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Due to the warming climate, glacier retreat has left massive glacial tills in steep gullies; ice in the soil is prone to change phase resulting in the decrease of the ice strength and bonding of soil particles; collapse of thawing tills can lead to debris flows with disastrous consequences for geotechnical infrastructures. To improve our understanding of the mechanics of thawing glacial tills, we conducted unconsolidated–undrained direct shear tests on glacial tills from Tianmo gully on the southeastern Tibetan Plateau. Control specimens were not subjected to freeze–thaw action. A total of 648 specimens with three different dry densities, three initial water contents, and 18 thawing times were tested. Peak shear strength, peak stress to displacement ratio (0.857), and cohesion were the highest in frozen specimens. After a thawing time of 0.25 h, there was a marked decline in shear strength; maximum friction was 2.58, which was far below the value of cohesive strength. For thawing times of 0.25–4 h, peak strength varied little with thawing time, but cohesion decreased and internal friction angle increased with increasing thawing time. Our results indicate that thawing of the solid ice in the till during the initial phase of till thawing is the key control of peak till strength; the effect of ice on cohesion is greater during the initial phase of thawing and in loose tills. Moreover, frequent sediment recharge of gullies may be explained by the decrease of cohesion with increasing thawing time caused by short-term destruction of ice bonding.
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INTRODUCTION
Periglacial debris flow is an important surface process during deglaciation. Under a warming climate, Himalayan glaciers have decreased considerably in length and area, the largest are found in southeastern Tibet (Yao et al., 2012; Cui et al., 2018; Nie et al., 2021). Especially, climate warming affects not only accelerating the deglaciation processes but also increasing the mountain hazards risk. Climate waring induced a faster thawing process, where the amount of glacial meltwater can increase and then the catchments’ hydrogeologic settings will be further changed. This thawing process is characterized by collapse and caving of glacial tills in steep alpine gullies, which can charge headwater catchments with loose sediments and become the source of labile materials for glacial debris flows (Huggel et al., 2012; Cossart et al., 2014; Wang et al., 2019). These sediments comprise mixtures of debris, ice, fluids, and other materials, and will deform and undergo a sudden loss of strength when subjected to freeze–thaw action (Viklander, 1998; Konrad, 2010; Vanapalli and Han, 2016). The cause of frequent gully recharge remains unknown, although interactions between ice and soil particles should be taken as qualitative approximations of the soil mechanics of natural slopes.
There have been numerous studies on frozen permafrost. They propose that the presence of ice enhances soil mechanical properties, and ice debris mixtures deform little under low temperatures are generally more resistant than their components in alpine environments (Konrad and Morgenstern, 1980; Ting et al., 1983; Hivon and Sego, 1995). As temperature rises towards the thawing point, films of unfrozen water gradually form at the interface between ice and soil particles, glacial tills on the surface of steep slopes determines the evolution of slope collapse (Chamberlain et al., 1972; Zimmermann and Haeberli, 1992; Moore, 2014; Zhang et al., 2014). However, above findings are failure explain the conclusion that till provides the main source of materials for glacial debris flows.
Thawing can result in changes in internal friction angle and ice cohesion (Czurda and Hohmann, 1997; Lai et al., 2008). The decrease of cohesion with thawing is consistent with the exponential relationship between cohesion and ice content reported by Arenson and Springman (2005b). They focused on the effect of ice content on the cohesion of frozen soils at different temperatures, and did not study the effect of liquid water. However, after contact with water, glacial tills become extremely unstable and their compactness decreases (Vanapalli and Han, 2016). Both dry density and water content are key factors that affect till pore structure and particle distribution, which directly determine initial ice and water migration (Sayles and Carbee, 1981; Eskişar et al., 2015). Nevertheless, no consensus has been reached regarding the influence of thawing on soil mechanics; the relationship between ice phase transition and short-term soil instability remains unknown.
