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Abstract  32 

Nanoparticles found in rock avalanches and natural faults were inferred to be the reason for the ultra-low 33 

shear resistance of the materials along the shear surface. Nevertheless, this inference has not been physically 34 

verified yet. To investigate the role of nanoparticles in the shear behavior of granular materials, we conducted a 35 

series of ring shear tests on silicon dioxide nanoparticles (SN), silica sand (S8), and mixtures of the S8 with 36 

different contents of SN, under varying normal stresses (σ) and shear velocities (V). Our results showed that the 37 

shear strength (μ) of SN is high when σ is small (≤ 215 kPa at our test range), even though the maximum shear 38 

velocity is about 210 cm/s, but shows a great decrease under higher σ (≥ 619 kPa). The shear strength of mixtures 39 

varied with SN content. For S8 (M0) and the mixture of 10% SN (M10), when sheared under small σ, μ first 40 

decreased slightly with increasing V when V is smaller than 1 cm/s, after that it increased slightly with further 41 

increase of V. Nevertheless, this kind of shear-rate dependent behavior was not observed in the tests under higher 42 

σ. When the content of SN in the mixture was less than 20%, μ increased with the increase of SN content. However, 43 

with further increase of SN content, μ decreased. Under high normal stress conditions, distinctive powder rolls 44 

were observed on the shear surface formed on the tests. When the mixtures with lower SN content (≤50%), the 45 

powder rolls were not observed. We inferred that powder rolls can be produced under high SN content and high 46 

normal stress conditions, and this structure altered the particle movement mode from sliding friction to rolling 47 

resistance, resulting in a significant decrease in the shear strength. These findings provide valuable insights into 48 

the shear behavior of granular materials with nanoparticles and then provide evidence for a better understanding 49 

of the high mobility of rock avalanches.  50 

 51 

Keywords: Rock avalanches, High mobility, Nanomaterials, Shear behavior, Powder rolls 52 
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1. Introduction 53 

Rock avalanche is a common type of mass movement where the sliding materials are fragmented dry rock or 54 

ice at low temperatures prior to or during slope failure (Hungr, 2001). It is normally characterized by its large 55 

volume, high velocity, and long sliding displacement (Heim, 1932; Hsü et al., 1978; Legros, 2002; Lucas et al., 56 

2014; Pudasaini and Miller, 2013). These features could be exampled by some rock avalanche events, in which it 57 

has been reported that the displaced materials can move at a very high speed exceeding 200 m/s (Evans, 1989), 58 

and extend as far as 43 km (Crandell et al., 1984). Therefore, rock avalanche often results in devastating damage 59 

to the local properties and great loss of life (Delaney and Evans, 2015; Mitchell et al., 2020; Xu et al., 2012). To 60 

prevent or mitigate this kind of disaster, extensive efforts have been made to better understand the mechanisms 61 

behind the high mobility of rock avalanches.  62 

For evaluating the mobility of rock avalanches, Heim (1932) proposed a ratio (hereinafter termed Heim’s 63 

ratio) between the vertical drop height and the horizontal movement distance of the sliding rock mass. This ratio 64 

was later termed an equivalent friction coefficient by Shreve (1968a) and Scheidegger (1973) and was widely used 65 

in the evaluation of landslide mobility (Corominas, 1996; Legros, 2002; Lucas et al., 2014; Mitchell et al., 2020). 66 

By now, numerous studies have revealed that Heim’s ratio has an inverse relationship with the volume of the rock 67 

avalanche (i.e., Corominas, 1996; Legros, 2002; Lucas et al., 2014; Mitchell et al., 2020, among others). When the 68 

volume is approximately smaller than 106 m3 the Heim’s ratio consistently ranges approximately from 0.4 to 0.7. 69 

However, as the volume increases beyond 109 m3, it decreases to a small value, sometimes dipping below 0.1 70 

(Pudasaini and Miller, 2013; Lucas et al., 2014). So far as one of the essential prerequisites for the rapid movements 71 

of those rock avalanches, several hypotheses, such as air lubrication (Shreve, 1968b), self-lubrication by 72 

transformed rock (Campbell, 1989; Erismann, 1979), lubrication by undrained loading of saturated substrates 73 

(Sassa, 1988, Wang et al., 2014), acoustic fluidization (Melosh, 1979, 1996), mechanical fluidization (McSaveney, 74 

1978; Davies, 1982), dynamic rock fragmentation (Davies and McSaveney, 1999), and normal stress-dependent 75 



4 

 

frictional weakening (Wang et al., 2018) had been proposed from the point of view of lowered shear strength of 76 

the displaced materials. Nevertheless, while these assumptions may sound reasonable, none of them has gained 77 

widespread acceptance due to a lack of supporting evidence from field investigations or experimental results. 78 

Recent studies revealed that nanoparticles (with particle diameters ranging from 1 to 100 nanometers) exist 79 

in rock avalanche deposits or fault rupture surfaces (Chester et al., 2005; Dubovskoi et al., 2008; Fondriest et al., 80 

2013; Green et al., 2015; McSaveney and Hu, 2022; Reznichenko et al., 2012), probably resulting from particle 81 

fragmentation (Strom and Abdrakhmatov, 2018; Wang et al., 2017; Hu et al., 2020) or mineral decomposition (De 82 

Paola et al., 2011; Han et al., 2007, 2010; Spagnuolo et al., 2015; Zhang et al., 2022). It is also reported that 83 

nanoparticles could be generated in laboratory shear tests conducted for simulating the fault slip movements (Han 84 

et al., 2007, 2010; Hu et al., 2022; Wang et al., 2017).  85 

Numerous laboratory shear tests on fault gauges or different types of rocks have revealed that the tested 86 

materials could present extra-low shear strength under certain conditions (such as high normal stress or high shear 87 

rate). As the possible reasons for the presence of extra-low shear strength, in addition to frictional melting (Di Toro 88 

et al., 2006; Hirose and Shimamoto, 2005; Tsutsumi and Shimamoto, 1997), thermal pressurization (Han et al., 89 

2007; Rice, 2006; Wibberley and Shimamoto, 2005), flash heating (Goldsby and Tullis, 2011; Rice, 2006; 90 

Spagnuolo et al., 2015), and thermal decomposition (Hu et al., 2018; Mitchell et al., 2015), possible lubricant by 91 

the presence of nanoparticles (Han et al., 2010, 2011; Reches and Lockner, 2010; Tisato et al., 2012) had also been 92 

raised. Therefore, it will be reasonable to infer that the presence of nanomaterials in rock avalanches may also 93 

substantially diminish the shear resistance of displaced materials and elevate the mobility of rock avalanches. 94 

However, it remains unclear whether the formation of nanomaterials affects the shear behavior of the displaced 95 

materials in rock avalanches. Further, considering that the displaced materials of the rock avalanches may have 96 

varying thicknesses, sliding velocity, or different nanomaterial contents, clarifying the effects of these factors, if 97 

any, on the shear strength of sliding materials will be important for better understanding the dynamics of rock 98 
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avalanches. 99 

Therefore, in this study, we conducted a series of ring shear tests on the mixture of silica sand with different 100 

contents of silica nanoparticles (SN) under different normal stresses and shear velocities. Considering that in rock 101 

avalanches the displaced materials are basically in dry conditions (Hungr et al., 2001), all the samples were sheared 102 

under dry conditions. On the other hand, due to the mobility and runout of rock avalanches are mainly controlled 103 

by the residual shear strength of the displaced landslide materials, in this study we mainly focus on examining the 104 

residual shear strength. We also observed the sliding surfaces formed after tests. Based on the results, we examine 105 

the mechanical effects of this nanomaterial on the shear behavior of the sand mixtures and discuss the implications 106 

for the enhanced mobility of rock avalanches. This investigation provides valuable insights into the role of 107 

nanoparticles in mechanically altering the shear strength of displaced materials and their potential impact on 108 

related geophysical phenomena. 109 

 110 

2. Materials and methods 111 

2.1 Materials  112 

To investigate whether the nanoparticles can work as lubricants, resulting in a significant reduction in the 113 

shear strength of geomaterials, we utilized Silicon dioxide (SiO2) nanoparticles (SN), fine-silica sand (S8), and the 114 

mixtures of S8 with different contents of SN as the test materials. SN (Fig. 1a) consists of nano-scale particles 115 

with a spherical microstructure, each having a diameter of approximately 50 nanometers (observed using the TEM 116 

image presented in Fig. 1b). S8 is uniform sand produced artificially by crushing natural rocks and sieving, mainly 117 

composed of subangular to angular quartz grains (Figs. 1c and 1d) (Wang and Sassa, 2003). The particle size 118 

distribution of S8 is presented in Fig. 1e, which was measured following the standard of the Japanese Geotechnical 119 

Society (2015). The specific gravities of SN and S8 are measured as 2.20 and 2.63, respectively. It is noted that 120 

we selected SN and S8 for this study because their physical properties are relatively stable when the temperature 121 
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remains within a certain range (typically below 1200°C) (Zihms et al., 2013; Davenport et al., 2022). In our tests, 122 

although the temperature within the samples may increase due to the shear friction, it did not reach such a high 123 

degree. This was confirmed because the rubber edge (heat resistant is 300 °C at maximum) as the interface between 124 

the lower and upper parts of the shear box did not melt during the shearing. Additionally, we prepared mixtures of 125 

S8 with 10%, 20%, and 50% of SN, respectively (hereinafter term these mixtures as M10, M20, and M50, 126 

respectively). For consistency, we also term S8 and SN as M0 and M100, respectively.  127 

 128 

2.2 Methods  129 

In this research, to shear the samples under different normal stresses at different shear rates, we employed 130 

three different types of ring shear apparatuses (DPRI-No.5, DPRI-No.6, and DPRI-No.7) developed at Kyoto 131 

University (Sassa et al., 2004; Wang et al., 2010; Wang and Sassa, 2002). Some typical features of these 132 

apparatuses are summarized in Table. 1. In all the tests, all the materials were oven-dried at 105 ℃ for 24 hours to 133 

eliminate the possible influence of thermo-pressure (excess pore pressure) on the test results. For the tests on SN, 134 

we used a small spoon to load the oven-dried SN into the shear box, ensuring that the samples were uniform in the 135 

shear box for each test. For the tests on the mixtures, we mixed the oven-dried samples in small amounts and then 136 

filled them into the shear box in batches. The tests were conducted under different normal stresses (n = 107 kPa, 137 

161 kPa, 215 kPa, 619 kPa, and 1030 kPa, respectively). It is also noted that we encountered difficulty in achieving 138 

uniform initial density among samples, as they were consolidated under varying normal stresses, while the 139 

procedures for placing the samples into the shear box remained consistent. Nevertheless, considering that 140 

differences in the initial densities of the samples are likely to impact only the peak shear strength of the samples 141 

