PA, United States) and shown in Figure 2 and Table 1. The clay content (particle size ≤ 0.005 mm), silt content (0.005 mm < particle size ≤ 0.074 mm), and sand content (particle size > 0.074 mm) in the coarse tailings in the test are 0.9, 20%, 20.8%, and 78.3%, respectively. The abovementioned particle contents in fine tailings are 13.1%, 75.2%, and 11.7%, respectively. Both tailings have a uniformity coefficient greater than 5 and a curvature coefficient between 1 and 3, so they are both granular materials with good particle gradation. The mineralogy and chemical composition of the tailings have been described in detail in our published article (Cao et al., 2019).
[image: Figure 2]FIGURE 2 | Particle size distribution of the tailings.
TABLE 1 | Particle size distribution parameters of the tailings.
[image: Table 1]2.2.2 Static Characteristics
According to the National Standard of the People’s Republic of China “Standards for Geotechnical Test Methods” (GB/T 50123–2019), the physical properties and static mechanical properties of two tailings were obtained by tests, including density, moisture content, liquid and plastic limit, cohesion, and internal friction angle, as listed in Table 2. According to another National Standard of the People’s Republic of China “Safety Regulation for Tailings Pond” (GB 39496–2020), the test results show that the two types of tailings can be named tailing sand and tailing silt.
TABLE 2 | Physical property and static mechanical property parameters of the tailings.
[image: Table 2]2.2.3 Dynamic Characteristics
The dynamic characteristic parameters of soil usually include liquefaction resistance, shear modulus, and damping ratio. The dynamic characteristics of the test tailings were obtained by dynamic triaxial tests. Generally, liquefaction resistance is expressed by the relationship between the CSR and number of liquefaction failure cycles Nd, as given in Eqs 1, 2 (Lu et al., 2021).
[image: image]
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where τ and [image: image] are shear stress and effective confining pressure, respectively; a and b are the fitting parameters that depend on some common factors of tailings such as density, particle structure and size, stress history, etc. The results of the liquefaction resistance are shown in Figure 3. Comparing the experimental results of the liquefaction resistance of the tailing sand and tailing silt, it can be seen that the empirical equation Eq. 2 can fit well in the relationship between the CSR and failure cycle number of tailings.
[image: Figure 3]FIGURE 3 | Number of liquefaction failure cycles (NL) versus the cyclic shear stress ratio (CSR) of the tailings.
The dynamic deformation characteristics of soil are usually expressed by the relationship between the dynamic shear modulus ratio ([image: image])/damping ratio ([image: image]) and dynamic shear strain ([image: image]). [image: image], [image: image], and [image: image] can be obtained by analyzing the hysteresis curve and shear wave velocity (Lu et al., 2021). In Figure 4, [image: image]∼[image: image] and [image: image]∼[image: image] of the test tailings were compared to previous relevant findings on natural sands (Seed and Idriss, 1970; Ishihara, 1996; Rollins et al., 1998; Stokoe et al., 2004). It can be seen from Figure 4 that compared with natural sand, the dynamic shear modulus ratio and damping ratio of tailings are more sensitive to changes in dynamic shear strain. When the dynamic shear strain exceeds 0.001, compared with the natural sand, the attenuation of the dynamic shear modulus ratio and increase of the damping ratio of the tailings are both faster; especially when the dynamic shear strain exceeds 0.01, the damping ratio of the tailings will be significantly larger than that of natural sand. The abovementioned phenomenon reflects the particularity of the dynamic behavior of tailings under cyclic loading.
[image: Figure 4]FIGURE 4 | Comparison of the dynamic deformation characteristics of the tailings and natural sands: (A) [image: image]∼[image: image] curves of the tailings sand; (B) [image: image]∼[image: image] curves of the tailings silt; (C) [image: image]∼[image: image] curves of the tailings sand; and (D) [image: image]∼[image: image] curves of the tailings silt.
2.3 Test Methods and Procedures
All tests in the study were performed in stress-controlled loading mode on a DYNTTS-type dynamic triaxial instrument (manufactured by GDS Instruments, Hampshire, United Kingdom). The loading waveform is controlled by a servo system as a sine wave with a vibration frequency of 1 Hz. The tailings specimens were prepared by following the requirements of the Standards for Geotechnical Test Methods (GB/T 50123-2019). The samples collected from the Xiaodae tailing pond were reconstructed into cylindrical specimens with diameter of 50 mm and height of 100 mm using the wet tamping method. The test specimens were prepared according to the dry density and natural moisture content listed in Table 2. After the specimen preparation was completed, vacuum saturation was first conducted, and then the multistage back pressure saturation in the pressure chamber was performed until the saturation degree reached 95%. The specimens were subjected to the first consolidation under different confining pressures (100 kPa, 200 kPa, and 400 kPa), and the pore water pressure dissipated to 0 kPa as the consolidation was completed. It should be pointed out that, considering that the liquefaction depth of tailing dam during earthquakes generally does not exceed 20 m, the maximum confining pressure in the test was set to 400 kPa, which corresponds to the maximum principal stress at a depth of 20 m.