This study focuses on the shear and thawing processes, and further clarifies the contribution of ice bonding to shear strength. The objective of this study is to improve understanding of glacial debris flow initiation and sediment recharge in gullies by investigating the shear behavior and characteristics of frozen glacial tills after short periods of thawing. Glacial tills were collected from the headwater area of the Tianmo gully in Tibet. A total of 648 specimens with three different dry densities, three initial water contents, and 18 thawing times were subjected to conventional direct shear tests. Further, a quantitative assessment of the relationships among water content, dry density, total normal stress and thawing time were explored. More importantly, the potential relation between the ice particle characteristics and till strength to be discussed, and the mechanism variation of thawing on glacial till characteristics to be presented.
STUDY AREA AND SAMPLING LOCATION
Tianmo gully is in Parlung Tsangpo Basin on the southeastern Tibetan Plateau. The length of the main channel is approximately 5.1 km and the average gradient is 25.9% (King et al., 2016). The basin is wider upstream and narrower downstream. Tianmo gully is one of the tributaries of the Parlung Tsangpo River between the villages of Guxiang and Tongmai; the terrain is rugged and mountainous. Like most of the tributaries of the Parlung Tsangpo River in this area, Tianmo gully is short and steep; erosion rate is high and exceeds 5 mm per year (Wang et al., 2019). The headwater area of Tianmo gully is heavily glaciated (Figures 1A,C,F are the start and outlet points), and produces massive glacial tills at the front of the glaciers (Deng et al., 2017).
[image: Figure 1]FIGURE 1 | Satellite image of the Tianmo gully (A); The scene of the 2020 debris flow event in Tianmo gully (B); Example of collapsed glacial tills and sample location (C).
Assuming that the thickness of the ice debris cover is greater than that of the active layer of the permafrost, mass movement activity occurs only under specific topographic conditions and/or under the action of external meltwater sources or slope undercutting (Schomacker, 2008). However, there have been more than three large-scale debris flows took place in the Tianmo gully at July 25–31 (DF1) and September 5–8 (DF2) of 2010, September 4 of 2007 (DF3) (Ge et al., 2014), and all occurred during summer when temperature generally exceeded 25°C (Figure 2). In summer 2020, several fresh debris flows were found in the Tianmo gully (Figure 1B), which can be concluded that it is highly likely that thawing can initiate mass movement activity here. To better understand the mechanics of thawing glacial tills, samples were collected from the location shown in Figure 1C.
[image: Figure 2]FIGURE 2 | Monthly precipitation and temperature data of Tianmo gully in 2007 and 2010. Data sourced from Ge et al. (2014).
MATERIALS AND METHODS
Physical Properties of Glacial Tills
Sieves and a laser particle size analyzer were used to derive particle size distributions of the till samples. Samples contained poorly graded and sorted, among 24% gravel (4.5 mm < d < 75 mm), 73% sand (0.075 mm < d < 4.5 mm) with a small amount of silt (d < 0.075 mm, nonplastic or very slightly plastic) and clay (d < 0.075 mm, plastic) (ASTM, 2017); The uniformity coefficient ([image: image] = 21) and the coefficient of curvature ([image: image] = 0.57) were calculated (Figure 3). Other physical properties of the samples are shown in Table 1. It should be noted that the maximum dry density of samples is 2.03 g/cm³, the optimum water content is 8.03%, these values were derived from soil compaction tests which can present different soil properties.
[image: Figure 3]FIGURE 3 | Particle size distributions of glacial till samples.
TABLE 1 | Physical properties of glacial till samples.
[image: Table 1]Specimen Preparation
Soil samples were placed in an incubator at 105°C for 6 h. The shear test specimens were prepared with diameters of 61.8 mm and heights of 20 mm. Because the range and size of maximum particle diameters should remain below a 10th of specimen diameter, soil particles were redistributed following the similarity principle of dimensional analysis, samples were passed through a 2 mm standard sieve. (ASTM, 2017). Glacial till samples were prepared and spread evenly on a plastic plate, they were sprayed with de-aired water to increase their gravimetric water contents to the target values (i.e., 8, 12 and 16%, were approached the optimum water content, plastic limit and liquid limit respectively). where the mixtures were kept 1 day for moisture equalization. To obtain uniform specimens, the static compaction method was used, the each of the soil specimens were compacted in four layers using a mold. The target dry density of each specimen is 1.70, 1.85 and 2.00 g/cm3 (it’s bound by the maximum dry density), more details are given in Table 2.