(Schofield and Wroth, 1968), while our study primarily focuses on residual shear strength, we did not allocate 142 

additional effort to examining the potential effects of sample initial density. 143 

After consolidation was completed, the samples were sheared either by the shear-stress controlled method 144 
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(for obtaining more details on the variation of shear strength with progress of shearing) or by the shear-velocity 145 

controlled method (for examining the shear rate dependency). In the shear stress-controlled tests, the shear stress 146 

was increased at a rate of 1 kPa/s from zero to failure of the sample (peak shear strength) until the sample reached 147 

its residual state (residual shear strength). For the shear velocity-controlled method, the samples were initially 148 

sheared slowly to reach their residual state (inferred as the pre-shear stage) and then sheared by increasing the 149 

velocity to different target values. The shear was stopped after the shear strength was stable at the given shear 150 

velocity. In all the tests, the shear velocities were changed in a large range among 0.1 ~ 220 cm/s. It is noted that 151 

due to the problem in the sever-control system in DPRI-6, the shear tests with shear velocities exceeding 30 cm/s 152 

were conducted by changing the shear rate manually.  153 

After the shear tests were finished, we opened the shear box and observed the sliding surfaces. For those tests 154 

with identifiable sliding surfaces, a small part (about 2 mm long and 2 mm wide) containing the sliding surface 155 

was sampled and then was further observed by using a scanning electron microscope (SEM) (type: ZEISS Ultra-156 

55) without conductive metal coating. In addition, a transmission electron microscope (TEM) (type: JEM-2200FS) 157 

was used to observe the microstructure of SN. 158 

The shear resistances for all the tested samples are presented in terms of the stress ratio (μ), the value of 159 

monitored shear strength (τ) divided by the applied normal stress (σn). The main conditions and results for the ring 160 

shear tests are summarized in Table. 2.  161 

 162 

3. Results 163 

3.1 Shear behavior of SN 164 

To investigate the shear behavior of pure nanomaterials, we first conducted shear tests on SN under different 165 

normal stresses of 107, 161, 215, 619, and 1030 kPa, respectively. In all these tests, the shear stress-controlled 166 

method was employed, and the final shear velocity in each test was smaller than 0.4 cm/s. The results are depicted 167 
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in Fig. 2a in the form of the shear stress ratio against the shear displacement. From Fig. 2a, it is seen that the shear 168 

displacement before reaching the peak shear strength (occurrence of shear failure) differs for different tests, 169 

probably due to the different initial sample densities. The shear stress ratios at peak for all the tests are summarized 170 

in Table 2. As expected, samples of different initial densities would have different shear stiffness, which will affect 171 

the peak shear strength. At normal stresses of 107, 161, and 215 kPa, the stress ratios at the residual state are 172 

greater than 0.53. These values closely align with the shear strength of typical natural soils (Keaton, 2017), 173 

suggesting that SN itself possesses high shear strength. However, as shown in Fig. 2a, the stress ratio of SN is also 174 

dependent on the normal stress. It decreased to 0.34 and 0.25 approximately under the normal stresses of 619 and 175 

1030 kPa, respectively. It is worth noting that the large oscillation could be observed in the test under the normal 176 

stress of 619 kPa. A detailed discussion of this phenomenon will be presented in the following section. 177 

A series of tests were conducted on SN by using ring shear apparatus DPRI-No.6 to examine the possible 178 

shear rate effect on the shear resistance of SN in a larger velocity range. As an example, Fig. 2b presents the time 179 

series data of stress ratio and shear velocity for one test under normal stress of 161 kPa. In this test, the shear 180 

velocity was initially raised to 0.11 m/s and held for approximately 10 seconds. Subsequently, it was gradually 181 

raised to 2.1 m/s, and the sample was sheared for 5 approximately seconds at this velocity, and finally, the velocity 182 

was lowered gradually to zero. From Fig. 2b, it can be noticed that after the occurrence of shear failure, the stress 183 

ratio remains relatively consistent (around 0.52~ 0.63) and presents no significant variation even under the shear 184 

velocity of 210 cm/s. It is worth noting that in this test, the total shear displacement is about 30 m, which is 185 

significantly longer than the tests mentioned in Fig. 2a. 186 

Fig. 2c illustrates the change in the residual stress ratio at different shear velocities under normal stresses of 187 

161, 619, and 1030 kPa, respectively. It is noted that these tests were carried out using DPRI-No.5. This apparatus 188 

enables the application of high normal stress, but it has a small maximum shear velocity (about 10 cm/s). From 189 

Fig. 2c, it is noticed that in the tested range of shear velocities, the stress ratio of SN at residual state presents 190 
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strong dependence on the normal stress, but at each normal stress level, it does not show significant variation with 191 

the shear velocity. 192 

 193 

3.2 Shear behavior of mixtures of S8 with SN 194 

The results of a series of shear stress-controlled tests conducted on S8 under various normal stresses are 195 

summarized in Fig. 3. From Fig. 3a, it is observed that S8 consistently exhibits a stable shear stress ratio of about 196 

0.67, irrespective of the difference in the applied normal stress. Fig. 3b presents the results of tests on S8 subjected 197 

to different shear velocities (V) under normal stress of 161 and 1030 kPa, respectively. It is noted that we employed 198 

multistage testing in these shear velocity-controlled tests. Specifically, the sample was sheared until it reached its 199 

residual state at a specified shear velocity. Afterward, the shear test was paused while the sample was consolidated 200 

under the same normal stress. Subsequently, the sample was re-sheared at a different shear velocity. From Fig. 3b, 201 

it can be noticed that S8 exhibits rate dependency, although the shear resistance varies slightly with shear velocity. 202 

There is an inflection point in the shear velocity (around 1 cm/s), at which the strength reaches its minimum. Below 203 

this velocity, the sample exhibits rate-weakening behavior, while above this velocity the sample shows rate-204 

strengthening. The results shown in Fig. 3b present good consistency with those reported by Jiang et al (2017).  205 

To investigate whether the presence of nanomaterials in the sandy materials can affect the shear behavior, a 206 

series of shear tests were conducted on the mixtures of S8 with different SN contents. These tests were performed 207 

under the normal stresses of 161 kPa and 1030 kPa, respectively, and at different shear velocities. The stress ratios 208 

at the residual states are summarized in Figs. 4a and 4b against the shear velocity for the tests under the normal 209 

stresses of 161 and 1030 kPa, respectively. From Fig. 4a, it is noted that when the stress ratios for M50 and M100 210 

range from 0.52 to 0.61, while those for M0, M10, and M20 from 0.66 to 0.78, indicating that introducing SN to 211 

S8 can change the shear behavior of the mixtures. However, the shear strength increases with the increase of SN 212 

in the mixture when the content of SN is less than 20%, while a further increase in the content of SN (such as 50% 213 
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in this study) results in a decrease in the shear resistance. For M10 and M50, the shear strength shows a varying 214 

tendency with the shear velocity (V) similar to that of S8. For M20 and M100, the shear strength does not show a 215 

significant dependence on V when V ≤ 1 cm/s; however, when V ≥ 1 cm/s, the shear strength increases with 216 

increasing V. Fig. 4b represents the results for the mixtures under higher normal stress conditions. In this case, it 217 

is noticed that in all the mixtures the stress ratio does not show significant change with the variation of the shear 218 

velocity. In general, the mixtures with small SN content (M0, M10, M20) present high shear strength, while those 219 

with high content of SN exhibit significantly lower values.  220 

 221 

3.3. Microphysical features of shear surface 222 

 It is noted that in all the tests a shear zone with a sliding surface was formed. To better understand the different 223 

shear behaviors of samples under different shear test conditions, after the shear tests were finished we observed 224 

the shear surface. We also took sample blocks with sliding surfaces from the shear zone and conducted SEM 225 

observation on the sliding surface. The results are presented in Figs. 5-7. 226 

Fig. 5a shows the shear surface obtained after the shear test on SN under normal stress of 1030 kPa, from 227 

which the scratches can be seen clearly. Although the surface from this photo seems to be smoothly formed, 228 

detailed observations by the SEM shown in Fig. 5b show that there are many aggregates of SN particles on the 229 

sliding surface. Further zoomed views shown in Figs .5c and 5d indicate that some of the SN particles (originally 230 

spherically shaped as shown in Fig. 1b) have formed particle aggregates resembling rolls, and the long-axis of 231 

these rolls are approximately parallel to each other but perpendicular to the sliding direction, with some broken 232 

rolls being smeared on the slip surfaces.  233 

The SEM images of the sliding surface formed in the shear test on SN under the normal stress of 619 kPa are 234 

presented in Fig. 6, from which it can be noticed that aggregates of SN particles were also formed on the sliding 235 

surface with their longitudinal axis being approximately perpendicular to the sliding direction, but number of rolls 236 
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is less than those shown in Figs. 5b-d. Additionally, it is apparent that the shear surface formed (Fig. 6) under lower 237 

normal stress exhibits relatively greater roughness compared to that formed under higher normal stress (Fig. 5). 238 

This discrepancy likely accounts for the variability in shear behavior observed under normal stress of 619 kPa. Fig. 239 

7 presents the SEM image for the test on M50 under the same normal stress of 1030 kPa. As revealed by Fig. 6, 240 

aggregates with different shapes of SN were formed, but the powder rolls were less than those formed in the test 241 

on SN (as shown in Figs. 5b-d), suggesting that the sliding surface may be affected by the contents of SN. This 242 

was verified by the SEM images shown in Fig. 7, from which no powder rolls could be discovered. These results 243 

as shown in Figs. 5-7 indicate that the microstructure of the sliding surface can be affected by the normal stress 244 

and also by the content of SN in the mixture. It is noted that we failed to take block samples for SEM observation 245 

from the shear zone formed in the tests under the normal stress of 161 kPa, because the shear zone was not densely 246 

compacted probably due to the small normal stress. Considering that the nanoparticles are very sensitive to liquid, 247 

we also gave up using liquid to bond the shear zone (as normally used in the geological slices).  248 

 249 

4. Discussion 250 

4.1. Normal stress-dependent shear behavior of SN 251 

As revealed by Fig. 2a, the residual stress ratios of SN under lower normal stresses (107, 161, 215 kPa) 252 

remain relatively high and consistent, while they decrease greatly under higher normal stresses (619 and 1030 kPa). 253 

S8 does not show this kind of normal stress-dependent shear behavior (as shown in Fig. 3) although it has the same 254 

mineral ingredients as SN. As shown in Figs. 5, for the test under the normal stress of 1030 kPa, SN particles 255 

aggregate to form distinctive powder rolls on the shear surface with the long-axis direction of these rolls being 256 

approximately perpendicular to the shear direction. Therefore, we infer that the presence of these powder rolls 257 

results in a change in the shear mode from sliding to rolling and then results in a decrease in the shear strength. 258 

