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Abstract

:

In China, more than 10,000 Tailings storage facilities (TSF) have been created on the ground surface through mineral mining processes, these TSF occupy a large amount of land. The strength of the tailings is too low to be able to stand on its own without strengthening. In order to save land resources and alleviate the damage to the environment caused by mineral mining, it is necessary to reinforce the TSF so that they can store more tailings. China is one of the countries with the largest area of permafrost and seasonal frozen regions, accounting for about 75% of the country’s total land area. The problem can be exacerbated in these regions where the freeze–thaw effect can further degrade the strength of tailings. A review of the literature suggests that there is little research on the mechanical and microstructural properties of tailings reinforced with cement-based materials under freeze–thaw conditions, especially when the tailings are to be discharged to land for sustainable development. This study investigates the effect of freeze–thaw cycles on the mechanical properties and microstructural changes of tailings reinforced with cement-based materials to mitigate environmental hazards. Unconfined compressive strength (UCS) tests, scanning electron microscopic images, X-Ray Diffraction tests, thermogravimetry tests and mercury intrusion porosimetry tests were conducted on samples of tailings. The results from this study show that freeze–thaw cycles reduce the UCS of all the tested samples eventually, but the frozen temperature does not significantly affect the UCS. The larger number of freeze–thaw cycles, the more damage is to the surface morphology and the matrix of the tailings. The results presented in the paper can help engineers and managers to effectively transport the TSF to other locations to minimize environmental hazards to achieve sustainable production of mineral mining processes.






Keywords:


freeze–thaw cycles; tailings; mechanical behavior; SEM; MIP












1. Introduction


The excavation and removal of ore mass from the ground create a large volume of surface voids or ground subsidence, which poses environmental hazards [1,2]. Run-of-mine ores are initially processed through standard mineral processing operations, such as crushing, magnetic separation, gravity separation, dense medium separation and flotation to increase their grade for subsequent extraction of metals, the waste generated is called tailings. In China, more than 10,000 tailing storage facilities (TSF) have been generated on the ground due to mining [3], by the end of 2020, the reserves of tailings reservoirs reached 22.26 billion tons [4]. The type of tailings accumulated on the surface needs to be disposed of at a proper location to mitigate the environmental impact of the mineral process. If not handled well, the TSF most likely leads to serious geotechnical dangers (e.g., tailings dam failure) and land contamination (e.g., heavy metal leaching) [5,6]. Tailings generated from metal-sulfide mines usually contain non-valuable sulfide minerals, such as pyrite (FeS2), pyrrhotite (Fe1−xS, where 0 < x < 0.2), and arsenopyrite (FeAsS) that generate acid mine drainage when exposed in the environment to oxygen (O2) and water [7]. In addition, tailings can turn into mud in wet weather, e.g., rain, and into dust in dry weather, e.g., by wind. This creates severe pollution of the environment.



To solve these problems, some researchers [8,9,10,11] suggested that the tailings be used to backfill mined-out areas, which has a good effect on the control of geological subsidence. Backfilling is a good idea, but if the tailings used are rich in sulfide minerals, it can cause other problems, especially the enhanced generation of acid mine drainage. Another promising approach is to simultaneously repurpose and treat tailings via alkali activation in a process called geopolymerization. Some mine tailings are ideal geopolymer materials because they contain high clay and aluminosilicate minerals, which are essential components for the geopolymer matrix to form. In this process, aluminosilicates are dissolved in highly-concentrated alkali hydroxide or silicate solution to form a structurally stable material composed of amorphous, interconnected Si-O-Al polymeric matrices via a combination of diffusion, coagulation and polycondensation. They are potentially suitable raw materials for geopolymeric products with considerably high compressive strength and long-term durability [12]. Other researchers [13] proposed to add some cement-based material to the tailings to form a consolidated body with certain mechanical strength and discharge them into valleys or ground subsidence areas through transport by pipes or belts. Either way, the tailings should be strengthened before they can be transported to another location. In this way, it provides a method to support mining in its transition into an economically sustainable, socially responsible, and environmentally sensitive industry. This approach can simultaneously reduce waste generation, provide additional economic benefits to stakeholders, empower host communities, and improve rehabilitation programs [14]. In fact, a leaching test, such as TCLP showing that the slag and tailing samples are non-hazardous should also be provided as the greatest challenge in the repurposing of mining wastes is their potential to release hazardous elements to the environment. Alkali-activated cementitious materials can store harmful elements in the consolidated body, making them less prone to leaching [15].