During the loading stage, cyclic loading of specific CSRs was applied to the tailing specimens until the excess pore water pressure was equal to the effective confining pressure, thereby obtaining the liquefied specimens. This process stimulates the liquefaction of tailings caused by earthquakes. Then, the specimens were reconsolidated, that is, being consolidated again. During the reconsolidation process, the excess pore water pressure was controlled to reach a preset Ure in order to simulate different stages of the pore water migration and dissipation process at the site after an earthquake. After reconsolidation, the second cyclic loading with the same CSRs as the first loading was applied to the specimens. When the excess pore water pressure reached the confining pressure again, the reloading process ended. The shear wave velocity was measured by the bender element test after each consolidation was completed. The data such as the number of loading cycles, axial strain, pore water pressure, and shear wave velocity were collected and recorded in real time during the test process. The detailed experimental scheme and testing process are shown in Figure 5 and Table 3.
[image: Figure 5]FIGURE 5 | Loading scheme for the dynamic characteristic test of liquefied tailings.
TABLE 3 | Test scheme for dynamic characteristics of liquefied tailings.
[image: Table 3]3 RESULT ANALYSIS AND DISCUSSION
3.1 Excess Pore Water Pressure
Considering the M4 and M6 test groups as examples, the changes of excess pore water pressure of tailing sand and tailing silt after liquefaction under the cyclic reloading were analyzed. The [image: image] and CSR in the two groups of tests were both 400 kPa and 0.188, respectively. In this study, the number of liquefaction failure cycles in the two cyclic loading processes was defined as NL1 and NL2, respectively.
Figure 6 shows the relationship between the excess pore water pressure ratio ([image: image]) and number of cycles for the tailing sand and tailing silt during the two cyclic loading processes. After the liquefied tailings are fully consolidated again, the number of liquefaction failure cycles is significantly larger than the original one. This is due to the increased compaction of the tailings due to vibration and subsequent drainage consolidation (Geng et al., 2021). The liquefaction number of tailing silt increased from 67 to 1770 and that of tailing silt increased from 47 to 2065. That is, compared with tailing sand, the effect of the first vibration on the liquefaction resistance of tailing silt was more significant. This phenomenon reflects that after the tailings are subjected to dynamic loads such as earthquakes if they are sufficiently consolidated, their liquefaction resistance will be enhanced. Meanwhile, the effect of the vibro-consolidation method in the process of tailing dam construction is also confirmed.
[image: Figure 6]FIGURE 6 | Relationship between the excess pore water pressure ratio and the number of cycles during the two cyclic loading of tailings under full consolidation: (A) tailing sand (M4) and (B) tailing silt (M6).
The relationship between the excess pore water pressure ratio and number of cycles of tailings after liquefaction with different Ure is shown in Figure 7. Figure 7 shows that with the increase in the Ure, the number of the liquefaction failure cycles increases, indicating an increase in liquefaction resistance. When the Ure is low (such as 10%∼70% in Figure 7), the excess pore water pressure ratio is approximately linear with the logarithm of the number of cycles; when Ure is high (such as 90% and 100% in Figure 7), the excess pore water pressure ratio is approximately piecewise linear with the logarithm of the number of cycles: with the increase in the cycle numbers, the increase of the excess pore water pressure ratio can be divided into two stages: when the pore pressure ratio is less than 0.5, its increase rate is relatively low; when it exceeds 0.5, the pore pressure ratio increases rapidly. Bi et al. (2016) explained this phenomenon, arguing that the porosity nonuniformity of the particle system affects the occurrence of particle dislocation, and the porosity nonuniformity of the particle system becomes weaker as the pore pressure increases.
[image: Figure 7]FIGURE 7 | Relationship between the excess pore water pressure ratio and number of cycles of tailings after liquefaction with different reconsolidation degrees (Ure): (A) tailing sand (M4) and (B) tailing silt (M6).
The dynamic pore pressure model of soil describes the development law of excess pore water pressure under the action of cyclic loading and is usually expressed by the relationship between the excess pore water pressure ratio and cycle number ratio (the ratio of the number of cycles to the number of liquefaction failures, N/NL). Figure 8 shows the dynamic pore pressure models of tailings after liquefaction with different Ure. When the Ure is low, the dynamic pore pressure models of the two tailings are both convex type; with the increase of Ure, the dynamic pore pressure model gradually evolves into a convex–concave type. Figure 8 also shows the void ratios corresponding to different Ure calculated according to the drainage volume during the reconsolidation drainage process. With the increase of Ure, the void ratio gradually decreases, and the particle structure of the tailings changes from a loose state to a dense state, resulting in a change in the shape of the dynamic pore pressure model. The same phenomenon was obtained in the experimental studies of natural sands by Papadopoulou et al. (2010) and Monkul et al. (2015), indicating that tailings have a strong similarity with natural sands in the evolution law of dynamic pore pressure, wherefore it is also prone to liquefaction under vibration.