TABLE 2 | Program and result of direct shear test on glacial till specimens.
[image: Table 2]Water can freeze into solid state (ice) at standard atmospheric pressure when the temperature is at 0 °C. Based on the filed investigations and monitoring, the air temperature in high mountain aeras can decrease with elevation at rate of 0.54°C per 100 m (Deng et al., 2017; Wei et al., 2017). Considering the purpose of the present study, the freezing temperature was selected at –15°C for 24 h to ensure that the water in all samples can be froze. Based on temperature of debris flows (Figure 2), the temperature of thawing phase of experiment were set 25°C. On the basis of their study of frozen soil specimens, Fu et al. (2021) reported that specimen diameters remained unchanged and all ice had completely converted to liquid water after 4 h of thawing. Therefore, complete thawing was assumed that after 4 h, and used increments of 0.25 h between 0 and 4 h to represent different phases of thawing (t = 0, 0.25, … , 3.75, 4 h). Specimens at t = * were not subjected to freeze–thaw action. Table 2 shows thawing times and preparation details of 18 groups of specimens (t = *, 0, 0.25, … , 3.75, 4 h).
Direct Shear Tests Plan
Direct shear tests are commonly used to measure soil shear strength. Compared with triaxial tests, direct shear tests can achieve failure in frozen samples in considerably less time (Gan et al., 1988). According to the filed investigations, glacial tills wasting processes are demonstrated to rapid loading/shearing conditions, and the potential water could not immediately move from the sediments. Therefore, the undrained test was normally selected to study the shear behavior in laboratory (Nickling and Bennett, 1984; Wang et al., 2007). To measure uniform residual strength, all shear tests were terminated when horizontal displacement reached 10 mm at a shear rate of 2.4 mm per minute (Jewell, 1989). Considering the glacial tills may fail at different shallow depths (several meters) due to freezing-thawing effects (Ferrick et al., 2005; Kos et al., 2016), four normal stresses (i.e., 50, 100, 150 and 200kPa) were selected to examine the shear behavior and then to determine the strength profile. A total of 648 specimens were tested. Details of the tests and shear strength of the specimens are shown in Table 2.
Parameters Characterizing Shear Behavior
Shear tests were performed on till specimens to investigate the effect of thawing time on shear behavior and variations of shear strength and deformation. Stress–strain curves provide important information for the evaluation of till shear behavior, instability, failure and deformation modes (Ling et al., 2007). The peak stress (τp), residual stress (τr), cohesion (C), and internal friction angle (φ) were measured. The initial elastic modulus (Ki) was used to characterize the stage of shear stress growth (between τ = 0 and τ = τp), and the softening index (IB) was used to characterize the strain softening that occurred between τ = τp and τ = τr. Between τ = 0 and τ = τ0, the relationship between shear stress and horizontal displacement was linear and the specimen underwent approximately elastic deformation. To characterize the stage of elastic deformation, the elastic coefficient Ki was used, which is the ratio between the initial shear stress at the end of this stage (τ0) and the corresponding horizontal displacement increment (Δx0):
[image: image]
The difference between peak strength and residual strength (τp–τr) was used to characterize the stage of plastic deformation, and the softening coefficient IB to characterize the softening characteristics of the shear process (Yang and Wei 2012):
[image: image]
As seen in Eq. (2), if there is a peak stress (τp), the range of IB is between 0 and 1, and the larger the IB, the more pronounced the softening after the peak.
RESULTS
Shear Behavior and Thawing Time
For all specimens, horizontal displacement (Δx) was less than 3 mm at peak stress and the stage of uniform τp–τr was reached before the end of the tests. A group of samples with same physical state (ρd = 2.0 g/cm3, w = 8%) was selected, shear behavior as shown in Figure 4. Specimens with thawing time of t = 0 h softened and contracted considerably; shear strength was considerably lower in specimens with t = 4 h; the largest reduction in shear strength was found in specimens with t = 2 h. Peak stress to displacement ratio (τ/σ) was largest for specimens with t = 0 h (0.857), and smaller for specimens with t = 2 h (0.716), t = 4 h (0.745), and t = * (0.776). These results show that the shear behavior of glacial tills subjected to freeze–thaw action is different from the behavior of tills that have not been subjected to freeze–thaw, which is in agreement with the results of Ferrick and Gatto (2005). More interesting is that our results indicate the shear behavior of glacial tills is affected by thawing time which provides direct experimental evidence for the influence of solid ice on the shear behavior of soil samples.