The area of permafrost and seasonal frozen regions accounts for about 23% of the world’s total land area [16]. It is, therefore, of significant importance to consider the influences of the cold weather on the strength of tailings reinforced with cement-based materials. In the past decades, researchers focused their attention on the internal microstructure in their studies of cement-based materials [17]. This is because the microstructure determines the strength and durability of the tailings. However, freeze–thaw cycles can destroy the reinforced body of tailings since frozen water, i.e., ice, generates crystallization pressure on the capillary and pore walls in the tailings, and the expanded volume leads to an increase in stress [18]. The ice then melts to water, causing a collapse of some pores and extensions into larger pore structures. As a result, the porosity of the tailings is increased. Clearly continuous cycles of freeze–thaw will degrade the mechanical properties of cement-based materials [19].



A number of researchers [20,21,22,23] investigated the degradation of compressive strength of concrete due to freeze–thaw cycles. Tang [24] applied the artificial freezing method in subway tunnel construction and found that the value of freezing temperature had a slight influence on the dynamic elastic modulus of soil, but freeze–thaw action can reduce the dynamic elastic modulus. Xie [25] studied the interaction between desertification and permafrost and found that both the cohesion values and the compressive strength of the permafrost samples that experienced freeze–thaw cycles were decreased compared to the unfrozen samples. Some researchers [26] observed that crystallization pressure by ice was the most important source of stress during freeze–thaw cycles for cement-based composites. The interfacial energy between the porous media played a vital role in the crystallization pressure, which is the stress that acted on the walls of pores due to the growing ice crystal [27,28,29,30]. Therefore, it is imperative to accurately measure the pore size distribution and micromorphology of the tailings reinforced with cement-based materials before and after freeze–thaw cycles.



Further review of the literature suggests that current research focused more on the mechanical and microstructural properties of concrete or soil only [31,32,33,34]. There is little or no research on tailings reinforced with cement-based materials under freeze–thaw conditions, especially when the tailings are to be discharged to land. Clearly knowledge on the degradation of mechanical and microstructural properties of tailings reinforced with cement-based materials under freeze–thaw cycles can help prevent failures of tailing dams and mitigate their environmental hazards. This can achieve not only sustainable production in the mining process but also bring about significant social, economic and environmental benefits. Therefore, there is a well-justified need to study the degradation of mechanical strength of tailings reinforced with cement-based materials under freeze–thaw cycles.



The main objective of this paper is to experimentally study the mechanical and microstructural properties of tailings reinforced with cement-based materials before and after freeze–thaw cycles and to identify the causes of changes in mechanical and microstructural properties. To achieve this objective, samples of tailings are prepared with different curing periods, namely 3, 7 and 28-days and frozen at different temperatures, namely −5 °C, −10 °C, and −15 °C for different numbers of cycles, namely 0, 3, 5, 7, 10, 12, 15, 20. Then, uniaxial compressive (UCS) tests are conducted on these samples. This w followed by the X-Ray Diffraction (XRD) and thermogravimetry (TG) tests to identify and assessment of the hydration products of cement-based materials before and after freeze–thaw cycles. Scanning electron microscopy (SEM) is performed on these samples to analyze the composition and microcosmic morphology of the hydration products. Finally, the microscope pore structures of the samples are studied through the mercury intrusion porosimetry (MIP) experiment. The paper focuses on the effects of freeze–thaw cycles on the mechanical and microscopic properties of the tailings to provide a theoretical and experimental basis for their wider application in cold regions to achieve environmental sustainability and cleaner production in the mining process.




2. Design of Experiment


2.1. Geology of the Mine and Test Materials


Lilou Iron Mine is located in Huoqiu County, western Anhui Province. The ore body has an elevation of −520∼−862 m, an average thickness of 48.2 m, and an inclination angle of 65∼85°. The roof of the deposit and its surrounding rocks are gneiss and dolomite marble. The hardness coefficient of specular hematite in the ore-bearing belt is 8 to 12, but the local extrusion and crushing have a broken structure. The lithology of the ore body floor is mainly dolomite marble, with no fissures and karst caves developed. The shape of the ore body within the ore deposit is layered, the ore body tends to be nearly north-south, and the ore body is inclined to the west. At present, the mining capacity of the mine is 7.5 million tons/year, which is the largest iron ore underground mining in China.



The tailings (from the Anhui Lilou Iron Mine, the main mineralogical composition is specular hematite) mixed with a new type of cement-based material were used as the test material. Although Ordinary Portland Cement is one of the most commonly used binders in backfilling and discharging [35], its costs account for almost 75% of the discharge expenditure [36]. Thus, a cheaper new type of cement-based material (denoted NCM) is developed to replace Ordinary Portland Cement. The composition of the NCM is clinker, lime, gypsum, blast furnace slag with a proportion of 14:6:10:70 (the main mineralogical compositions of lime, gypsum, blast furnace slag is calcium hydroxide, calcium sulfate and melilite, the main mineralogical compositions of clinker are tricalcium silicate, dicalcium silicate, tricalcium aluminate and tetracalcium ferroaluminate) [37]. The grain size distribution of NCM is given in Table 1 where d10, d30, d50, d60, d90 represent the cumulative content on the particle composition curve, with corresponding particle sizes of 10%, 30%, 50%, 60%, 90% of the volume, respectively. The main chemical compositions of NCM are given in Table 2; 0.4% of admixture was added to NCM. The admixture consists of sodium sulfate, alum, sodium fluorosilicate with a proportion of 2:1:1. Previous test results have proved [37] that the UCS of the tailings with NCM at the ages of 3, 7 and 28-days are 2.4, 2.4 and 1.7 times higher than that with OPC, respectively.



