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Abstract

:

Risk of landslide hazards strongly depends on how far landslide sediment travels, known as landslide mobility. Previous studies mentioned enhanced mobility of earthquake-induced landslides in volcanic deposits compared to those from other geologic/soil settings. A flume apparatus constructed at a 1:300 scale was used to examine the mobility of landslides with pumice. Four pumice samples were collected from landslides induced by the 2018 Eastern Iburi earthquake, Hokkaido, Japan. Laboratory tests confirmed the unique low specific gravity of the pumice (1.29–1.33), indicating numerous voids within pumice particles. These voids allowed pumice to absorb a substantial amount of water (95–143%), about 9–15 times higher than other coarse-grained soils. Our flume experiments using various saturation levels (0–1) confirmed the influence of this inner-particle water absorption on pumice mobility. Because a low value of specific gravity indicates a low strength of soil, grain crushing may occur on the pumice layer, causing water from the internal voids to discharge and fluidize the transported landslide mass. Our findings indicate that such earthquake-induced landslides can be as mobile as those induced by rainfall, depending on the initial water content of the pumice layers. These conditions might be associated with water accumulation from previous rainfall events and the water-holding capability on pumice layers.
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1. Introduction


Landslides are common natural hazards that occur in hilly and mountainous terrain due to intense rainfall and earthquakes [1]. Landslide impacts strongly depend on how far landslide sediment travels, widely known as landslide mobility [2]. With increasing mobility, landslides are more likely to affect community life systems [3]. For instance, the 2005 La Conchita landslide destroyed 13 houses within the 350 m landslide mobility path, causing more than 10 fatalities in California [4]. The 2006 Leyte landslide with a 3800 m travel distance destroyed more than 500 houses and caused 1126 fatalities on Leyte Island, Philippines [5]. The 2014 Oso earthquake-induced landslide crossed the entire 1-km-wide floodplain of the North Fork Stillaguamish River, causing more than 42 fatalities in Oso, Washington [2].



Landslide mobility is largely affected by topographic factors as these parameters alter landslide momentum. GIS analysis on 33 deep-seated landslides in Kii Peninsula, Japan, noted high variability in landslide mobility that depended on tributary junction angle and stream gradient [6]. A small-scale laboratory experiment confirmed this finding and suggested that a tributary junction angle of >60° had a high risk of landslide dam formation, whereas junction angles < 30° potentially generate debris flows [7]. Field investigation and GIS analysis reported that the 46 landslides caused by the 2008 Wenchuan earthquake traveled 347–4170 m depending on slope gradient [8]. Because landslide momentum depends strongly on landslide mass, previous studies suggested volume-dependent landslide mobility, which is widely viewed as a key mechanism for landslide sediment movement in the Earth and other planetary bodies [9,10,11].



In addition to topographic factors, landslide mobility is strongly controlled by soil water condition during landslide initiation [12]. Here, water facilitates the downslope fluidization of the collapsed landslide mass [13], where higher soil water content causes greater landslide mobility [14]. For instance, a numerical simulation of landslide mobility in Yining, China, suggested that landslides with saturation levels > 85.7% travelled 25% longer than those with lower water contents [15]. A flume experiment showed that a 40% increase in water content elevated landslide travel distance 2-fold due to the reduction of soil strength [16]. Similarly, a laboratory experiment showed that landslides transformed into debris flows at water contents exceeding saturated condition [7].



The mobility of rainfall and earthquake-induced landslides may differ because of the diverse triggering mechanisms, leading to a dissimilar soil-water contents during landslide initiation. In general, rainfall drives water pressure within a slope to a critical level, significantly reducing the shear resistance of slope materials [17]. In contrast, earthquakes initiate landslides by altering gravitational forces on slopes, which surpass the critical stability threshold [18]. Thus, landslides induced by earthquakes are typically less mobile than those induced by rainfall because they are less influenced by soil-water fluxes. Indeed, previous studies showed that 95% of landslides (of similar volume) induced by the 2015 Gorkha earthquake had 1.5–2 times lower mobility compared to those induced by the September 2011 Typhoon Talas [3,6,19]. Only a few of these earthquake-induced landslides in the Himalaya were as mobile as rainfall-induced landslides because of the steep topography [3]. Hence, the mobility of earthquake-induced landslides has been neglected or not strongly considered in many landslide studies.