It is noted that the powder rolls shown in Fig. 5 present similar features as those debris’ rolls reported in the 259 
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shear tests on different materials for the studies of fault dynamics (Boch et al., 1989; Dong et al., 1991; Zanoria et 260 

al., 1995a, b; Hayashi and Tsutsumi, 2010; Nakamura et al., 2012; Chen et al., 2017a, 2017b). In these studies, it 261 

is inferred that the rolling of powder rolls facilitates fault slip along the smooth patches of the principal shear zone, 262 

contributing to overall weakening and reduced friction. Concerning the formation mechanism of these powder 263 

rolls in the shear tests, Chen et al. (2017a, b) present a comprehensive explanation as follows. Namely, the 264 

frictional heating resulting from the friction and possible grain-size reduction within the principal slip zone (PSZ) 265 

with the progress of shearing may lead to grain compaction, agglomeration, local sintering, and atmospheric water 266 

absorption, and then result in the formation of cohesive gouge flakes with smooth, continuous shear surfaces on 267 

the top of PSZ. The debris finally agglomerates into powder rolls through the shear-induced torque generated 268 

between the opposing slipping surfaces of PSZ, with the axes of the powder rolls being perpendicular to the slip 269 

direction. The rolling action of powder contributes to cleaning the surface of the principal shear zone by 270 

incorporating encountered particles. However, when these rolls encounter rough or debris-laden areas, they 271 

become susceptible to damage, leading to collapse and fracturing. The debris from failed rolls undergoes re-272 

agglomeration, forming new rolls and smooth surfaces until a dynamic balance is achieved between formation and 273 

destruction. It has also been addressed that the cohesive behavior of the debris will be key for the formation of 274 

powder rolls because they were observed exclusively on cohesive gouge flakes. 275 

The nanoparticles used in this study are no-cohesive. However, flash heating during the shearing may 276 

temporally result in the local melting of nanoparticles near the shear surface and then make these nanoparticles 277 

cohesive. Based on Rice (2006), Chen et al (2017a) re-formulated the equation for the temperature rise at a 278 

contacting asperity, which writes as:  279 

∆𝑇 =  
τ𝑎𝑉𝑡

ρc√𝜋𝑎𝑡ℎ𝑡)
                     (1) 280 

Here, a: shear stress on the asperity; V: slip velocity; t: time spent at the contact; ρc: the thermal capacity; th: 281 

thermal diffusivity. 282 
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Although in this study, we did not make detailed calculations for the possible increase of temperature resulting 283 

from the shearing, from equation (1), it will be reasonable to infer that the shear test under higher normal stress 284 

would result in greater shear stress on the asperity on the shear surface, and then lead to a higher increase in the 285 

temperature. The highly increased temperature would favor the formation of cohesive grains and then enhance the 286 

formation of powder rolls under shearing. This may be the reason why the tests under the normal stress of 1030 287 

showed distinguished and much more power rolls on the shear surface (as shown in Fig. 5) with smaller stress 288 

ratios, while few formed in the tests under the normal stress of 619 kPa (shown in Fig. 6) with greater stress ratios. 289 

Zanoria et al (1995a, b) produced tribological rolls composed of amorphous silica by the ball-on-flat linear 290 

reciprocating sliding of self-mated silicon and examined the effects of length, diameter, and population density 291 

(number of rolls per unit area) of tribological rolls on the friction under various loads and environmental conditions. 292 

They reported that in all their tests under different loading, humid, and temperature conditions, the coefficients of 293 

friction showed identical tendency with the progress of sliding, namely, and were initially relatively high (0.45 ~ 294 

0.65) and then decreased rapidly to a steady value of about 0.13 with the formation and involvement of rolls. They 295 

reported that the temperature plays a key role in regulating the length, diameter, and population density of the rolls 296 

(as shown in Fig. 8), while the load can only affect the length, and humidity has no significant effect on either of 297 

these three items. They further inferred that the balancing influence of changes in length, diameter, and population 298 

density results in a consistent coefficient of friction at the steady state. Although inferring the stress ratio from the 299 

length, diameter, and population density of the rolls is not the main purpose of this study, to clarify the effects of 300 

rolls on the shear strength of SN in our tests, we also examined the population densities of rolls presented in Figs. 301 

5 and 6. Our results show that the tests under 1030 kPa and 619 kPa produced rolls with their population densities 302 

being about 4×1011 m-2 and 6×1010 m-2, respectively, presenting the same order as those shown in Fig. 8c. Therefore, 303 

although we failed to measure the temperature that might result from the shearing, it will be reasonable to infer 304 

that the formation of rolls during the shear in our tests made key contribution to the decrease of shear strength.   305 
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 306 

4.2. Shear-velocity dependent shear behavior 307 

The shear velocity (V) dependency of the shear resistance of geomaterials has been widely recognized and 308 

reported. It has been pointed out that the mobilized friction angle of soils during shearing is a consequence of both 309 

physical friction and the interlocking of soil grains (Lambe and Whitman, 1969). The friction and interlocking are 310 

mainly influenced by the orientation of soil grains and shear modes (including sliding mode, transitional mode, 311 

and turbulent mode) (Tika et al., 1996), while the shear modes may change with V, leading to variations in residual 312 

shear strength (τr) (Kenney, 1977; Lupini et al., 1981; Osipov et al., 1984; Tika, 1989; Tika et al., 1996; Suzuki et 313 

al., 2004; Duong et al., 2018, Wang et al., 2023). 314 

By now, based on the shear behavior of clayey soils, three distinct types of τr ~ V behavior have been 315 

documented: namely, with an increase in V, τr remains unchanged (neutral rate effect), exhibits an increase 316 

(positive rate effect), and a decrease (negative rate effect) (i.e., Tika, 1989; Tika et al., 1996; Suzuki et al., 2004, 317 

among others). Recently, another type (hereinafter called N-P type) had also been reported, which shows that with 318 

an increase of V, τr decreases at first, but there is an inflection point of Vc at which τr reaches its minimum, after 319 

that it increases with a further increase of V (Scaringi et al., 2018; Kang et al., 2022; Wang et al, 2023). As the 320 

reasons for these τr ~ V modes, two primary assumptions have been proposed. First, alterations in V may lead to 321 

the accumulation of excess pore water pressure, resulting in a change in residual shear strength (Japanese 322 

Geotechnical Society, 1987). Second, variations in V induce changes in shear modes, resulting in a corresponding 323 

alteration in the internal friction angle of soils (Skempton, 1985; Tika et al., 1996). 324 

The shear-velocity-dependent shear behavior of sands has not been of great concern by now, probably because 325 

the variation of shear strength with shear velocity is not significant. For example, Hungr and Morgenstern (1984) 326 

conducted shear tests on different types of coarse sand, mixtures of sand-rock flour, and polystyrene beads under 327 

different shear velocities, and concluded that the frictional behavior of these sandy materials was not influenced 328 

by either velocity or normal stress over the entire range of shear velocities (0.1~98 cm/s). On the other hand, 329 

https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0435
https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0190
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Duttine et al (2009) conducted a series of direct shear tests on Toyoura sand (a poorly-graded relatively angular 330 

quartz-rich sand) under air-dried conditions and found that the residual shear strength decreases with an increase 331 

in shear rate (within the tested rate range of 100 mm/min). Kuwano et al (2013) sheared glass beads with a mean 332 

diameter of 270 μm under different normal stresses (10 ~ 30 kPa) and shear velocities (1x10-5 ~ 3 m/s), and found 333 

the characteristic shear velocity at which the least friction is realized. Jiang et al. (2017) performed a series of ring 334 

shear tests on silica sands (2.0 ~ 2.5 mm) and glass beads of different sizes (0.11 ~ 0.15 mm and 1.0 ~ 1.4 mm, 335 

respectively), and reported the presence of N-P type of shear behavior for all these material within the tested 336 

velocity range (0.05~ 50 mm/s). Our tests on M0 and M10 under different shear velocities (shown in Fig. 3b and 337 

Fig. 4a) showed a type of N-P, similar to Jiang et al. (2017), although the tendency is insignificant. Concerning 338 

these inconsistencies in the shear velocity dependency of shear behavior for these sandy materials, it may result 339 

from the differences in the tested velocity ranges and normal stress levels. Concerning the presence of the N-P 340 

type shear behavior in these tested samples under dry conditions, Kuwano et al (2013) stated that it may result 341 

from the competition between frictional healing and anelasticity. On the other hand, as reported by Skempton 342 

(1985) and Tika et al. (1996), changes in the shear modes with velocity could also be one of the reasons. 343 

Nevertheless, further study on this issue will be needed to make a conclusive interpretation. 344 

As found in some previous studies (e.g. Han et al., 2007, 2010, 2011; Noda and Shimamoto, 2005; Wang et 345 

al., 2017, among others), the residual friction coefficients of some tested samples (such as natural rocks, fault 346 

gouges, and nanoparticles) decreased to an extra-low value (less than 0.1) when subjected to rapid shearing (up to 347 

2 m/s approximately). Nevertheless, our results of shear tests on M50 and M100 under the normal stress less than 348 

215 kPa suggest that the shear velocity does not affect the residual shear strength significantly, even when the 349 

shear velocity reaches approximately 210 cm/s (as shown in Fig. 2b). On the other hand, our tests showed that the 350 

M50 and M100 present smaller shear strength under the normal stresses of 619 and 1030, respectively, possibly 351 

due to the formation of rolls on the sliding surface. Therefore, we inferred that for these tests on M100 under the 352 

https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0465
https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0465
https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0515
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stress ≤ 215, although the rapid shearing may favorite the generation of high temperature such that more cohesive 353 

grains and then more powder rolls could be formed, stronger turbulence during the fast shearing may result in the 354 

quick vanish of the powder rolls, if any (Chen et al. 2017b), such that no significant reduction of shear strength 355 

could be generated.  356 

 357 

4.3. Effect of SN on the shear behavior of the mixtures 358 

 Hungr and Morgenstern (1984) conducted a series of ring shear tests on sand-rock flour mixtures and reported 359 

that the mixture with 20% of rock flour presented higher shear strength than its host sand, but the shear strength 360 

of the mixture did not show significant change with further increase in the flour content. They inferred that the 361 

introduction of rock flour to the mixture in a small amount will fill the void spaces in the mixture and then lead to 362 

enhanced contact areas between the host sand grains and, consequently, elevate the shear strength. However, the 363 

shear behavior of the mixture with higher rock flour will be mainly dominated by the shear behavior of the rock 364 

flour.  365 

Our results presented in Fig. 4 show that for the tests on M0, M10, and M20 under the normal stress of 161 366 

kPa, when the shear velocities are the same, the shear strength becomes greater with an increase of SN in the 367 

mixture. However, there is no significant difference between M50 and M100. In this sense, our results show good 368 

consistency with Hungr and Morgenstern (1984). Namely, the introduction of SN to the mixture below a certain 369 

amount will enhance the contact areas of grains and elevate the shear strength; after that, the shear behavior will 370 

be mainly controlled by the shear behavior of SN.  371 

For the tests under higher normal stress of 1030 kPa, the shear behavior of M0 ~ M20 will be mainly 372 

controlled by the sliding resistance, while those for M50 and M100 will be controlled by the rolling resistance due 373 

to the formation of power rolls. Therefore, for the sliding-controlled shearing, the differences among these samples 374 

of M0 ~ M20 became smaller, while that between M50 and M100 became greater because more powder rolls 375 
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would be formed in the tests on M100 (as revealed by Figs. 5 and 6). It will be expected that with the increase of 376 