Tap water was used to mix the binders, i.e., NCM with tailings. The grain size distribution of tailings is shown in Table 1. The main mineralogical compositions of the tailings are listed in Table 2. The grain size distribution of the tailings is shown in Figure 1.




2.2. Test Specimens


The water to binder (w/NCM) ratio of the mix proportion adopted in this study is 5.6. The binder (NCM) content of the tailings is 4.5% by weight. The preparation of the specimens basically follows the standard ASTMC39 [38] and includes the following steps: Firstly, the required amount of tailings, NCM and water were determined according to the experimental scheme, and the tailings mixtures were produced by mixing the required quantity of tailings, NCM and water for 7 min until a homogeneous paste was obtained. The prepared mortar was then poured into plastic cylinders, whose diameter and height are 50 mm and 100 mm, respectively. Then, the prepared samples of tailings mixtures were sealed with a plastic cover to prevent moisture loss. They were cured in an environmental chamber with a controlled temperature of 20 ± 1 °C and a minimum of 95% relative humidity for different curing times, i.e., 3, 7 and 28-days. To assure comparable results in the current measurements, identical experimental conditions are maintained for all the tests. After curing, tailings samples were frozen at three temperatures namely −5 °C, −10 °C and −15 °C, and then thawed in the environmental chamber with different numbers of cycles, namely, 0, 3, 5, 7, 10, 12, 15, 20 for each freezing temperature. The freezing and thawing time are both 12 h, according to the period of a natural cycle. To cover a range of designated values for different test variables of curing time, freezing temperature and number of freezing-thawing cycles, 230 samples of tailings mixture were prepared in this study.



A detailed test plan for this study is shown in Table 3. It should be noted that only water and binder are added to the XRD and TG tests, other operations are the same as above.




2.3. Tests on Specimens


Tests undertaken on tailings samples included mechanical tests, XRD, TG, SEM and MIP measurement. In accordance with ASTMC39 [38], the mechanical strength of tailings samples is represented by the UCS [39], which is one of the most important indicators to measure the macroscopic mechanical damage characteristics on samples. It is relatively intuitive to find the relationship between the damage and the number of freeze–thaw cycles. The UCS tests are performed on the tailings samples after they are cured for 3-days, 7-days, 28-days (referred to as 3-, 7-, 28-day samples hereafter), and experienced 0, 3, 5, 7, 10, 12, 15, 20 freeze–thaw cycles.



XRD is a common measurement for crystal phase structure identification in cement-based materials [40]. The tests were performed on NCM samples that are cured for 7-days and 28-days and experienced 20 freeze–thaw cycles at a freezing temperature of −10 °C.



TG test is to assess the amount of hydration products on the microstructural development of the cement-based materials. The tests were performed on NCM samples that were cured for 7-days and 28 days and undergone different freeze–thaw cycles at different freezing temperatures.



SEM images are used to evaluate the influence of hydration products on tailings samples [41]. The tests were conducted on tailings samples that were cured for 3-days, 7-days, 28-days and had undergone freeze–thaw cycles of 0, 5, 10, 20 times at the freezing temperature of −10 °C.



MIP is a high-precision method to analyze the micropore structure of materials [42,43]. Non-immersion liquid cannot penetrate the porous area unless external pressure is introduced. The tests were conducted on tailings samples cured for 7 and 28-days, after the 20th freeze–thaw cycle at the temperatures of −5 °C, −10 °C, −15 °C and 20 °C.



The relationship between the pore diameter d (m) and the pressure P (MPa) can be described by the well-known Ishburn equation [44]:


  d =   − 4 σ cos θ  P   



(1)




where the applied pressure P is inversely proportional to pore diameter d, σ is the surface tension (N/m) and θ is the contact angle between mercury and the pore wall. The contact angle is believed in the range of 120° to 140° [45].





3. Results and Analysis


3.1. Effects of Freeze–Thaw Cycles on Strength of Tailings Samples


Figure 2 shows the UCS variation under different freeze–thaw cycles (0, 3, 5, 7, 10, 12, 15 and 20) and freezing temperatures (−5 °C, −10 °C, −15 °C). It can be clearly observed that the number of freeze–thaw cycles and freezing temperature has a significant effect on the strength variation of the tailing samples.