Nevertheless, some earlier studies found exceptional mobility of earthquake-induced landslides, particularly those in volcanic deposits. For instance, landslides triggered by the 1968 Tokachi-Oki earthquake occurred in pumice and volcanic ash soils with 1.3–3 times greater mobility compared to other landslides around the globe of similar volume (e.g., [10,19,20]). This pattern also occurred in landslides during the 2001 El Salvador earthquake, transporting > 106 m3 of pumice and volcanic ash [21]. A global investigation of 132 non-volcanic and 50 volcanic landslides triggered by rainfall and earthquakes suggested much higher mobility of landslides in volcanic deposits compared to those in other geologic settings [10]. Such a high mobility of these earthquake-induced landslides might be associated with water content in volcanic deposit layers [20,21].



Volcanic areas are typically covered by tephra-volcanic ejecta that contains various silicates with different sizes [22,23]. Among tephra, pumice has a vesicular texture formed due to the rapid cooling of ejected volcanic rock [22]. Pumice typically has lower density (0.2–0.9 g/cm3) and higher porosity (50–90%) compared to non-volcanic soils (density > 0.9 g/cm3, porosity < 60%) [22,23,24]. This uniqueness is associated with voids inside pumice particles [25]. These voids may also allow pumice to hold a substantial amount of water, depending on pore size and connectivity [22,23]. Because water content is one of the most influential factors for mobility [12], such unique pumice characteristics may influence landslide mobility. Thus, the presence of pumice may control the mobility of earthquake-induced landslides that failed in volcanic deposits. Nevertheless, the effect of pumice on landslide mobility has not been systematically investigated.



Numerous landslides with a density of 326 landslides/km2 occurred during the Eastern Iburi earthquake, Hokkaido, on 6 September 2018 [26]. Approximately 6000 landslides and debris flow were reported; mobilized distances ranged from 20 to 450 m [27]. The mean distance of transported landslide sediments was 154 m, while the distances varied significantly depending on locations [28]. For instance, a 170 × 85 m2 landslide in the Towa River catchment travelled from 20 to 30 m [29], whereas a larger landslide (850 × 400 m2) in the Hidaka-horonai River catchment travelled 350 m forming a landslide dam [30]. Sliding surfaces of landslides occurred along volcanic deposit layers that originated from the eruption of Mt. Tarumae (Ta-d: 9 ka) and Mt. Eniwa (En: 20 ka) [28]. Hence, materials transported by these landslides consisted primarily of volcanic deposits, i.e., pumice and volcanic ash.



Field and remote sensing studies of the influence of pumice on landslide mobility are difficult due to complex topography and other variable site factors. As such, flume experiment can be effective to consider the range of factors affecting landslide mobility within a simplified configuration. Indeed, a previous study mentioned the effectiveness of flume experiments in demonstrating landslide dam and debris flow formation for various geologic (i.e., soil types) and hydrologic (i.e., water contents) conditions (e.g., [7]). Therefore, the objectives of this study are to: (1) investigate physical characteristics affecting water content of pumice within hillslopes impacted by the Eastern Iburi earthquake and (2) examine the influence of pumice physical characteristics on landslide mobility using a flume experiment. Based on the findings of this study, we then discuss possible mechanisms controlling the mobility of landslides in pumice. This study provides insights to improve landslide risk assessment in volcanic areas.




2. Methodology


2.1. Soil Sampling


Soil samples were collected from three landslide locations in Yosino and Tomisato areas of Atsuma Town, Hokkaido, where a maximum seismic intensity of 7 was recorded (Japan Meteorological Agency scale). These sites are 5 km west of Atsuma Town (Figure 1a,b). Mean annual precipitation and temperature recorded in Atsuma Town is 997 mm and 6.7 °C, respectively (AMeDAS Atsuma based on data from 1976 to 2019). The topography of these sites is hilly with altitudes ranging from 100 to 200 m. Dominant vegetation cover is secondary deciduous forest (e.g., Betula platyphylla, Quercus mongolica) and mixed-conifer plantations, such as larch (Larix kaempferi) and Todo fir (Abies sachalinensis).



These landslide sites are surrounded by a well-developed fault system (Figure 1c). The eastern boundary fault zone is located in the Ishikari lowland that originates at Bibai and terminates at Yufutsu, located 7 km northwest and 67 km north of Atsuma town, respectively. Within this fault zone, two active faults (Yusufu and Maoi) strike from NNE/SSW to NNW/SSE [31]. Another active fault, the Karumai fault, is located southwest of the epicenter of the Iburi earthquake (Figure 1c). Two major faults (Atsuma and Biratori) are located 7 km west and next to landslide sites generating a NNW/SSE trend [31].