[image: Figure 4]FIGURE 4 | The shear stress—displacement curve of samples under different thawing time.
There were considerable variations of Ki and IB with thawing time; five phases can be identified from Figure 5 (Condition of the samples: ρd = 1.85 g/cm3, w = 16%, σ = 100 kPa). Using Ki as a measure of the resistance of specimens to elastic deformation, a large Ki indicates high stiffness and large variations of shear stress per unit horizontal displacement increment. In stage I, the ability of glacial tills to resist elastic deformation increases with the decrease of ice content because solid ice prevents the specimen from recovering from deformation. For stages I, III, IV and V, the relationship between IB and t and that between Ki and t follow similar trends. Softening was minimal for specimens with t = 0.5 h, which implies the movement of ice particles into the soil skeleton during initial thawing; as a result, the structure of the specimens becomes more unstable. These findings suggest that the shear behavior of thawing samples is affected by the combined action of ice and water and varies with thawing time.
[image: Figure 5]FIGURE 5 | The relationship of Ki, IB with thawing time.
Using experimental results, the hypothesis is tested that shear behavior of specimens with t = 4 h is similar to that of specimens that have not been subjected to freeze–thaw action (t = *). One possible reason is that solid ice affects the arrangement of soil particles. Specimens that are subjected to freeze–thaw action are more compact at the early stage of loading, and are therefore more resistant to shear. However, under freeze–thaw action, solid ice forms and disappears rapidly. As a result, the arrangement of soil particles within the specimens become more random (Atkinson and Little, 1988) and specimens become less resistant to shear deformation as loading continues and shear stress increases.
Relationship Between Peak Strength and Thawing Time
The variation of the strength of thawing soil samples can be considered as a quasi-dynamic transition. As shown in Figure 6, the variation of τp/τp* with thawing time for the different series of experiments. Peak strengths of specimens not subjected to freeze–thaw action (τp*) were used as the reference value, and our main observations are as follows:
a) Peak shear strengths of specimens with t = 0 h were considerably higher than peak shear strengths of specimens with any other thawing time. This indicates that high ice content was associated with high shear strength.
b) Shear strengths of specimens with t = 0.25 h were considerably lower than those of specimens with t = 0 h. Specimens with t = 0.25–4 h had similar peak strengths. This indicates that thawing of solid ice at the beginning of the thawing process is the key factor that controls peak strengths; its impact on peak strength is greater than the combined impact of loading and the physical characteristics of the specimen.
c) Peak strengths decreased with increasing thawing time for some specimens with t ≥ 0.25 h, and increased with increasing thawing time in others. This suggests that the shear strength of thawing specimens is not controlled by a single universal factor.
[image: Figure 6]FIGURE 6 | Shear strength with short-term thawing time.
To examine the effects of different stages of thawing on the attainable shear strength of glacial tills, thawing time as a quantitative test was used control to represent different stages of thawing and also of the transformation of solid ice. It is shows that the relationship between peak strength and thawing time at initial thawing stage is little or not affected independent of loading conditions and the physical characteristics of the specimens.