Figure 2a,b shows that the UCS of the 3- and 7-day samples increases in the first 3 cycles, and then decreases until the 12th cycle. It becomes flat during the 12–20 cycles. However, the UCS of the 28-day samples decreases in the first three cycles, and becomes stable during the 10–20 cycles, as can be seen in Figure 2c.



The hydration reaction of the samples with a short curing time (e.g., 3-days and 7-days) did not proceed completely since the free water converted to ice during freezing. Therefore, there were few hydration products but many internal pores in the samples. Although the volume expanded by about 9% due to water becoming ice, the pores in the samples provided sufficient space to accommodate the expansion. Thus, the swelling effect of the ice crystals on the samples is not significant. When the temperature rises, the ice melts, and the hydration reaction continues. The hydrated products, such as calcium silicate hydrate (C-S-H) gels and ettringite crystals, continue to fill the internal pores, reducing the porosity of the samples, and as such increasing the strength. This is why in the first three cycles of freeze and thaw, the UCS of the samples increased. At this stage, the effect of hydration reaction on the strength is greater than the damage of freeze–thaw cycles.



However, with the accumulation of damage by the freeze–thaw cycles, the UCS of the samples started to decrease when it reached a peak value. This can also be because more hydration reactions were completed. When the samples were cured for a longer time, e.g., 28-days, sufficient hydration products were produced which filled up the internal pores and overlapped on each other. Such samples had a relatively dense matrix with little room to accommodate the expansion of the ice crystal when the samples were frozen. Thus, any expansion of the ice crystal could destroy the dense matrix of the samples and hence reduced the UCS of the samples. This can be seen in Figure 2 where the curves flattened after 12 cycles of 3 day samples, after 10 cycles of 7- and 28-day samples, the UCS stabilized upon reaching a certain value. The main reason for such variations is that the internal structure of the samples was destroyed by the freeze–thaw cycles in the initial stage. Thus, as the number of freeze–thaw cycles increased, a new stable state was reached.



Figure 2 indicates that the temperature affects the UCS of the samples differently for different curing times. The UCS values of the samples frozen at −10 °C were higher than that at −15 °C but lower than that at −5 °C for all curing time and freeze–thaw cycles. This phenomenon indicates that during the freeze–thaw cycles, the lower the temperature, the more destructive to the samples. Figure 2 also shows that the degree of temperature effect on samples was different with longer cured samples (i.e., 28-days). The reason for this is that when the samples were transferred from the curing box to the freezer, the freezing temperature was higher and the exchange rate between the samples was lower, and the the time required for the temperature to fall below the freezing point was higher. A hydration reaction is an exothermic process, a longer curing time means more hydration products during one freeze–thaw cycle and hence, less of an effect from temperature. Figure 2 further shows that, for the same curing time, the higher the freezing temperature, the greater the value of the UCS under the same freeze–thaw cycles. This is because when the temperature is below the freezing point, some of the crystal water is not converted to ice completely [46]. Being closer to the freezing point, means there is more free water in the hydration reaction which offsets the damage conducted by the freeze–thaw cycle to some extent. However, since the hydration reaction of the sample in 28-days almost consumed the raw materials, the influence of freezing temperature on the hydration reaction was reduced.



Figure 2 suggests that the UCS reduced less for higher freezing temperature, e.g., −5 °C, than that for lower ones, this can be explained as follows. In general, there are two kinds of pore structures, which are closed and connected pores. When the freezing temperature is low, the water in the closed pores with rigid constraints of pore walls freezes rapidly, and the ice crystal pressure increases. When the ice crystal pressure exceeds the strength of the pore wall, the freeze–thaw damage occurs in the samples. For connected pores, the capillary force in the smaller pores will reduce the freezing point of water so that the water in the non-capillary pores freezes first. The small pores connected to it will be isolated after freezing since the water between the pores has no time to seep. As a result, the closed pore is formed with the same damage mechanism as described above. When the freezing temperature is high, the water freezing process is a quasi-static process. For closed pores, the ice crystal pressure increases simultaneously with the elastic deformation of the pore wall. The ice crystal pressure is converted into elastic deformation energy and stored in the pore wall. Therefore, the freeze–thaw damage generated in the closed pores is small. For the connected pores, an unfrozen water film is formed between the water and the pore wall during the freezing process. While freezing, the water in the pores penetrates through the unfrozen water film to other pores, which reduces the ice crystal pressure. Therefore, the freeze–thaw damage generated in the connected pores is small.



Compared with the UCS of the unfrozen samples in Figure 2, the UCS of samples with 3-, 7- and 28-day curing reduced by about 9–40%, 14–32%, and 19–26%, respectively, under the same testing conditions. This is because a short curing time results in fewer internal hydration products in the samples. In general, an increase in curing time can produce more hydration products in the samples with less water in the pores. However, more water in the pores of the samples promotes the destructive effect of ice crystals during the freezing and thawing. The damage by freeze–thaw cycles is irreversible and will eventually damage the samples with shorter curing time than those with longer curing time.