Thirteen geological units were identified based on a 1:200,000 geological map published by the Geological Survey of Japan (Table 1). The basement complex of these landslide sites is mainly composed of sandstone, mudstone, conglomerate, and sandstone (with tuff) from the middle to late Pliocene periods. This geology is covered by pyroclastic fall deposits, originated from the eruption of Mt. Eniwa (20 ka) and Mt. Tarumae (9 ka) [27]. Tarumae (Ta) is the most recent pyroclastic fall deposit, consisting of Ta-a (1739 A.D.), Ta-b (1667 A.D.), Ta-c (2.5 ka), and Ta-d (8.7–9.2 ka) [30]. Among all Tarumae deposits, Ta-d consists of dark red pumice with a coarse-grained texture and numerous vesicles, whereas other tephra has various size ranges. In all landslide sites, volcanic ash soil was formed between Tarumae deposits creating alternate soil layers. Total depth of surface geology (including soil) is approximately 4–5 m [32].



Field investigations showed that Ta-d (hereafter referred to as pumice) became the major slip surface of landslides [28,30]. Therefore, we collected pumice from our landslide sites. Four disturbed (400 cc volume) and two bulk (disturbed, volume unmeasured) pumice samples were collected in two periods. The first samples were collected at locations 1 and 2 on 3–4 November 2018 (Figure 2). The 30 days antecedent precipitation index (API30), representing the catchment wetness based on the rainfall that occurred over 30 preceding days, was about 104 mm during this sampling dates (measured from AMeDAS Atsuma). At location 1, we collected disturbed and bulk pumice samples at a depth of 130 cm in the landslide scarp (S1) (Figure 2b). Disturbed and bulk pumice samples were also collected from the 60 cm depth in the landslide depositional zone at location 2 (S2) (Figure 2c). The second soil sampling was conducted on 14 June 2019 (API30 = 64 mm). During this time, two disturbed samples were collected from depths of 125 and 175 cm in the landslide scarp (location 3; S3 and S4, respectively) (Figure 2d). Since soil surfaces that were exposed after the landslides might be vulnerable to soil erosion, it is possible that the surface soil properties could change between the first and second sampling periods. Thus, the upper 20 cm of exposed surface soil was removed when collecting samples, and soil samples were also collected from excavated trenches.



Disturbed samples were collected using 400 cc stainless tubes; 11.3 cm diameter and 4 cm long. These samples were used for analyzing water content, density, particle size distribution, specific gravity, porosity, and water absorption limit of pumice. Bulk samples were collected in a 650 × 850 mm plastic bag for laboratory experiments. All collected samples were stored in closed containers to minimize the change in soil properties due to direct solar radiation. The samples were then tested one week after sampling dates, 12–16 November 2018 and 24–30 June 2019 for those collected during the first and second sampling periods, respectively. Bulk samples were oven-dried at 105 °C for 24 h and then stored in sealed plastic bags for later use in laboratory experiments.




2.2. Soil Characterization


Laboratory tests were conducted according to American Standard for Testing Materials (ASTM). Dry density and water content were examined using ASTM D7263-09 and ASTM D4643-17 by oven-drying the specimen at 105–110 °C for 24 h. Dry density was estimated based on the ratio of dry weight divided by the volume, while the gravimetric water content was based on the weight of water divided by dry sediment weight.



Particle size distribution was analyzed based on ASTM D6913-04 using sieve opening sizes of 19 mm, 9.5 mm, 4.75 mm, 2 mm, 0.85 mm, 0.425 mm, 0.25 mm, 106 μm, and 75 μm. Dry soils were placed into sieves and then vibrated using a FRITSCH automatic sieve shaker for 10 min. The number of particles retained in each sieve was then weighed. For particles smaller than 75 μm, particle size distribution was analyzed by a laser diffraction particle size analyzer SALD-2300. The soil was classified based on ASTM D2487-06 and USCS Classification. The coefficient of curvature (Cc) and coefficient of uniformity (Cu) representing soil gradation were calculated based on the cumulative percentages of particle size distribution. The coefficient of curvature and coefficient of uniformity were estimated as:


   C c  =        D  30      2     D  10   ×  D  60      



(1)






   C u  =    D  60      D  10      



(2)




where D10, D30, and D50 indicate particle diameters finer than 10%, 30%, and 60% of the total mass, respectively.