However, these results show that except for the initial thawing stage, shear strength at different thawing times may be controlled by dry density and water content. Water content (w) is a measure of the liquid water content of ice particles and dry density (ρd) is a measure of the water channels in the thawing specimen (Ladanyi and Morel, 1990). As shown in Figure 7, it normalized total normal stress, the relationship between shear strength and dry density and water content of unthawed (t = 0 h) and thawed state (t = 4 h) is presented. For unthawed specimens (t = 0 h), peak strength increased with increasing w for specimens with ρd of 2.00 g/cm3, and decreased with increasing w for specimens with ρd of 1.70 and 1.85 g/cm3. However, for all thawed specimens (t = 4 h), peak strengths decreased with increasing w. It can be found that the shear strength decreases with the increase of water content when the dry density is 2.00 g/cm3 in both states. Hence, the amount of contact between soil particles is determined by dry density and affects the bonding of solid ice. In addition, further analysis of the variation trend of ρd at 1.70 and 1.85 g/cm3 in t = 0 h and t = 4 h can be obtained the shear strength of frozen soils can be increased by increasing initial water content in loose soils. It’s not hard to understand there is little or no water transfer within the internal pore structure of frozen samples theoretically (Burt and Williams, 1976), which can be inferred the looser the soil sample, the greater the effect of solid ice.
[image: Figure 7]FIGURE 7 | Effect of dry density and water content on shear strength under different thawing conditions.
Effect of Short-Term Thawing on Shear Strength
In addition to shear strength, other parameters are needed to characterize soil shear behavior (Arenson and Springman, 2005a). While experiments have established the effect of solid ice on shear strength, the effects of cohesion 3) and internal friction angle (φ) on shear strength are less clear. In thawing soils, the relationship between peak stress, cohesion, normal stress and angle of friction are as follows:
[image: image]
There are also films of unfrozen water in the soil (Chamberlain and Gow, 1979); therefore, the cohesion ([image: image]) and internal friction angle ([image: image]) exerted by solid ice at different thawing times can be rewritten as:
[image: image]
[image: image]
where [image: image] is the cohesion of the soil sample itself, [image: image] refers to the internal friction of the sample before thawing (i.e., t = 0 h), and [image: image] corresponds to [image: image]; [image: image] represents the unique condition of each frozen soil sample.
Cohesion is the shear strength without any normal stress on the shear failure surface and is the result of the combined action of gravitational attraction and repulsion between soil particles (Seo et al., 2004). Glacial tills have the characteristics of sand; they generally have no cohesion or a weak false cohesive force (Zhou et al., 2019). However, the black symbols in Figure 8 indicate that the highest [image: image] was reached at 9.95 kPa and t = 0 h. Cementation ice formed by in situ freezing of liquid water can significantly increase the proportion of cohesive strength in the shear strength of frozen glacial till specimens (Sterpi, 2015). Moreover, for specimens with t ≥ 0.25 h, [image: image] decreased linearly with increasing thawing time.
[image: Figure 8]FIGURE 8 | Cohesion and Internal friction angle with thawing time.
The red symbols in Figure 9 indicate the variation of internal friction angle with thawing time. Least square linear regression shows that, for specimens with t ≥ 0.25 h, [image: image] increased linearly with thawing time; this result is consistent with the findings of Nater et al. (2015). However, liquid water reduces the friction between soil particles, and an exponential relationship between the internal friction angle and ice content ignores the effect of films of unfrozen water on the friction between soil particles.
[image: Figure 9]FIGURE 9 | Different states in frozen specimens during thawing. (A) Frozen state; (B) initial thawed state; (C) Partly thawed state; (D) Thawed state.
For specimens with t = 0.25 h (gray dashed line in Figure 8), maximum friction was 2.58°, which was far below the value of cohesion. This suggests that the effects of frozen water and ice on cohesion are stronger at the initial phase of thawing, and that the effect of ice on soil friction and cohesion is stronger in loose soils.
These results show that the cohesion of glacial till specimens decreases considerably with increasing thawing time. They support the hypothesis that the self-perpetuating destruction of thawing soils depends on the short-term destruction of ice bonding (Arenson and Springman, 2005a). This mechanism could explain the frequent sediment recharge of gullies, although interactions between ice and soil particles can only be used as qualitative approximations of the soil mechanics of natural slopes.
DISCUSSION
Shear strength of thawing soils indicate that thawing evolves with time. Therefore, it is necessary to examine the mechanisms of phase transformation of solid ice. Unfrozen water, ice, and frozen water change phase as temperature reaches the melting point. Figure 9 shows the four typical states of thawing soils.