3.2. Crystalline Phases and Amount of Hydration Products of NCM


In the past, the research on freeze–thaw cycles mostly focused on rock and soil. These materials have no internal reactions, such as hydration reaction, during the freeze–thaw cycles, and their properties are relatively stable. However, for tailings samples, the hydration product is an important factor affecting the mechanical properties after freeze–thaw cycles. Therefore, it is important to analyze the change of the type and amount of hydration products in the samples before and after freeze–thaw cycles. The XRD test was used to identify the types of hydration products that were cured for 7 and 28-days after experiencing 20 freeze–thaw cycles at −10 °C, with results shown in Figure 3 and Figure 4.



Figure 3 and Figure 4 show the products of calcium carbonate, ettringite, calcium hydroxide, hydrated calcium sulfoaluminate, calcium silicate hydrate, calcium sulfate and silica. Though the diffraction intensities of the substances are not the same at the same angle, the species phase does not change in general. The reason is that the hydration reaction still occurs during the freeze–thaw cycles, but it does not generate other substances due to the intermittent progress of the hydration reaction.



The TG analysis test was also used to determine the amount of hydration products of the samples cured for 7 and 28-days with 0 and 20 freeze–thaw cycles at the freezing temperature of −5 °C, −10 °C and −15 °C. The test data are plotted in Figure 5 and Figure 6. The solid line in the figures indicates the weight loss of the cementitious material with the increase of temperature, and the corresponding dotted line indicates its first differential, that is, the rate of mass loss, which corresponds to different types of materials at different heating temperatures. The value of the heating temperature valley is different for the amount of substance.



As can be seen from Figure 5 and Figure 6, the troughs of the dotted lines in the temperature range of 50 °C to 800 °C represent the reduction of combined water, C-S-H gel, ettringite, calcium hydroxide and calcium carbonate. It can be seen from Figure 5, when the 7-day samples are subjected to unfrozen and 20 cycles of freeze–thaw at different freezing temperatures between 50 °C and 105 °C, the mass loss of the sample without freeze–thaw (i.e., 0 cycle) is large, while the samples experiencing 20 freeze–thaw cycles are relatively small. This shows that unfrozen samples contain more water, while the samples that experienced freeze–thaw cycles have less water due to the progress of the hydration reaction. It can also be seen that the sample with the freezing temperature of −5 °C has the most mass loss, indicating that the hydration reaction is more adequate at this temperature than that at the freezing temperature of −10 °C and −15 °C. The mass loss between 450 °C and 500 °C indicates the presence of calcium hydroxide. Though it is not clearly indicated, the curve of the unfrozen sample is relatively high. This proves the existence of hydration reactions during the freeze–thaw process again. The mass loss between 650–750 °C is due to the decomposition of calcium carbonate. The sample with 20 freeze–thaw cycles at the freezing temperature of −5 °C has the most mass loss, indicating that the hydration products produced after freezing and thawing at this temperature are the greatest. The reason is that the hydration reaction was still continuing during the freeze–thaw cycles, and the higher the freezing temperature is, the greater the degree of hydration reaction is.



Figure 6 shows that, at temperatures between 50 °C and 105 °C, the mass loss of the unfrozen sample is still the largest. However, compared with the 7-days sample, the difference in quality loss is not obvious. The reason is that the 7-day samples are rich in raw materials for hydration reaction, and the hydration reaction continues during the freezing and thawing process; while the raw material for hydration reaction in the 28-day samples has basically been consumed, and there is no difference before and after freeze–thaw cycles. Even between 450 °C and 500 °C, the decomposition of calcium hydroxide in the sample has not been seen. It can also be seen that the mass loss caused by the decomposition of calcium carbonate in the unfrozen samples between 650–750 °C is the smallest; while at the freezing temperature of −5 °C, the 20th freeze–thawed sample has the largest mass loss, but the difference is very small. In addition, the difference in the quality of the 28-day samples from the final remaining material is not as great as that of 7-day samples.




3.3. Surface Morphology Destroyed by Freeze–Thaw Cycles of the Samples


From SEM images presented in Figure 7, Figure 8 and Figure 9, ettringite crystal, C-S-H gels, capillary pores and freeze–thaw cycles damaged pores can be studied. Only the samples frozen at −10 °C are presented in this section.



Note: Aft (Ettringite crystal); C-S-H (calcium silicate hydrate); FDP: freeze–thaw cycles damaged pores.