Specific gravity (Gs), representing particle density, was estimated based on ASTM D854-05 for particles finer than 4.75 mm and ASTM C127-07 for particles larger than 4.75 mm. This test was conducted without crushing pumice particles to maintain their original characteristics. The average specific gravity was estimated based on ASTM C127-07. Porosity (n) and saturated water content (wSr) were calculated from specific gravity. Porosity represents total voids in the soil, whereas saturated water content represents the water content when all voids are filled with water. Because pumice may contain unconnected voids [23], which could prevent water diffusion [25], we estimated the water absorption limit (WA) based on the maximum absorbed water that generates a constant mass of pumice particles.



Since specific gravity (Gs) was measured without crushing pumice particles, the volume used in our Gs calculation includes dead-end pores (Vvd) and solid fraction of pumice (Vs). We then measured the specific gravity of crushed pumice particles (Gsc) to estimate the volume of solid fraction (Vs). By assuming that all active pores can effectively store the water, we estimated the volume of active pores (Vva) from the water absorption limit (WA). Thus, the dead-end to active pore ratio (Rv), representing pore connectivity within pumice, is estimated as follows:


   R v  =    1   G s    −  1   G  s c        1   W A     



(3)








2.3. Laboratory Experiment for Examining Landslide Mobility


A flume constructed at a 1:300 scale was used to examine the mobility of landslides with pumice. The flume consisted of two segments that represent landslide initiation and deposition (Figure 3a,b). All segments were 10 cm wide, 15 cm high, and constructed with 1-cm thick acrylic material. The primary segment was set to 45° with a total length of 50 cm. This condition represented a 45° slope with a length of 150 m. Because most landslides occurred on slopes between 25° and 30° [26], we focused on a relatively steeper slope, e.g., in headwater catchment. The secondary segment had an inclination of 10° and a total length of 130 cm. This represents a valley; 30 m wide, 390 m long, and a 10° gradient. A bucket was placed at the end of the secondary channel to collect transported sediment. To quantify mobility, we divided the flume into four segments, i.e., A (20 cm), B (65 cm), C (65 cm), and D (Outlet) (Figure 3c,d).



We used pumice collected from the landslide at location 2 in the experiment to represent sediment characteristics during transport and deposition. Transported materials by the 2018 Eastern Iburi earthquake may consist not only of pumice but also other tephra and volcanic ash with different physical properties. Despite various types of soil transported during the slope failures, we assumed that soil at the landslide slip surface has the most influence on landslide mobility because it controls basal friction resistance. Because landslides occurred mostly at pumice layers [31], we used pumice to represent landslide mobility during the Eastern Iburi earthquake. The sample volume of pumice that we used was 500 cc, representing a large landslide (13,500 m3) based on our 300× scaling. Since the Eastern Iburi earthquake generated > 6000 landslides with total sediment production of 30 million m3 [31,34], the mean landslide volume was about 5000 m3.



Because water content is an influential factor for landslide mobility [12], we applied eight saturation levels (S = 0.0, 0.15, 0.3, 0.45, 0.6, 0.7, 0.8, and 1.0), where S = 0 represents completely dry conditions and S = 1 represents saturated conditions. These different saturation levels represent the variability of initial water content during earthquake-induced landslides. We situated the water-sediment mixture 20 cm upstream of the channel junction behind an acrylic gate (Figure 3c). The gate was then abruptly opened to allow the sediment to flow downstream. Such an abrupt gate opening represents a condition where the slope already collapsed, and movement was mainly driven by gravity. This experimental process was also intended to lessen the variability of initial mobility, similar to a study examining the mobility of debris flows in a large-scale flume [35].



After the movement of sediment stopped, we estimated the L/H ratio based on the total travel distance (L) and total drop height (H) of sediment. This parameter is widely used to quantify the mobility of landslide sediment [3,9,10,20]. L/H is derived from the law of energy conservation by assuming a constant moving mass without a progressive mass loss [9]. We then collected the sediment from all segments. All collected sediment samples were oven-dried at 105 °C for 24 h and weighed. The same procedure was repeated four times for each level of saturation. A total of 32 experiments were conducted during this study, from 26 March 2019 to 13 April 2019.