SN on the mixture, the sliding surface will become smoother, with in return will elevate the formation of more 377 

powder rolls and their longevity. 378 

In the sliding progress of natural rock avalanches, rock particles could gradually become smaller due to 379 

dynamic disintegration and frictional abrasion (Perinotto et al., 2015), resulting in the formation of nanoparticles 380 

(Strom and Abdrakhmatov, 2018; Wang et al., 2017; Hu et al., 2020). As revealed by our test results, although 381 

nanoparticles may not directly work as the lubricate to lower the shear resistance of the mixtures, powder rolls 382 

could be formed by the nanoparticles with the progress of shearing when the normal stress and the content of 383 

nanoparticles in the mixtures are high enough. Considering that large volume is a general feature of rock 384 

avalanches, it will be reasonable to infer that the normal stress loading on the sliding materials could be great 385 

enough (say, greater than the normal stress applied in this study). Concerning the content of nanoparticles in the 386 

landsliding materials of rock avalanches, although few records are available, it will be able to expect that with the 387 

progress of landsliding, more nanoparticles could be produced and accumulated. When the nanoparticle content 388 

reaches a certain threshold, the nanoparticles may play a significant role in affecting the structure of the sliding 389 

surface with the formation of powder rolls, resulting in the significant reduction of the shear strength and then 390 

elevating the mobility of rock avalanches. We further infer that the threshold of nanoparticle content may depend 391 

on the applied normal stress and also on the types of nanoparticles. Nevertheless, concerning this inference, further 392 

study (including field investigation and laboratory tests under higher normal stress) will be needed for a conclusive 393 

remark. 394 

 395 

5. Conclusions 396 

To clarify the role of nanoparticles in shear behavior and investigate their potential as lubricants to weaken 397 

shear strength during high-velocity shearing, we conducted a series of ring shear tests on SN, S8, and mixtures of 398 
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the two, under varying normal stresses and shear velocities. The following conclusions can be drawn from our 399 

study: 400 

1. The shear resistance of pure nanomaterial SN is high and stable at lower normal stress levels, even though 401 

the maximum shear velocity is approximately 210 cm/s. However, with the increase of applied normal 402 

stress (619 and 1030 kPa in this study), the shear resistance decreases significantly. 403 

2. The shear strength of the mixtures of S8 depends on the SN content. When the SN content is less than 404 

20%, the shear strength of the mixture increases with SN content. However, a further increase of SN in 405 

the mixture will result in a significant reduction in the shear strength. These results indicate the different 406 

roles of SN in the shear behavior of the mixture, namely, the SN with less content will reduce the void 407 

space, resulting in the increase in the contacting areas of grains, while further increase of SN in the 408 

mixture will result in the fact that the main shear behavior will be mainly controlled by the nanoparticles. 409 

3. The SEM observation on the shear surfaces formed in the tests on SN and mixtures of S8 with high 410 

content of SN under higher normal stress (619 and 1030 kPa) revealed the formation of powder rolls 411 

laying above the sliding surface and being perpendicular to the sliding direction. When the applied normal 412 

stress or the content of SN in the mixtures is higher, the presence of powder rolls becomes denser. 413 

Therefore, it is inferred that the significantly lowered shear strength of SN or mixtures with higher content 414 

of SN under higher normal stress results from the formation of these powder rolls, which enable the 415 

particle movement mode from sliding to rolling. 416 

Finally, it is noted that although our test results showed that the shear resistance of the mixtures can suffer 417 

from significant reduction when the applied normal stress or the content of nanoparticles is high enough, the 418 

application of our test results to natural rock avalanches needs further scrutiny. In most cases the rock avalanches 419 

featured by large scale enable the displaced materials to be loaded by high normal stress during the transportation 420 

due to the great thickness, however, the content of nanoparticles in the sliding mass (or along the sliding zone) 421 
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will be a key issue in affecting whether the weakening mechanism as shown in Fig. 5 can occur or not. Nevertheless, 422 

our results provide insight into understanding the possible roles of nanoparticles in the hypermobility of rock 423 

avalanches, because the threshold of nanoparticle content in the mixture could be different under differing normal 424 

stress, and the content of nanoparticles may increase due to the continuous pulverization of rocks with the progress 425 

of movement. The threshold of nanoparticle content may also be differing for different types of nanoparticles. 426 

Concerning this, further study by using different types of nanoparticles will be necessary and are undergoing. 427 
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Captions: 645 

Fig. 1. (a) Pure nano silica sand (SN); (b) TEM image of SN; (c) Pure silica sand No.8 (S8); (d) SEM image of S8; 646 

(e) Grain size distribution of S8. 647 

  648 

Fig. 2. Results of ring shear tests on SN: (a) Under different normal stresses, by the shear stress-controlled method; 649 

(b) Result of high shear-velocity ring shear test under normal stress of 161 kPa, by the shear velocity-controlled 650 

method; (c) Average stress ratio of residual state under different shear velocities, by the shear velocity-controlled 651 

method. 652 

 653 

Fig. 3. Results of ring shear tests on S8: (a) Under different normal stresses, by the shear stress-controlled method; 654 

(b) Average stress ratio of residual state under different shear velocities by the shear velocity-controlled method. 655 

  656 

Fig. 4. Average stress ratio of residual state of ring shear tests on the mixtures by the shear velocity-controlled 657 

method: (a) Under a normal stress of 161 kPa; (b) Under a normal stress of 1030 kPa. M100: pure SN; M0: pure 658 

S8. M10, M20, and M50 represent the SN content in the mixture is 10%, 20%, and 50%, respectively. 659 

 660 

Fig. 5. Post-test (the largest shear velocity is 10 cm/s) photo and SEM images from a test conducted on SN under 661 

the normal stress of 1030 kPa, (a) Shear surface after the test. (b), (c), (d) SEM images obtained by scanning the 662 

shear surface. (e) Location for the microstructural observation texture. The red arrow indicates the shear direction 663 

and the green arrow indicates the formation of powder rolls. The orange square (2 mm long and 2 mm wide) of 664 

the shear surface was taken for SEM testing. 665 

 666 

Fig. 6. Post-test (the largest shear velocity is 10 cm/s) SEM images from a test conducted on SN under the normal 667 
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stress of 619 kPa. The red arrow indicates the shear direction and the green arrow indicates the formation of powder 668 

rolls. 669 

 670 

Fig. 7. Post-test (the largest shear velocity is 10 cm/s) SEM image from a test conducted on M50 under the normal 671 

stress of 1030 kPa. The red arrow indicates the shear direction. 672 

 673 

Fig. 8. Test results of Zanoria et al. (1995b). (a) mean length, (b) diameter, and (c) population density of tribological 674 

rolls against temperature. (Modified from Fig. 4 in Zanoria et al., 1995b). The tribological rolls were obtained 675 

through the ball-on-flat linear reciprocating sliding of self-mated silicon at different temperatures, humid 676 

conditions, and normal loads. PW: water pressure used in the tests for examining the effects of humidity. 677 

 678 

Table 1. Features of ring shear apparatuses of DPRI-5, DPRI-6, and DPRI-7. 679 

 680 

Table 2. Test conditions and details results of the ring shear tests 681 
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Abstract  32 

Nanoparticles found in rock avalanches and natural faults were inferred to be the reason for the ultra-low 33 

shear resistance of the materials along the shear surface. Nevertheless, this inference has not been physically 34 

verified yet. To investigate the role of nanoparticles in the shear behavior of granular materials, we conducted a 35 

series of ring shear tests on silicon dioxide nanoparticles (SN), silica sand (S8), and mixtures of the S8 with 36 

different contents of SN, under varying normal stresses (σ) and shear velocities (V). Our results showed that the 37 

shear strength (μ) of SN is high when σ is small (≤ 215 kPa at our test range), even though the maximum shear 38 

velocity is about 210 cm/s, but shows a great decrease under higher σ (≥ 619 kPa). The shear strength of 39 

mixtures varied with SN content. For S8 (M0) and the mixture of 10% SN (M10), when sheared under small σ, μ 40 

first decreased slightly with increasing V when V is smaller than 1 cm/s, after that it increased slightly with 41 

further increase of V. Nevertheless, this kind of shear-rate dependent behavior was not observed in the tests 42 

under higher σ. When the content of SN in the mixture was less than 20%, μ increased with the increase of SN 43 

content. However, with further increase of SN content, μ decreased. Under high normal stress conditions, 44 

distinctive powder rolls were observed on the shear surface formed on the tests. When the mixtures with lower 45 

SN content (≤50%), the powder rolls were not observed. We inferred that powder rolls can be produced under 46 

high SN content and high normal stress conditions, and this structure altered the particle movement mode from 47 

sliding friction to rolling resistance, resulting in a significant decrease in the shear strength. These findings 48 

provide valuable insights into the shear behavior of granular materials with nanoparticles and then provide 49 

evidence for a better understanding of the high mobility of rock avalanches.  50 

 51 

Keywords: Rock avalanches, High mobility, Nanomaterials, Shear behavior, Powder rolls 52 
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1. Introduction 53 

Rock avalanche is a common type of mass movement where the sliding materials are fragmented dry rock 54 

or ice at low temperatures prior to or during slope failure (Hungr, 2001). It is normally characterized by its large 55 

volume, high velocity, and long sliding displacement (Heim, 1932; Hsü et al., 1978; Legros, 2002; Lucas et al., 56 

2014; Pudasaini and Miller, 2013). These features could be exampled by some rock avalanche events, in which it 57 

has been reported that the displaced materials can move at a very high speed exceeding 200 m/s (Evans, 1989), 58 

and extend as far as 43 km (Crandell et al., 1984). Therefore, rock avalanche often results in devastating damage 59 

to the local properties and great loss of life (Delaney and Evans, 2015; Mitchell et al., 2020; Xu et al., 2012). To 60 

prevent or mitigate this kind of disaster, extensive efforts have been made to better understand the mechanisms 61 

behind the high mobility of rock avalanches.  62 

For evaluating the mobility of rock avalanches, Heim (1932) proposed a ratio (hereinafter termed Heim’s 63 

ratio) between the vertical drop height and the horizontal movement distance of the sliding rock mass. This ratio 64 

was later termed an equivalent friction coefficient by Shreve (1968a) and Scheidegger (1973) and was widely 65 

used in the evaluation of landslide mobility (Corominas, 1996; Legros, 2002; Lucas et al., 2014; Mitchell et al., 66 