The XRD test (Figure 3 and Figure 4) shows the hydration products of the cementitious material elements, such as Ca, Al, O, Si, S, etc. According to the knowledge of mineralogy crystal morphology analysis [47], ettringite is needle-like and calcium silicate hydrate is gel-like. These morphological features are very obvious in the SEM test images. These topographic features are very obvious in the SEM test images of Figure 7, Figure 8 and Figure 9. Figure 7a, Figure 8a and Figure 9a show SEM images of the 3-, 7- and 28-day samples, respectively. It can be seen that as the curing time increases, more and more C-S-H gels are produced and ettringites are surrounded by C-S-H gels. Obviously, only C-S-H gels can be seen on the surface for the 28-day samples. The dense internal structure of the hydration products makes the UCS values of the 28-day samples higher than those 3- and 7-day samples.



Figure 7 shows the SEM images of the samples cured for three days and then subjected to 0, 5, 10, 20 freeze–thaw cycles. Plenty of needle-like ettringites are observed in the matrix of the cement-based material in Figure 7a. Broken short columnar ettringite crystals due to the freeze–thaw damage can be observed in the pores in Figure 7b. In Figure 7c,d, needle-like crystals and C-S-H gels can be seen around the pores. However, it is obvious that there are a lot of pores on the surface of the gels, which are caused by the expansion of water converting to ice during the freeze–thaw cycles. Voids in the sample in Figure 7d increase compared with those in Figure 7b,c, indicating that the deterioration extent of the samples increases as the number of freeze–thaw cycles increases. It can also be seen from Figure 7b–d that, as the freeze–thaw cycles increased, proper and clear C–S–H gels in the samples still exist, even though they are damaged by the freeze–thaw cycles.



Figure 8 and Figure 9 show the SEM images of the samples subjected to 0, 5, 10, 20 freeze–thaw cycles after cured for 7-days and 28-days. These images demonstrate that the hardened samples are perhaps more able to withstand freeze–thaw cycles. Highly saturated fresh samples may be severely damaged by a few cycles. The saturated water in the pores can freeze during cooling process. This difference will become clearer when comparing Figure 7 with Figure 9. There are more pores damaged by freeze–thaw cycles in the 3-day samples.



Figure 7d, Figure 8d and Figure 9d show that the defects are mostly micro-voids after experiencing 20 freeze–thaw cycles. However, in most cases, the degradation by freeze–thaw cycles is characterized by the gradual formation of microcracks in the samples. In the freezing process, water is redistributed throughout the mix by moving to the colder areas. If freezing is rapid, water has little chance to move towards the colder areas, thus creating a nearly uniform distribution of ice crystals. However, these crystals can still damage the immature cement-based material and weaken the bonds between the cement-based materials.



From the analysis above, the samples with short curing time continues to hydrate in the freeze–thaw cycles. As the number of freeze–thaw cycles increase, the amount of hydration products increases. There are many pores inside the samples, which slows down the damage caused by the expansion of the ice crystal. Thus, the influence of the hydration reaction on the samples at this stage is dominant. However, since the amount of final hydration product is only related to the cementitious material, slurry concentration and lime-sand ratio (although affected by temperature), the degree of hydration reaction is gradually smaller but maintained as the freeze–thaw cycle progresses. At a certain curing time, the effect of the freeze–thaw cycles on the samples plays a major role, which is manifested microscopically as the degree of deterioration increases with the number of freeze–thaw cycles. Macroscopically, the UCS of the samples is lower when the degree of microscopical damage is high.




3.4. Pore Size Distribution of the Samples


The MIP tests were carried out to study the effect of the freeze–thaw cycles on the pore size distribution of the tailings. In this study, the samples with 20 freeze–thaw cycles after cured for 7- and 28-days are chosen. The normalized volume from the MIP tests versus the pore diameter of the samples is plotted in Figure 10 and Figure 11. The normalized volume curves show the variations of the mercury volume with the different pore sizes. From Equation (1), the intrusion pressure is inversely related to the pore diameter. In the intrusion process, the total mercury intrusion volume increases with the increase of intrusion pressure.



It can be seen from Figure 10 and Figure 11 that during the initial increase of external pressure, whether the samples were cured for 7-days or 28-days, the curves show similar trends. The intrusive volume of mercury increases slowly with the decrease of pore size, and the mercury mainly fills the gaps with larger diameters at this stage. For 7-day samples, the mercury mainly fills pores larger than 8.6 μm, but 2.8 μm for 28-day samples. It appears that tailing particles are redistributed to adapt to external pressure change during this process. The cumulative intrusive volume of mercury in the 7-day samples increases rapidly when the pore size is less than 2.5 μm. The cumulative intrusive volume of mercury in the 28-day samples increases rapidly when the pore size is less than 1.9 μm. This phenomenon indicates that there is a bottleneck effect during the invasion phase, and the external pressure forces the tailing particles to redistribute. After the mercury intrusion volume passes the bottleneck period, it will increase to a large value under a small pressure. This bottleneck period is the pressure required for the mercury liquid to destroy the pore wall. It can be seen that the starting point of the rapid increase in the volume of invaded mercury at different curing ages is different, and the starting points of the samples that were unfrozen and experienced 20 freeze–thaw cycles in the same curing time are similar. This shows that the curing time has a great impact on the development of pores, and the damage of freeze–thaw cycles to the pores may have a great impact at the micropore stage. However, even when the external pressure reaches the maximum value set by the instrument, it is still difficult for mercury to enter the smallest pores and closed pores. Thus, the mercury intrusion curve eventually tends to be moderate. The exit curve of mercury cannot return to the starting point because some mercury remains in the narrow pores, resulting in the exit of mercury less than the intrusion.