[image: Figure 8]FIGURE 8 | Dynamic pore pressure models of tailings after liquefaction with different reconsolidation degrees (Ure): (A) tailing sand (M4) and (B) tailing silt (M6).
3.2 Liquefaction Resistance
From the test results of the two cyclic loadings, it can be seen that the reconsolidation effect after the cyclic loading increases the liquefaction resistance of the tailings. The results of a series of experiments conducted by Ishihara et al. (2015) show that while the earthquake reduces the overall stability of the tailing dam in the short term, the strength of the tailings gradually increases over time as reconsolidation effects occur. Similar conclusions are also found in the work of Wang et al. (2013), who studied the undrained shear strength of fully reconsolidated liquefied silt, which was 4.2 times that of the original silt. The ratio of the second liquefaction failure cycle number (NL2) to the first liquefaction failure cycle number (NL1) of the same specimen can quantitatively characterize the influence of the reconsolidation effect on the liquefaction resistance of tailings. In the study, the ratio NL2/NL1 is named as the liquefaction cycle number ratio. The liquefaction cycle number ratios of tailings with various Ure were calculated, as shown in Figure 9 and Eq. 3.
[image: image]
where A, B, and C are the fitting parameters, [image: image] is the excess pore water pressure, [image: image] is the effective confining pressure, and [image: image] is equal to Ure. The results of the fitting parameters are shown in Table 4. All the goodness-of-fit of the six groups of test results using Eq. 3 is close to 1, which confirms the applicability of the formula. When the NL2/NL1 is equal to 1, Eq. 3 implies that the liquefaction resistance of the tailings with this reconsolidation degree returns to that before cyclic loading.
[image: Figure 9]FIGURE 9 | Relationship between the liquefaction cycle number ratio (NL2/NL1) and reconsolidation degrees (Ure) of tailings: (A) test groups with a CSR of 0.25 and (B) test groups with a CSR of 0.188.
TABLE 4 | Fitting results of the relationship between the liquefaction cycle number ratio and reconsolidation degrees of tailings.
[image: Table 4]It can be seen from the six sets of experimental results shown in Figure 9 that all the NL2/NL1 increase with the increase of Ure. A reasonable explanation for this phenomenon is that the soil skeleton is completely remodeled during the development of liquefaction: although the effective stress is almost zero post liquefaction, the particles are rearranged to form a new skeleton structure with stronger stability potential; during the reconsolidation process, the excess pore water pressure gradually dissipates, the newly formed particle skeleton structure becomes dense and stable, and its liquefaction resistance exceeds that of the original tailings at pre-liquefaction (Wang and Wei, 2016).
The effective confining pressure of the three test groups of M1, M2, and M3 increased gradually, and the other conditions were the same. It can be seen from the data of M1, M2, and M3 in Figure 9 that with the increase of the effective confining pressure, the NL2/NL1 of the liquefied tailings under the same Ure gradually decreases. When NL2/NL1 is equal to 1, the Ure of the three groups of M1, M2, and M3 are 69.15%, 78.95%, and 83.61%, respectively, that is, the Ure required to restore the liquefaction resistance before cyclic loading increases with the increase of the effective confining pressure. This may be due to the high confining pressure limiting the extent of particle skeletal structure remodeling during cyclic loading.
Comparing the results of M1 and M5 in Figure 9A and M4 and M6 in Figure 9B, we can analyze the difference in the relationship between NL2/NL1 and Ure of tailing sand and tailing silt. Under the same other conditions, the NL2/NL1 of tailing silt is significantly larger than that of tailing sand, indicating that tailing silt has a higher increase in liquefaction resistance than tailing sand after liquefaction and reconsolidation. McDowell and Bolton (1999) proposed that when a granular material has wide disparity in particle size, the small particles are kinematically unstable, and the large particles are stable. Therefore, due to the larger number of fine particles in tailing silt, its particle structure is better optimized after cyclic loading, resulting in its NL2/NL1 being higher than that of tailing sand.
Meanwhile, comparing the results of M3 and M4 in Figure 9 (with different CSR and other same conditions), it can be seen that the CSR has a significant impact on the shape of the relationship curve between NL2/NL1 and Ure: the curve with a CSR of 0.188 is significantly steeper than that with a CSR of 0.25, indicating that a more significant increase in liquefaction resistance can be obtained by applying a cyclic load with a smaller CSR.