2020). By now, numerous studies have revealed that Heim’s ratio has an inverse relationship with the volume of 67 

the rock avalanche (i.e., Corominas, 1996; Legros, 2002; Lucas et al., 2014; Mitchell et al., 2020, among others). 68 

When the volume is approximately smaller than 106 m3 the Heim’s ratio consistently ranges approximately from 69 

0.4 to 0.7. However, as the volume increases beyond 109 m3, it decreases to a small value, sometimes dipping 70 

below 0.1 (Pudasaini and Miller, 2013; Lucas et al., 2014). So far as one of the essential prerequisites for the 71 

rapid movements of those rock avalanches, several hypotheses, such as air lubrication (Shreve, 1968b), self-72 

lubrication by transformed rock (Campbell, 1989; Erismann, 1979), lubrication by undrained loading of 73 

saturated substrates (Sassa, 1988, Wang et al., 2014), acoustic fluidization (Melosh, 1979, 1996), mechanical 74 

fluidization (McSaveney, 1978; Davies, 1982), dynamic rock fragmentation (Davies and McSaveney, 1999), and 75 
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normal stress-dependent frictional weakening (Wang et al., 2018) had been proposed from the point of view of 76 

lowered shear strength of the displaced materials. Nevertheless, while these assumptions may sound reasonable, 77 

none of them has gained widespread acceptance due to a lack of supporting evidence from field investigations or 78 

experimental results. 79 

Recent studies revealed that nanoparticles (with particle diameters ranging from 1 to 100 nanometers) exist 80 

in rock avalanche deposits or fault rupture surfaces (Chester et al., 2005; Dubovskoi et al., 2008; Fondriest et al., 81 

2013; Green et al., 2015; McSaveney and Hu, 2022; Reznichenko et al., 2012), probably resulting from particle 82 

fragmentation (Strom and Abdrakhmatov, 2018; Wang et al., 2017; Hu et al., 2020) or mineral decomposition 83 

(De Paola et al., 2011; Han et al., 2007, 2010; Spagnuolo et al., 2015; Zhang et al., 2022). It is also reported that 84 

nanoparticles could be generated in laboratory shear tests conducted for simulating the fault slip movements 85 

(Han et al., 2007, 2010; Hu et al., 2022; Wang et al., 2017).  86 

Numerous laboratory shear tests on fault gauges or different types of rocks have revealed that the tested 87 

materials could present extra-low shear strength under certain conditions (such as high normal stress or high 88 

shear rate). As the possible reasons for the presence of extra-low shear strength, in addition to frictional melting 89 

(Di Toro et al., 2006; Hirose and Shimamoto, 2005; Tsutsumi and Shimamoto, 1997), thermal pressurization 90 

(Han et al., 2007; Rice, 2006; Wibberley and Shimamoto, 2005), flash heating (Goldsby and Tullis, 2011; Rice, 91 

2006; Spagnuolo et al., 2015), and thermal decomposition (Hu et al., 2018; Mitchell et al., 2015), possible 92 

lubricant by the presence of nanoparticles (Han et al., 2010, 2011; Reches and Lockner, 2010; Tisato et al., 2012) 93 

had also been raised. Therefore, it will be reasonable to infer that the presence of nanomaterials in rock 94 

avalanches may also substantially diminish the shear resistance of displaced materials and elevate the mobility of 95 

rock avalanches. However, it remains unclear whether the formation of nanomaterials affects the shear behavior 96 

of the displaced materials in rock avalanches. Further, considering that the displaced materials of the rock 97 

avalanches may have varying thicknesses, sliding velocity, or different nanomaterial contents, clarifying the 98 
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effects of these factors, if any, on the shear strength of sliding materials will be important for better 99 

understanding the dynamics of rock avalanches. 100 

Therefore, in this study, we conducted a series of ring shear tests on the mixture of silica sand with different 101 

contents of silica nanoparticles (SN) under different normal stresses and shear velocities. Considering that in 102 

rock avalanches the displaced materials are basically in dry conditions (Hungr et al., 2001), all the samples were 103 

sheared under dry conditions. On the other hand, due to the mobility and runout of rock avalanches are mainly 104 

controlled by the residual shear strength of the displaced landslide materials, in this study we mainly focus on 105 

examining the residual shear strength. We also observed the sliding surfaces formed after tests. Based on the 106 

results, we examine the mechanical effects of this nanomaterial on the shear behavior of the sand mixtures and 107 

discuss the implications for the enhanced mobility of rock avalanches. This investigation provides valuable 108 

insights into the role of nanoparticles in mechanically altering the shear strength of displaced materials and their 109 

potential impact on related geophysical phenomena. 110 

 111 

2. Materials and methods 112 

2.1 Materials  113 

To investigate whether the nanoparticles can work as lubricants, resulting in a significant reduction in the 114 

shear strength of geomaterials, we utilized Silicon dioxide (SiO2) nanoparticles (SN), fine-silica sand (S8), and 115 

the mixtures of S8 with different contents of SN as the test materials. SN (Fig. 1a) consists of nano-scale 116 

particles with a spherical microstructure, each having a diameter of approximately 50 nanometers (observed 117 

using the TEM image presented in Fig. 1b). S8 is uniform sand produced artificially by crushing natural rocks 118 

and sieving, mainly composed of subangular to angular quartz grains (Figs. 1c and 1d) (Wang and Sassa, 2003). 119 

The particle size distribution of S8 is presented in Fig. 1e, which was measured following the standard of the 120 

Japanese Geotechnical Society (2015). The specific gravities of SN and S8 are measured as 2.20 and 2.63, 121 
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respectively. It is noted that we selected SN and S8 for this study because their physical properties are relatively 122 

stable when the temperature remains within a certain range (typically below 1200°C) (Zihms et al., 2013; 123 

Davenport et al., 2022). In our tests, although the temperature within the samples may increase due to the shear 124 

friction, it did not reach such a high degree. This was confirmed because the rubber edge (heat resistant is 300 °C 125 

at maximum) as the interface between the lower and upper parts of the shear box did not melt during the 126 

shearing. Additionally, we prepared mixtures of S8 with 10%, 20%, and 50% of SN, respectively (hereinafter 127 

term these mixtures as M10, M20, and M50, respectively). For consistency, we also term S8 and SN as M0 and 128 

M100, respectively.  129 

 130 

2.2 Methods  131 

In this research, to shear the samples under different normal stresses at different shear rates, we employed 132 

three different types of ring shear apparatuses (DPRI-No.5, DPRI-No.6, and DPRI-No.7) developed at Kyoto 133 

University (Sassa et al., 2004; Wang et al., 2010; Wang and Sassa, 2002). Some typical features of these 134 

apparatuses are summarized in Table. 1. In all the tests, all the materials were oven-dried at 105 ℃ for 24 hours 135 

to eliminate the possible influence of thermo-pressure (excess pore pressure) on the test results. For the tests on 136 

SN, we used a small spoon to load the oven-dried SN into the shear box, ensuring that the samples were uniform 137 

in the shear box for each test. For the tests on the mixtures, we mixed the oven-dried samples in small amounts 138 

and then filled them into the shear box in batches. The tests were conducted under different normal stresses (n = 139 

107 kPa, 161 kPa, 215 kPa, 619 kPa, and 1030 kPa, respectively). It is also noted that we encountered difficulty 140 

in achieving uniform initial density among samples, as they were consolidated under varying normal stresses, 141 

while the procedures for placing the samples into the shear box remained consistent. Nevertheless, considering 142 

that differences in the initial densities of the samples are likely to impact only the peak shear strength of the 143 

samples (Schofield and Wroth, 1968), while our study primarily focuses on residual shear strength, we did not 144 
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allocate additional effort to examining the potential effects of sample initial density. 145 

After consolidation was completed, the samples were sheared either by the shear-stress controlled method 146 

(for obtaining more details on the variation of shear strength with progress of shearing) or by the shear-velocity 147 

controlled method (for examining the shear rate dependency). In the shear stress-controlled tests, the shear stress 148 

was increased at a rate of 1 kPa/s from zero to failure of the sample (peak shear strength) until the sample 149 

reached its residual state (residual shear strength). For the shear velocity-controlled method, the samples were 150 

initially sheared slowly to reach their residual state (inferred as the pre-shear stage) and then sheared by 151 

increasing the velocity to different target values. The shear was stopped after the shear strength was stable at the 152 

given shear velocity. In all the tests, the shear velocities were changed in a large range among 0.1 ~ 220 cm/s. It 153 

is noted that due to the problem in the sever-control system in DPRI-6, the shear tests with shear velocities 154 

exceeding 30 cm/s were conducted by changing the shear rate manually.  155 

After the shear tests were finished, we opened the shear box and observed the sliding surfaces. For those 156 

tests with identifiable sliding surfaces, a small part (about 2 mm long and 2 mm wide) containing the sliding 157 

surface was sampled and then was further observed by using a scanning electron microscope (SEM) (type: 158 

ZEISS Ultra-55) without conductive metal coating. In addition, a transmission electron microscope (TEM) (type: 159 