Comparing Figure 11 with Figure 10, the volume of mercury intrusion is reduced by 17.5%, 13.8%, 13.6%, 11.1% for samples after 20 freeze–thaw cycles at −5 °C, −10 °C, and −15 °C, respectively. The main reason for the decrease of mercury intrusion volume is that, as the curing time increases, the hydration products gradually accumulate and fill in the pores between the solid particles to make the internal structure more compact, which is supported from the UCS tests and the SEM tests. The hydration reaction of the 28-day samples has been completed, but the 7-day samples still have hydration reactions in the process of freeze–thaw cycles. The higher the freezing temperature are, the shorter the time needed to rise above zero, leading to longer hydration reaction time, and more hydration products in one freeze–thaw cycle. Likewise, the higher the freezing temperature is, the higher the reduction is in mercury intrusion volume. In Figure 10, for 7-day samples, the pore volume after 20 freeze–thaw cycles at freezing temperatures of −5 °C, −10 °C, and −15 °C is 3.1%, 7.6%, and 12.3% higher than that of unfrozen samples, respectively. In Figure 11, for 28-day samples, the pore volume after 20 freeze–thaw cycles at freezing temperatures of −5 °C, −10 °C, and −15 °C is 8.1%, 12.5%, and 21.1% higher than that of unfrozen samples, respectively. This observation is consistent with the UCS results of Figure 2c and it indicates that the porosity has a significant influence on the UCS of samples. It proves that the freeze–thaw cycles assist the pore development of the samples. The lower the temperature is, the more pore development there is. The increase in the pore volume of the 28-day samples is larger than that of the 7-day samples. This is because the hydration reaction of the 28-day samples is completed, while for the 7-day samples hydration continues, which slows down the development of pore volume to some extent.



Figure 12 and Figure 13 present the log-differential mercury volume curves of samples at different cooling temperatures after 20 freeze–thaw cycles for both 7-day and 28-day curing times.



The variation of the log-differential mercury volume is the pore size distribution of the samples, where the abscissa values of the peak points are called the most probable pore sizes. It shows that the pores with the same sizes appear most within the samples. For these samples, the log-differential pore volume curves are mainly in the pore diameter ranging from 0.8 μm to 3.8 μm. In Figure 12, the most probable pore diameters of the 7-day samples frozen at −5 °C, −10 °C, −15 °C are 1.93 μm, 2.47 μm and 2.48 μm, respectively, after 20 freeze–thaw cycles, and increase by 0.7%, 21.9%, 29.1%, respectively, compared to the unfrozen samples. Figure 13 shows the most probable pore diameters of the 28-day samples frozen at −5 °C, −10 °C, −15oC are 1.62 μm, 1.91 μm and 2.47 μm, respectively, after 20 freeze–thaw cycles, increasing by 3.3%, 28.8% and 39.2%, respectively, compared to the unfrozen samples. The results show that whether the samples are cured for 7-days or 28-days, after freezing and thawing cycles, the most probable pore size is increasing, and the lower the freezing temperature is, the more probable the pore size increases, which indicates that the freezing temperature has a greater effect on samples. It also suggests that the freezing temperature has a significant effect on the micropores of the samples, which in turn affects the UCS of the samples.





4. Conclusions


In this paper, a comprehensive experiment was developed to investigate the impact of freeze–thaw cycles on the mechanical strength of the tailings reinforced with cement-based materials to mitigate environmental hazards and achieve sustainable production. Based on the test results and their analysis, the following conclusions can be reached:




	(1)

	
Freeze–thaw has a positive effect on UCS of tailings samples in the first three cycles for short curing times of 3- and 7-days but has a negative effect on the UCS for a normal curing time of 28-days under all freeze–thaw cycles. The frozen temperature has slight effect on UCS reduction for short curing time but has little effect for normal curing time.




	(2)

	
The larger the number of freeze–thaw cycles are, the more damage there is to the surface morphology and the matrix of the tailings, and the more severe the surface morphology damage is, the lower the UCS of the samples is.




	(3)

	
The freeze–thaw cycles have no effect on phases of the hydration products. The higher the freezing temperature is, the greater the amount of hydration products. Fuller hydration would result in a higher UCS of the samples.