The NL2/NL1 versus Ure results of the study provide a new rapid and feasible method for estimating the liquefaction resistances of tailings after an earthquake. By measuring the pore water pressure of the tailings after the earthquake to obtain the Ure, combined with the liquefaction resistance of the tailings before the earthquake, the liquefaction resistance of the tailings after the earthquake can be obtained without the need to carry out a large number of dynamic tests again. This has an important guiding significance for the post-earthquake risk assessment and emergency treatment of tailing ponds.
3.3 Shear Wave Velocity
Shear wave velocity is an important index to reflect the dynamic strength and dynamic deformation characteristics of soil (Kayabali, 1996; Rahman and Siddiqua, 2017). Taking the test results of M4 and M6 as examples, the shear wave velocity changes in tailing sand and tailing silt during cyclic loading and drainage consolidation were analyzed, as shown in Figure 10A. The shear wave velocities of the two tailings decreased significantly under cyclic loading and gradually recovered during the subsequent reconsolidation process. Many previous studies have shown that there is a strong correlation between the shear wave velocity of soil and its compactness, which can be expressed by void ratio due to the different propagation velocities of waves in solids and liquids (Cao et al., 2019; Li et al., 2022). The change in the void ratio of the tailing specimens during the whole test process is shown in Figure 10B. During the consolidation process, the particle structure of tailings becomes tighter under confining pressure, the void ratio decreases, and the water in the pores is gradually discharged, resulting in a gradual increase in the shear wave velocity. Since the compactness of the tailings after reconsolidation exceeds that after the first consolidation, the wave velocity of the tailings after reconsolidation is also significantly higher than that after the first consolidation. It is worth noting that the void ratio of the specimen did not change during the two undrained cyclic loadings, but the shear wave velocity still decreased significantly. Whalley et al. (2012) pointed out that the wave velocity of soil is directly related to the effective stress in addition to the compactness: the generation of excess pore water pressure microscopically hinders the direct contact of adjacent particles, thereby increasing the proportion of the liquid medium in the propagation path of the wave. Therefore, under the action of cyclic loading, the increase of excess pore water pressure in the tailings (the decrease of effective stress) leads to the decrease of wave velocity.
[image: Figure 10]FIGURE 10 | Changes of shear wave velocity and void ratio of tailing sand (M4) and tailing silt (M6) during the test: (A) wave velocity and (B) void ratio.
Figure 10A also shows that the shear wave velocity of tailing sand is higher than that of tailing silt, and compared with the tailing sand, cyclic loading has a greater effect on the wave velocity of tailing silt. Akbari Paydar and Ahmadi (2016) also found in similar experiments on natural sands of different particle sizes that the higher the content of coarse particles, the higher the wave velocity, although the porosity ratio of sand with larger particle size is relatively lower. This may be because the larger the content of fine particles, the more complex the interlaced structure of particles and pore water, resulting in increased wave propagation time; the contact strength between fine particles is weak, and the contact between fine particles is easily destroyed during cyclic loading so that the proportion of the solid medium in the propagation path of the wave is reduced (Zhang et al., 2015).
4 CONCLUSION
In this study, a variety of dynamic triaxial tests and bending element tests were performed to analyze the dynamic characteristics and wave velocity characteristics of tailing sand and tailing silt with multiple reconsolidation degrees after liquefaction, from which the following conclusions are drawn:
During the process of cyclic reloading of the liquefied tailings, the development law of excess pore water pressure is related to the reconsolidation degree: when the reconsolidation degree is low, the excess pore water pressure ratio and the logarithm of the cycles number are approximately linear, and the dynamic pore pressure model is of convex type; when the reconsolidation degree is high, the excess pore water pressure ratio and the logarithm of the cycles number is approximately piecewise linear (when the excess pore water pressure ratio exceeds 0.5, its growth rate increases significantly), and the dynamic pore pressure model is convex–concave type.
The liquefaction resistance of the tailings increases with the reconsolidation degree and eventually exceeds that of the original tailings. A fitting formula is proposed to characterize the relationship between the reconsolidation degree and liquefaction resistance of reconsolidation tailings. The liquefaction resistance of reconsolidated tailings decreases with the increase of effective confining pressure and particle size, and the decrease of the cyclic shear stress ratio can make the relationship curve between the two liquefaction cycle ratio and reconsolidation degree steeper.
The shear wave velocity of tailings is affected by compaction, effective stress, and particle size. During the drainage consolidation process, the wave velocity increases gradually due to the increase in the compactness of the tailings; in the undrained cyclic loading process, although the compaction of the tailings does not change, the reduction of effective stress will also lead to the reduction of wave velocity. In addition, the effect of cyclic loading on wave velocity is more pronounced with decreasing particle size.
The research results can provide a basis for further understanding of the stability change law and failure mechanism of tailing dams and are of great significance to the safe disposal of tailings in earthquake-prone areas.
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