JEM-2200FS) was used to observe the microstructure of SN. 160 

The shear resistances for all the tested samples are presented in terms of the stress ratio (μ), the value of 161 

monitored shear strength (τ) divided by the applied normal stress (σn). The main conditions and results for the 162 

ring shear tests are summarized in Table. 2.  163 

 164 

3. Results 165 

3.1 Shear behavior of SN 166 

To investigate the shear behavior of pure nanomaterials, we first conducted shear tests on SN under 167 
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different normal stresses of 107, 161, 215, 619, and 1030 kPa, respectively. In all these tests, the shear stress-168 

controlled method was employed, and the final shear velocity in each test was smaller than 0.4 cm/s. The results 169 

are depicted in Fig. 2a in the form of the shear stress ratio against the shear displacement. From Fig. 2a, it is seen 170 

that the shear displacement before reaching the peak shear strength (occurrence of shear failure) differs for 171 

different tests, probably due to the different initial sample densities. The shear stress ratios at peak for all the 172 

tests are summarized in Table 2. As expected, samples of different initial densities would have different shear 173 

stiffness, which will affect the peak shear strength. At normal stresses of 107, 161, and 215 kPa, the stress ratios 174 

at the residual state are greater than 0.53. These values closely align with the shear strength of typical natural 175 

soils (Keaton, 2017), suggesting that SN itself possesses high shear strength. However, as shown in Fig. 2a, the 176 

stress ratio of SN is also dependent on the normal stress. It decreased to 0.34 and 0.25 approximately under the 177 

normal stresses of 619 and 1030 kPa, respectively. It is worth noting that the large oscillation could be observed 178 

in the test under the normal stress of 619 kPa. A detailed discussion of this phenomenon will be presented in the 179 

following section. 180 

A series of tests were conducted on SN by using ring shear apparatus DPRI-No.6 to examine the possible 181 

shear rate effect on the shear resistance of SN in a larger velocity range. As an example, Fig. 2b presents the time 182 

series data of stress ratio and shear velocity for one test under normal stress of 161 kPa. In this test, the shear 183 

velocity was initially raised to 0.11 m/s and held for approximately 10 seconds. Subsequently, it was gradually 184 

raised to 2.1 m/s, and the sample was sheared for 5 approximately seconds at this velocity, and finally, the 185 

velocity was lowered gradually to zero. From Fig. 2b, it can be noticed that after the occurrence of shear failure, 186 

the stress ratio remains relatively consistent (around 0.52~ 0.63) and presents no significant variation even under 187 

the shear velocity of 210 cm/s. It is worth noting that in this test, the total shear displacement is about 30 m, 188 

which is significantly longer than the tests mentioned in Fig. 2a. 189 

Fig. 2c illustrates the change in the residual stress ratio at different shear velocities under normal stresses of 190 
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161, 619, and 1030 kPa, respectively. It is noted that these tests were carried out using DPRI-No.5. This 191 

apparatus enables the application of high normal stress, but it has a small maximum shear velocity (about 10 192 

cm/s). From Fig. 2c, it is noticed that in the tested range of shear velocities, the stress ratio of SN at residual state 193 

presents strong dependence on the normal stress, but at each normal stress level, it does not show significant 194 

variation with the shear velocity. 195 

 196 

3.2 Shear behavior of mixtures of S8 with SN 197 

The results of a series of shear stress-controlled tests conducted on S8 under various normal stresses are 198 

summarized in Fig. 3. From Fig. 3a, it is observed that S8 consistently exhibits a stable shear stress ratio of about 199 

0.67, irrespective of the difference in the applied normal stress. Fig. 3b presents the results of tests on S8 200 

subjected to different shear velocities (V) under normal stress of 161 and 1030 kPa, respectively. It is noted that 201 

we employed multistage testing in these shear velocity-controlled tests. Specifically, the sample was sheared 202 

until it reached its residual state at a specified shear velocity. Afterward, the shear test was paused while the 203 

sample was consolidated under the same normal stress. Subsequently, the sample was re-sheared at a different 204 

shear velocity. From Fig. 3b, it can be noticed that S8 exhibits rate dependency, although the shear resistance 205 

varies slightly with shear velocity. There is an inflection point in the shear velocity (around 1 cm/s), at which the 206 

strength reaches its minimum. Below this velocity, the sample exhibits rate-weakening behavior, while above 207 

this velocity the sample shows rate-strengthening. The results shown in Fig. 3b present good consistency with 208 

those reported by Jiang et al (2017).  209 

To investigate whether the presence of nanomaterials in the sandy materials can affect the shear behavior, a 210 

series of shear tests were conducted on the mixtures of S8 with different SN contents. These tests were 211 

performed under the normal stresses of 161 kPa and 1030 kPa, respectively, and at different shear velocities. The 212 

stress ratios at the residual states are summarized in Figs. 4a and 4b against the shear velocity for the tests under 213 
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the normal stresses of 161 and 1030 kPa, respectively. From Fig. 4a, it is noted that when the stress ratios for 214 

M50 and M100 range from 0.52 to 0.61, while those for M0, M10, and M20 from 0.66 to 0.78, indicating that 215 

introducing SN to S8 can change the shear behavior of the mixtures. However, the shear strength increases with 216 

the increase of SN in the mixture when the content of SN is less than 20%, while a further increase in the content 217 

of SN (such as 50% in this study) results in a decrease in the shear resistance. For M10 and M50, the shear 218 

strength shows a varying tendency with the shear velocity (V) similar to that of S8. For M20 and M100, the shear 219 

strength does not show a significant dependence on V when V ≤ 1 cm/s; however, when V ≥ 1 cm/s, the shear 220 

strength increases with increasing V. Fig. 4b represents the results for the mixtures under higher normal stress 221 

conditions. In this case, it is noticed that in all the mixtures the stress ratio does not show significant change with 222 

the variation of the shear velocity. In general, the mixtures with small SN content (M0, M10, M20) present high 223 

shear strength, while those with high content of SN exhibit significantly lower values.  224 

 225 

3.3. Microphysical features of shear surface 226 

 It is noted that in all the tests a shear zone with a sliding surface was formed. To better understand the 227 

different shear behaviors of samples under different shear test conditions, after the shear tests were finished we 228 

observed the shear surface. We also took sample blocks with sliding surfaces from the shear zone and conducted 229 

SEM observation on the sliding surface. The results are presented in Figs. 5-7. 230 

Fig. 5a shows the shear surface obtained after the shear test on SN under normal stress of 1030 kPa, from 231 

which the scratches can be seen clearly. Although the surface from this photo seems to be smoothly formed, 232 

detailed observations by the SEM shown in Fig. 5b show that there are many aggregates of SN particles on the 233 

sliding surface. Further zoomed views shown in Figs .5c and 5d indicate that some of the SN particles (originally 234 

spherically shaped as shown in Fig. 1b) have formed particle aggregates resembling rolls, and the long-axis of 235 

these rolls are approximately parallel to each other but perpendicular to the sliding direction, with some broken 236 
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rolls being smeared on the slip surfaces.  237 

The SEM images of the sliding surface formed in the shear test on SN under the normal stress of 619 kPa 238 

are presented in Fig. 6, from which it can be noticed that aggregates of SN particles were also formed on the 239 

sliding surface with their longitudinal axis being approximately perpendicular to the sliding direction, but 240 

number of rolls is less than those shown in Figs. 5b-d. Additionally, it is apparent that the shear surface formed 241 

(Fig. 6) under lower normal stress exhibits relatively greater roughness compared to that formed under higher 242 

normal stress (Fig. 5). This discrepancy likely accounts for the variability in shear behavior observed under 243 

normal stress of 619 kPa. Fig. 7 presents the SEM image for the test on M50 under the same normal stress of 244 

1030 kPa. As revealed by Fig. 6, aggregates with different shapes of SN were formed, but the powder rolls were 245 

less than those formed in the test on SN (as shown in Figs. 5b-d), suggesting that the sliding surface may be 246 

affected by the contents of SN. This was verified by the SEM images shown in Fig. 7, from which no powder 247 

rolls could be discovered. These results as shown in Figs. 5-7 indicate that the microstructure of the sliding 248 

surface can be affected by the normal stress and also by the content of SN in the mixture. It is noted that we 249 

failed to take block samples for SEM observation from the shear zone formed in the tests under the normal stress 250 

of 161 kPa, because the shear zone was not densely compacted probably due to the small normal stress. 251 

Considering that the nanoparticles are very sensitive to liquid, we also gave up using liquid to bond the shear 252 

zone (as normally used in the geological slices).  253 

 254 

4. Discussion 255 

4.1. Normal stress-dependent shear behavior of SN 256 

As revealed by Fig. 2a, the residual stress ratios of SN under lower normal stresses (107, 161, 215 kPa) 257 

remain relatively high and consistent, while they decrease greatly under higher normal stresses (619 and 1030 258 

kPa). S8 does not show this kind of normal stress-dependent shear behavior (as shown in Fig. 3) although it has 259 
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the same mineral ingredients as SN. As shown in Figs. 5, for the test under the normal stress of 1030 kPa, SN 260 

particles aggregate to form distinctive powder rolls on the shear surface with the long-axis direction of these rolls 261 

being approximately perpendicular to the shear direction. Therefore, we infer that the presence of these powder 262 

rolls results in a change in the shear mode from sliding to rolling and then results in a decrease in the shear 263 

strength. 264 

It is noted that the powder rolls shown in Fig. 5 present similar features as those debris’ rolls reported in the 265 

shear tests on different materials for the studies of fault dynamics (Boch et al., 1989; Dong et al., 1991; Zanoria 266 

et al., 1995a, b; Hayashi and Tsutsumi, 2010; Nakamura et al., 2012; Chen et al., 2017a, 2017b). In these studies, 267 

it is inferred that the rolling of powder rolls facilitates fault slip along the smooth patches of the principal shear 268 

zone, contributing to overall weakening and reduced friction. Concerning the formation mechanism of these 269 

powder rolls in the shear tests, Chen et al. (2017a, b) present a comprehensive explanation as follows. Namely, 270 

the frictional heating resulting from the friction and possible grain-size reduction within the principal slip zone 271 

(PSZ) with the progress of shearing may lead to grain compaction, agglomeration, local sintering, and 272 

atmospheric water absorption, and then result in the formation of cohesive gouge flakes with smooth, continuous 273 

shear surfaces on the top of PSZ. The debris finally agglomerates into powder rolls through the shear-induced 274 

torque generated between the opposing slipping surfaces of PSZ, with the axes of the powder rolls being 275 

perpendicular to the slip direction. The rolling action of powder contributes to cleaning the surface of the 276 

principal shear zone by incorporating encountered particles. However, when these rolls encounter rough or 277 

debris-laden areas, they become susceptible to damage, leading to collapse and fracturing. The debris from failed 278 

rolls undergoes re-agglomeration, forming new rolls and smooth surfaces until a dynamic balance is achieved 279 

between formation and destruction. It has also been addressed that the cohesive behavior of the debris will be 280 

key for the formation of powder rolls because they were observed exclusively on cohesive gouge flakes. 281 

The nanoparticles used in this study are no-cohesive. However, flash heating during the shearing may 282 
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temporally result in the local melting of nanoparticles near the shear surface and then make these nanoparticles 283 

cohesive. Based on Rice (2006), Chen et al (2017a) re-formulated the equation for the temperature rise at a 284 

contacting asperity, which writes as:  285 

∆𝑇 =  
τ𝑎𝑉𝑡

ρc√𝜋𝑎𝑡ℎ𝑡)
                     (1) 286 

Here, a: shear stress on the asperity; V: slip velocity; t: time spent at the contact; ρc: the thermal capacity; th: 287 

thermal diffusivity. 288 

Although in this study, we did not make detailed calculations for the possible increase of temperature 289 

resulting from the shearing, from equation (1), it will be reasonable to infer that the shear test under higher 290 

normal stress would result in greater shear stress on the asperity on the shear surface, and then lead to a higher 291 

increase in the temperature. The highly increased temperature would favor the formation of cohesive grains and 292 

then enhance the formation of powder rolls under shearing. This may be the reason why the tests under the 293 

normal stress of 1030 showed distinguished and much more power rolls on the shear surface (as shown in Fig. 5) 294 

with smaller stress ratios, while few formed in the tests under the normal stress of 619 kPa (shown in Fig. 6) 295 

with greater stress ratios. 296 

Zanoria et al (1995a, b) produced tribological rolls composed of amorphous silica by the ball-on-flat linear 297 

reciprocating sliding of self-mated silicon and examined the effects of length, diameter, and population density 298 