	(4)

	
The mercury intrusion pressure is inversely related to the pore diameter of the samples. The lower the freezing temperature is the more mercury ingresses, and the most probable pore sizes increase after the freeze–thaw cycles, which in turn reduces the UCS of the samples.









From the results, we know freeze–thaw cycles have a significant impact on cemented tailings. In the application of real TSF embankment, when the ambient temperature drops to a certain value, we can consider taking thermal insulation measures for the TSF or increasing the amount of cementitious material to promote its hydration reaction. The freeze–thaw cycle creates cracks in the cemented tailings, and the TSF embankment is in danger of failure, we can reinforce the TSF embankment to make it stable and durable.



Temperature may not be the only factor for the change in strength. Next, we are going to study the amount of cementitious material and confining pressure on the stability of the cemented tailings in a low temperature environment, to find out the correlation among them; to determine under what conditions the amount of cementitious material should be increased, and under which circumstances the tailings dam should be strengthened, or if both should be carried out at the same time.
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Figure 1. Grain size distribution of tailings. 
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Figure 2. Effect of freeze–thaw cycles on UCS of tailings samples for different curing time and temperature. (a) After 3-day curing; (b) After 7-day curing; (c) After 28-day curing. 
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Figure 3. XRD image of 7-day samples. 
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Figure 4. XRD image of 28-day samples. 
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Figure 5. Hydration product of samples at different freezing temperatures after 7-day curing. 
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Figure 6. Hydration product of samples at different freezing temperatures after 28-day curing. 
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Figure 7. SEM images of 3-day samples under different freeze–thaw cycles. (a) Unfrozen; (b) After 5 freeze–thaw cycles; (c) After 10 freeze–thaw cycles; (d) After 20 freeze–thaw cycles. 
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Figure 8. SEM images of 7-day samples under different freeze–thaw cycles. (a) Unfrozen; (b) After 5 freeze–thaw cycles; (c) After 10 freeze–thaw cycles; (d) After 20 freeze–thaw cycles. 
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Figure 9. SEM images of 28-day samples under different freeze–thaw cycles. (a) Unfrozen; (b) After 5 freeze–thaw cycles; (c) After 10 freeze–thaw cycles; (d) After 20 freeze–thaw cycles. 
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Figure 10. Intrusion and extrusion curves of 7-day samples at different cooling temperature. 
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Figure 11. Intrusion and extrusion curves of 28-day samples at different cooling temperature. 
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Figure 12. Log-differential pore volume curves of 7-day samples at different cooling temperature. 
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Figure 13. Log-differential pore volume curves of 28-day samples at different cooling temperature. 
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Table 1. Grain size distribution of NCM and tailings.
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	Element Unit
	d10/μm
	d30/μm
	d50/μm
	d60/μm
	d90/μm
	Cu
	Cc





	slag
	9.32
	18.07
	31.23
	50.68
	226.28
	2.80
	5.44



	clinker
	7.48
	12.26
	20.39
	25.31
	29.62
	2.06
	4.59



	gypsum
	2.47
	9.19
	18.73
	24.86
	74.81
	2.71
	3.09



	lime
	3.13
	5.91
	10.82
	21.74
	33.32
	6.95
	1.42



	Tailings
	14.55
	26.61
	38.32
	54.27
	82.33
	3.73
	0.89
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Table 2. Main chemical compositions of NCM and tailings.
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	Element Unit
	MgO

(wt.%)
	Al2O3

(wt.%)
	SiO2

(wt.%)
	CaO

(wt.%)
	SO3

(wt.%)
	Fe2O3

(wt.%)
	Total





	slag
	8.38
	14.79
	33.81
	36.95
	0.28
	0.89
	95.09



	clinker
	2.45
	4.47
	22.01
	64.31
	2.45
	3.45
	99.14



	gypsum
	2.14
	0.12
	0.98
	45.85
	42.45
	0.11
	91.66



	lime
	0.56
	0.23
	0.38
	72.29
	0.13
	0.26
	73.84



	Tailings
	2.41
	3.85
	82.05
	2.46
	0.18
	8.01
	98.96







Note: The experimental data are provided by the Key Laboratory of Orogenic Belt and Crustal Evolution of the Ministry of Education, Peking University.
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Table 3. Test plan for experiment.
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	Tests
	Cured Time/Days
	Cured Temperature/°C
	Freeze–Thaw Times
	Number of Samples





	UCS
	3, 7, 28
	−5, −10, −15
	0, 3, 5, 7, 10, 12, 15, 20
	198



	XRD
	7, 28
	−10
	0, 20
	4



	TG
	7, 28
	−5, −10, −15
	0, 20
	8



	SEM
	3, 7, 28
	−10
	0, 5, 10, 20
	12



	MIP
	7, 28
	−5, −10, −15
	0, 20
	8
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