In frozen soils, individual soil grains may not be in contact with one other (Figure 9A). The main form of ice is the ice body; it has a relatively stable structure because of the tetrahedral arrangement of molecules (Liu and Peng, 2009). The soil skeleton comprises the ice body and soil grains, which increase shear resistance (Özgan et al., 2015). Friction contributes little to shear resistance, and shear strength mainly comes from cohesion. The experimental results show that the largest amount of softening and the highest peak strength occurred in specimens with t = 0 h (Figure 4); this could be an explanation of the control of shear resistance and strength of frozen soils by cohesion at the particle scale.
After initial thawing, ice volume decreases; the ice body transforms into ice crystals with broken hydrogen bonds between the ice molecules; liquid water is absent (Figure 9B). The soil skeleton is ruptured and reduced in volume. Soil grains are in contact with ice crystals. Friction increases while cohesive bonding decreases; there are large increases in internal friction angle and large decreases in cohesion (Figure 8). The ice body and soil particles form an integrated whole, which has a higher resistance to deformation than soils comprising ice crystals and soil particles (Ewertowski and Tomczyk, 2015). During this stage, the ice body transforms into ice crystals in discrete steps, and soil structure is unstable.
In partly thawed soils, both ice crystals and unfrozen water are present in the voids between particles; soil grains are surrounded by films of unfrozen water, which are in contact with one another (Figure 9C) (Arenson and Springman, 2005a). Ice molecules break apart to form water substructures with reduced order. Ice bonding weakens and lubrication by liquid water increases; as a result, cohesion decreases and granular friction increases. Partly thawed soils have increased shear resistance and the corresponding horizontal displacement under a given level of stress also increases (i.e., shear behavior at t = 2 h in Figure 4).
In thawed soils, all pore water is in the liquid phase and ice is absent (Figure 9D) (Ladanyi and Morel, 1990); there is little order in the spatial distribution of water molecules, and is similar to the arrangement of any conventional unfrozen soils (Fredlund et al., 1978). However, thawed soils also differ from unfrozen soils; the transition from frozen to thawed soil changes pore structure, and allows full contact between soil grains (Nater et al., 2015). Over the long term, ice bonding completely disappears from drained thawed soils. Glacial tills are widely distributed in alpine environments. Therefore, it is likely that there is zero cohesion in drained soils under extremely high temperatures. Moreover, a larger sliding friction is needed to resist shear deformation and gives rise to a peak internal friction angle (Figure 8).
The thawing of frozen soils typically includes the breaking up of the ice body, thawing of ice crystals, formation of films of unfrozen water, and contact between soil grains facilitated by liquid water. This process gives rise to the shear deformation of the glacial till specimens that was observed in our experiments. The morphological changes and phase transformation of solid ice affect the mechanical behavior of thawing soils over time. The amount of solid ice decreases and the amount of liquid water increases with increasing thawing time and affect shear strength. Changes in cohesion and friction vary with thawing time.
CONCLUSION
In this study, the experiments were conducted to examin the role of thawing on the mechanical properties of glacial tills. Direct shear tests were performed on till specimens with three different dry densities and three different initial water contents after 18 thawing times. Our primary findings are as follows:
a) Shear softening decreases with increasing thawing time. The difference between peak and critical resistances decreases with increasing thawing time and reflects changes in shear behavior. Dry density can enhance shear strength. However, in soils with high density, initial water content may result in the decrease of shear strength.
b) Shear strength decreases considerably after initial thawing time. Decrease is larger in soils with higher initial water content. For loose soils, shear strength increases with increasing initial water content.
c) In accordance with the Mohr–Coulomb theory, the internal friction angle increases and cohesion decreases with increasing thawing time. This indicates that the cemented ice formed by in situ freezing of water can significantly improve the cohesive component of the shear strength of frozen soils.
d) Completely frozen soils are more stable than partly thawed or unfrozen soils. Partly thawed soils are less stable than frozen or unfrozen soils because they are made up of ice crystals that have low resistance to deformation. This analysis depicted changes in ice and intergranular contact modalities and mechanisms with thawing time, and provides a useful framework to understand variations in the shear behavior of glacial tills.
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