(number of rolls per unit area) of tribological rolls on the friction under various loads and environmental 299 

conditions. They reported that in all their tests under different loading, humid, and temperature conditions, the 300 

coefficients of friction showed identical tendency with the progress of sliding, namely, and were initially 301 

relatively high (0.45 ~ 0.65) and then decreased rapidly to a steady value of about 0.13 with the formation and 302 

involvement of rolls. They reported that the temperature plays a key role in regulating the length, diameter, and 303 

population density of the rolls (as shown in Fig. 8), while the load can only affect the length, and humidity has 304 

no significant effect on either of these three items. They further inferred that the balancing influence of changes 305 
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in length, diameter, and population density results in a consistent coefficient of friction at the steady state. 306 

Although inferring the stress ratio from the length, diameter, and population density of the rolls is not the main 307 

purpose of this study, to clarify the effects of rolls on the shear strength of SN in our tests, we also examined the 308 

population densities of rolls presented in Figs. 5 and 6. Our results show that the tests under 1030 kPa and 619 309 

kPa produced rolls with their population densities being about 4×1011 m-2 and 6×1010 m-2, respectively, 310 

presenting the same order as those shown in Fig. 8c. Therefore, although we failed to measure the temperature 311 

that might result from the shearing, it will be reasonable to infer that the formation of rolls during the shear in 312 

our tests made key contribution to the decrease of shear strength.   313 

 314 

4.2. Shear-velocity dependent shear behavior 315 

The shear velocity (V) dependency of the shear resistance of geomaterials has been widely recognized and 316 

reported. It has been pointed out that the mobilized friction angle of soils during shearing is a consequence of 317 

both physical friction and the interlocking of soil grains (Lambe and Whitman, 1969). The friction and 318 

interlocking are mainly influenced by the orientation of soil grains and shear modes (including sliding mode, 319 

transitional mode, and turbulent mode) (Tika et al., 1996), while the shear modes may change with V, leading to 320 

variations in residual shear strength (τr) (Kenney, 1977; Lupini et al., 1981; Osipov et al., 1984; Tika, 1989; Tika 321 

et al., 1996; Suzuki et al., 2004; Duong et al., 2018, Wang et al., 2023). 322 

By now, based on the shear behavior of clayey soils, three distinct types of τr ~ V behavior have been 323 

documented: namely, with an increase in V, τr remains unchanged (neutral rate effect), exhibits an increase 324 

(positive rate effect), and a decrease (negative rate effect) (i.e., Tika, 1989; Tika et al., 1996; Suzuki et al., 2004, 325 

among others). Recently, another type (hereinafter called N-P type) had also been reported, which shows that 326 

with an increase of V, τr decreases at first, but there is an inflection point of Vc at which τr reaches its minimum, 327 

after that it increases with a further increase of V (Scaringi et al., 2018; Kang et al., 2022; Wang et al, 2023). As 328 

the reasons for these τr ~ V modes, two primary assumptions have been proposed. First, alterations in V may lead 329 

https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0435
https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0190
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to the accumulation of excess pore water pressure, resulting in a change in residual shear strength (Japanese 330 

Geotechnical Society, 1987). Second, variations in V induce changes in shear modes, resulting in a 331 

corresponding alteration in the internal friction angle of soils (Skempton, 1985; Tika et al., 1996). 332 

The shear-velocity-dependent shear behavior of sands has not been of great concern by now, probably 333 

because the variation of shear strength with shear velocity is not significant. For example, Hungr and 334 

Morgenstern (1984) conducted shear tests on different types of coarse sand, mixtures of sand-rock flour, and 335 

polystyrene beads under different shear velocities, and concluded that the frictional behavior of these sandy 336 

materials was not influenced by either velocity or normal stress over the entire range of shear velocities (0.1~98 337 

cm/s). On the other hand, Duttine et al (2009) conducted a series of direct shear tests on Toyoura sand (a poorly-338 

graded relatively angular quartz-rich sand) under air-dried conditions and found that the residual shear strength 339 

decreases with an increase in shear rate (within the tested rate range of 100 mm/min). Kuwano et al (2013) 340 

sheared glass beads with a mean diameter of 270 μm under different normal stresses (10 ~ 30 kPa) and shear 341 

velocities (1x10-5 ~ 3 m/s), and found the characteristic shear velocity at which the least friction is realized. Jiang 342 

et al. (2017) performed a series of ring shear tests on silica sands (2.0 ~ 2.5 mm) and glass beads of different 343 

sizes (0.11 ~ 0.15 mm and 1.0 ~ 1.4 mm, respectively), and reported the presence of N-P type of shear behavior 344 

for all these material within the tested velocity range (0.05~ 50 mm/s). Our tests on M0 and M10 under different 345 

shear velocities (shown in Fig. 3b and Fig. 4a) showed a type of N-P, similar to Jiang et al. (2017), although the 346 

tendency is insignificant. Concerning these inconsistencies in the shear velocity dependency of shear behavior 347 

for these sandy materials, it may result from the differences in the tested velocity ranges and normal stress levels. 348 

Concerning the presence of the N-P type shear behavior in these tested samples under dry conditions, Kuwano et 349 

al (2013) stated that it may result from the competition between frictional healing and anelasticity. On the other 350 

hand, as reported by Skempton (1985) and Tika et al. (1996), changes in the shear modes with velocity could 351 

also be one of the reasons. Nevertheless, further study on this issue will be needed to make a conclusive 352 

https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0465
https://www-sciencedirect-com.kyoto-u.idm.oclc.org/science/article/pii/S0013795222004173#bb0515
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interpretation. 353 

As found in some previous studies (e.g. Han et al., 2007, 2010, 2011; Noda and Shimamoto, 2005; Wang et 354 

al., 2017, among others), the residual friction coefficients of some tested samples (such as natural rocks, fault 355 

gouges, and nanoparticles) decreased to an extra-low value (less than 0.1) when subjected to rapid shearing (up 356 

to 2 m/s approximately). Nevertheless, our results of shear tests on M50 and M100 under the normal stress less 357 

than 215 kPa suggest that the shear velocity does not affect the residual shear strength significantly, even when 358 

the shear velocity reaches approximately 210 cm/s (as shown in Fig. 2b). On the other hand, our tests showed 359 

that the M50 and M100 present smaller shear strength under the normal stresses of 619 and 1030, respectively, 360 

possibly due to the formation of rolls on the sliding surface. Therefore, we inferred that for these tests on M100 361 

under the stress ≤ 215, although the rapid shearing may favorite the generation of high temperature such that 362 

more cohesive grains and then more powder rolls could be formed, stronger turbulence during the fast shearing 363 

may result in the quick vanish of the powder rolls, if any (Chen et al. 2017b), such that no significant reduction 364 

of shear strength could be generated.  365 

 366 

4.3. Effect of SN on the shear behavior of the mixtures 367 

 Hungr and Morgenstern (1984) conducted a series of ring shear tests on sand-rock flour mixtures and 368 

reported that the mixture with 20% of rock flour presented higher shear strength than its host sand, but the shear 369 

strength of the mixture did not show significant change with further increase in the flour content. They inferred 370 

that the introduction of rock flour to the mixture in a small amount will fill the void spaces in the mixture and 371 

then lead to enhanced contact areas between the host sand grains and, consequently, elevate the shear strength. 372 

However, the shear behavior of the mixture with higher rock flour will be mainly dominated by the shear 373 

behavior of the rock flour.  374 

Our results presented in Fig. 4 show that for the tests on M0, M10, and M20 under the normal stress of 161 375 
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kPa, when the shear velocities are the same, the shear strength becomes greater with an increase of SN in the 376 

mixture. However, there is no significant difference between M50 and M100. In this sense, our results show 377 

good consistency with Hungr and Morgenstern (1984). Namely, the introduction of SN to the mixture below a 378 

certain amount will enhance the contact areas of grains and elevate the shear strength; after that, the shear 379 

behavior will be mainly controlled by the shear behavior of SN.  380 

For the tests under higher normal stress of 1030 kPa, the shear behavior of M0 ~ M20 will be mainly 381 

controlled by the sliding resistance, while those for M50 and M100 will be controlled by the rolling resistance 382 

due to the formation of power rolls. Therefore, for the sliding-controlled shearing, the differences among these 383 

samples of M0 ~ M20 became smaller, while that between M50 and M100 became greater because more powder 384 

rolls would be formed in the tests on M100 (as revealed by Figs. 5 and 6). It will be expected that with the 385 

increase of SN on the mixture, the sliding surface will become smoother, with in return will elevate the 386 

formation of more powder rolls and their longevity. 387 

In the sliding progress of natural rock avalanches, rock particles could gradually become smaller due to 388 

dynamic disintegration and frictional abrasion (Perinotto et al., 2015), resulting in the formation of nanoparticles 389 

(Strom and Abdrakhmatov, 2018; Wang et al., 2017; Hu et al., 2020). As revealed by our test results, although 390 

nanoparticles may not directly work as the lubricate to lower the shear resistance of the mixtures, powder rolls 391 

could be formed by the nanoparticles with the progress of shearing when the normal stress and the content of 392 

nanoparticles in the mixtures are high enough. Considering that large volume is a general feature of rock 393 

avalanches, it will be reasonable to infer that the normal stress loading on the sliding materials could be great 394 

enough (say, greater than the normal stress applied in this study). Concerning the content of nanoparticles in the 395 

landsliding materials of rock avalanches, although few records are available, it will be able to expect that with 396 

the progress of landsliding, more nanoparticles could be produced and accumulated. When the nanoparticle 397 

content reaches a certain threshold, the nanoparticles may play a significant role in affecting the structure of the 398 
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sliding surface with the formation of powder rolls, resulting in the significant reduction of the shear strength and 399 

then elevating the mobility of rock avalanches. We further infer that the threshold of nanoparticle content may 400 

depend on the applied normal stress and also on the types of nanoparticles. Nevertheless, concerning this 401 

inference, further study (including field investigation and laboratory tests under higher normal stress) will be 402 

needed for a conclusive remark. 403 

 404 

5. Conclusions 405 

To clarify the role of nanoparticles in shear behavior and investigate their potential as lubricants to weaken 406 

shear strength during high-velocity shearing, we conducted a series of ring shear tests on SN, S8, and mixtures 407 

of the two, under varying normal stresses and shear velocities. The following conclusions can be drawn from our 408 

study: 409 

1. The shear resistance of pure nanomaterial SN is high and stable at lower normal stress levels, even 410 

though the maximum shear velocity is approximately 210 cm/s. However, with the increase of applied 411 

normal stress (619 and 1030 kPa in this study), the shear resistance decreases significantly. 412 

2. The shear strength of the mixtures of S8 depends on the SN content. When the SN content is less than 413 

20%, the shear strength of the mixture increases with SN content. However, a further increase of SN in 414 

the mixture will result in a significant reduction in the shear strength. These results indicate the different 415 

roles of SN in the shear behavior of the mixture, namely, the SN with less content will reduce the void 416 

space, resulting in the increase in the contacting areas of grains, while further increase of SN in the 417 

mixture will result in the fact that the main shear behavior will be mainly controlled by the 418 

nanoparticles. 419 

3. The SEM observation on the shear surfaces formed in the tests on SN and mixtures of S8 with high 420 

content of SN under higher normal stress (619 and 1030 kPa) revealed the formation of powder rolls 421 
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laying above the sliding surface and being perpendicular to the sliding direction. When the applied 422 

normal stress or the content of SN in the mixtures is higher, the presence of powder rolls becomes 423 

denser. Therefore, it is inferred that the significantly lowered shear strength of SN or mixtures with 424 

higher content of SN under higher normal stress results from the formation of these powder rolls, which 425 

enable the particle movement mode from sliding to rolling. 426 

Finally, it is noted that although our test results showed that the shear resistance of the mixtures can suffer 427 

from significant reduction when the applied normal stress or the content of nanoparticles is high enough, the 428 

application of our test results to natural rock avalanches needs further scrutiny. In most cases the rock avalanches 429 

featured by large scale enable the displaced materials to be loaded by high normal stress during the 430 

transportation due to the great thickness, however, the content of nanoparticles in the sliding mass (or along the 431 

sliding zone) will be a key issue in affecting whether the weakening mechanism as shown in Fig. 5 can occur or 432 

not. Nevertheless, our results provide insight into understanding the possible roles of nanoparticles in the 433 

hypermobility of rock avalanches, because the threshold of nanoparticle content in the mixture could be different 434 

under differing normal stress, and the content of nanoparticles may increase due to the continuous pulverization 435 

of rocks with the progress of movement. The threshold of nanoparticle content may also be differing for different 436 

types of nanoparticles. Concerning this, further study by using different types of nanoparticles will be necessary 437 

and are undergoing. 438 
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Captions: 658 

Fig. 1. (a) Pure nano silica sand (SN); (b) TEM image of SN; (c) Pure silica sand No.8 (S8); (d) SEM image of 659 

S8; (e) Grain size distribution of S8. 660 

  661 

Fig. 2. Results of ring shear tests on SN: (a) Under different normal stresses, by the shear stress-controlled 662 

method; (b) Result of high shear-velocity ring shear test under normal stress of 161 kPa, by the shear velocity-663 

controlled method; (c) Average stress ratio of residual state under different shear velocities, by the shear 664 

velocity-controlled method. 665 

 666 

Fig. 3. Results of ring shear tests on S8: (a) Under different normal stresses, by the shear stress-controlled 667 

method; (b) Average stress ratio of residual state under different shear velocities by the shear velocity-controlled 668 

method. 669 

  670 

Fig. 4. Average stress ratio of residual state of ring shear tests on the mixtures by the shear velocity-controlled 671 

method: (a) Under a normal stress of 161 kPa; (b) Under a normal stress of 1030 kPa. M100: pure SN; M0: pure 672 

S8. M10, M20, and M50 represent the SN content in the mixture is 10%, 20%, and 50%, respectively. 673 

 674 

Fig. 5. Post-test (the largest shear velocity is 10 cm/s) photo and SEM images from a test conducted on SN under 675 

the normal stress of 1030 kPa, (a) Shear surface after the test. (b), (c), (d) SEM images obtained by scanning the 676 

shear surface. (e) Location for the microstructural observation texture. The red arrow indicates the shear 677 

direction and the green arrow indicates the formation of powder rolls. The orange square (2 mm long and 2 mm 678 

wide) of the shear surface was taken for SEM testing. 679 

 680 



29 

 

Fig. 6. Post-test (the largest shear velocity is 10 cm/s) SEM images from a test conducted on SN under the 681 

normal stress of 619 kPa. The red arrow indicates the shear direction and the green arrow indicates the formation 682 

of powder rolls. 683 

 684 

Fig. 7. Post-test (the largest shear velocity is 10 cm/s) SEM image from a test conducted on M50 under the 685 

normal stress of 1030 kPa. The red arrow indicates the shear direction. 686 

 687 

Fig. 8. Test results of Zanoria et al. (1995b). (a) mean length, (b) diameter, and (c) population density of 688 

tribological rolls against temperature. (Modified from Fig. 4 in Zanoria et al., 1995b). The tribological rolls were 689 

obtained through the ball-on-flat linear reciprocating sliding of self-mated silicon at different temperatures, 690 

humid conditions, and normal loads. PW: water pressure used in the tests for examining the effects of humidity. 691 

 692 

Table 1. Features of ring shear apparatuses of DPRI-5, DPRI-6, and DPRI-7. 693 

 694 

Table 2. Test conditions and details results of the ring shear tests 695 
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Fig. 1. (a) Pure nano silica sand (SN); (b) TEM image of SN; (c) Pure silica sand No.8 (S8); (d) SEM image 

of S8; (e) Grain size distribution of S8. 
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Fig. 2. Results of ring shear tests on SN: (a) Under different normal stresses, by the shear stress-controlled 

method; (b) Result of high shear-velocity ring shear test under normal stress of 161 kPa, by the shear 

velocity-controlled method; (c) Average stress ratio of residual state under different shear velocities, by the 

shear velocity-controlled method. 

 

 
 

 



 
 

Fig. 3. Results of ring shear tests on S8: (a) Under different normal stresses, by the shear stress-controlled 

method; (b) Average stress ratio of residual state under different shear velocities by the shear velocity-

controlled method. 

 

 

 
 

Fig. 4. Average stress ratio of residual state of ring shear tests on the mixtures by the shear velocity-

controlled method: (a) Under a normal stress of 161 kPa; (b) Under a normal stress of 1030 kPa. M100: 

pure SN; M0: pure S8. M10, M20, and M50 represent the SN content in the mixture is 10%, 20%, and 50%, 

respectively. 

  

 



 

 

 

 
 

Fig. 5. Post-test (the largest shear velocity is 10 cm/s) photo and SEM images from a test conducted on SN 

under the normal stress of 1030 kPa, (a) Shear surface after the test. (b), (c), (d) SEM images obtained by 

scanning the shear surface. (e) Location for the microstructural observation texture. The red arrow 

indicates the shear direction and the black arrow indicates the formation of powder rolls. The orange square 

(2 mm long and 2 mm wide) of the shear surface was taken for SEM testing. 

 

 

 

 



 
 

Fig. 6. Post-test (the largest shear velocity is 10 cm/s) SEM images from a test conducted on SN under the 

normal stress of 619 kPa. The red arrow indicates the shear direction and the white arrow indicates the 

formation of powder rolls. 

 

 

 
 

Fig. 7. Post-test (the largest shear velocity is 10 cm/s) SEM image from a test conducted on M50 under the 

normal stress of 1030 kPa. The red arrow indicates the shear direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. 8. Test results of Zanoria et al. (1995). (a) mean length, (b) diameter, and (c) population density of 

tribological rolls against temperature. (Modified from Fig. 4 in Zanoria et al., 1995). The tribological rolls 

were obtained through the ball-on-flat linear reciprocating sliding of self-mated silicon at different 

temperatures, humid conditions, and normal loads. PW: water pressure used in the tests for examining the 

effects of humidity. 
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Table 1. Features of ring shear apparatuses of DPRI-5, DPRI-6 and DPRI-7 

Ring shear apparatus DPRI-5  DPRI-6 DPRI-7 

Inner diameter (cm) 12.0 25.0 27.0 

Outer diameter (cm) 18.0 35.0 35.0 

Maximum height of sample (cm) 11.5 15.0 11.5 

Shear area (cm2) 141.37 471.24 389.56 

Maximum normal stress (kPa) 2000 3000 500 

Maximum shear speed (cm/s) 10.0 224.0 300.0 

 

 

Table 2. Test conditions and details results of the ring shear tests  

 

Samples No. 
σn 

(kPa) 

The density of the 

sample after 

consolidation (g/cm3)  

Peak stress ratio 

(by Shear stress-

controlled method) 

Residual stress ratio (μ) 

Ring shear 

apparatus 
Shear stress-

controlled 

method  

Shear velocity-controlled method 

Shear velocities (cm/s) 

0.1 0.2 0.5 1 2 5 10 20 30 220 

SN 

(M100) 

1 107 0.300 0.59 0.56           DPRI-6 

2 161 0.313 0.56 0.60 0.53 0.52 0.56 0.53 0.55 0.61 0.59 0.58 0.60 0.59 DPRI-6 

3 215 0.310 0.57 0.56           DPRI-6 

4 619 0.405 0.66 0.34 0.32 0.31 0.32 0.30 0.30 0.31 0.33    DPRI-5 

5 1030 0.420 0.67 0.25 0.27 0.28 0.28 0.28 0.28 0.29 0.29    DPRI-5 

S8 (M0) 

6 107 1.204 0.69 0.71           DPRI-6 

7 161 1.241 0.72 0.63 0.70 0.68 0.67 0.66 0.68 0.70 0.69    DPRI-6 

8 215 1.272 0.76 0.68           DPRI-6 

9 1030 1.270 0.68 0.66 0.68 0.63 0.67 0.66 0.66 0.68 0.67    DPRI-5 

M50 
11 161 0.532 0.66  0.57 0.56 0.56 0.56 0.56 0.56 0.57    DPRI-6 

12 1030 0.724 0.63 0.41 0.42 0.42 0.40 0.38 0.37 0.36 0.39    DPRI-5 

M20 
13 161 0.831 0.78  0.71 0.73 0.74 0.76 0.73 0.77 0.78    DPRI-6 

14 1030 1.052 0.64 0.58 0.61 0.66 0.69 0.67 0.70 0.70 0.70    DPRI-5 

M10 
15 161 - 0.76  0.73 0.72 0.72 0.72 0.73 0.73 0.74    DPRI-7 

16 1030 1.215 0.64 0.58 0.58 0.60 0.62 0.63 0.64 0.65 0.66    DPRI-5 

 -: not available due to the loss of test memory. 
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