3. Results


3.1. Physical Characteristics of Pumice


Dry density, water content, and specific gravity of the four pumice samples varied by sampling locations (Table 2). Dry density ranged from 0.33 to 0.45 g/cm3; lowest in S2 and highest in S3. Gravimetric water content was highest in S2 (172%), followed by S4 (160%), S1 (147%), and S3 (139%). Specific gravity ranged from 1.29 to 1.33, with the lowest value in S1 and the highest in S3. Similar to the previously mentioned parameters, the particle size of pumice differed depending on sampling locations. The mean diameter of particle size distribution (D50) ranged between 1.7 to 6.3 mm, with the lowest in S3 and the highest in S1. Since more than 50% of pumice was retained on the 75 µm sieve, pumice was classified as coarse-grained soil according to ASTM D2487-06. S1 and S2 were classified as gravel, whereas S3 and S4 were classified as sand because more than 50% of their particles passed through the 4.75 µm but were retained on the 75 µm sieves. All samples except S3 were poorly graded with a narrow size range; Cu ranged from 4.8 to 6.3, whereas Cc ranged from 0.4 to 7. S3 was classified as well-graded with Cu > 6 and 1 < Cc < 3.



Because soil particle size affects soil physical properties [36], void ratio, porosity, saturated water content, and water absorption limit of the four pumice samples differed depending on particle size distributions, yet followed a similar pattern. In general, S2 had the highest values of these parameters (e = 3.3, n = 77%, wSr = 256%, WA = 143%), whereas the lowest ones were for S3 (e = 2.2, n = 70%, wSr = 167%, WA = 95%). In contrast, the dead-end to active pores ratio (Rv) was the highest for S4 and the lowest for S2 (Table 2).




3.2. Characteristics of Mobility


The L/H varied depending on the saturation level (S) (Figure 4). For dry soil (S = 0), L/H ranged between 2–2.2 (mean = 2.1; SD = 0.07). As pumice became wetter, L/H progressively decreased up to S = 0.6. Then L/H began to increase above S = 0.6 and peaked at S = 1 (mean = 3.2; SD = 0). Thus, S = 0.6 marks the threshold for landslide mobility change; the lowest L/H among all conditions, ranging between 1.6 and 1.8 (mean = 1.7; SD = 0.1). Nevertheless, because the sediment entered the bucket (segment D) during the S = 1 experiment, the actual travel distance for this condition could not be measured. Hence, the L/H under S = 1 conditions was the same in all four repetitions (L/H = 3.2) and underestimates mobility. Therefore, we projected the slope of the mean L/H value at S = 0.6–0.8 to S = 0.8–0.1 to predict the mobility under saturated conditions (S = 1) (Figure 4).




3.3. Characteristics of Sediment Deposition


Sediment deposition in all segments differed depending on the saturation level (Figure 5). For all dry sediments (S = 0), deposition was highest in segment B, followed by segment A, and no sediment reached segments C and D. With increasing saturation (up to S = 0.6), sediment deposition increased in segment A and decreased in segment B. For S > 0.6, sediment deposition occurred in downstream segments C and D. Further increases in the saturation level caused a gradual increase in sediment deposition in segments C and D, whereas deposition in segments A and B gradually decreased. This increasing pattern of sediment deposition in segments C and D indicates greater sediment movement downslope.





4. Discussion


4.1. Uniqueness of Pumice


Pumice is characterized by a low specific gravity, representing particle density. The specific gravity of soils typically ranges between 2.6 and 2.8 [37], whereas that in the four pumice samples we collected was 1.29–1.33. Since particle density influences soil strength [38], such a low specific gravity indicates a low strength of pumice. Indeed, changes in particle size distribution after triaxial tests indicated a low shear strength of pumice [39], and grain crushing due to overburden pressure [31]. The low specific gravity of pumice might be associated with numerous voids inside these volcanic particles (e.g., [25]).



Internal voids within pumice greatly influence pumice density because soil is a three-phase material consisting of solids, voids, and water. The four pumice samples had a dry bulk densities of 0.3–0.41 g/cm3, lower than that of typical non-volcanic soils (>0.9 g/cm3) [22,23,24]. Our findings were similar to those derived from the Plinian deposit of the Minoan eruption of Santorini, Greece (0.19–0.32 g/cm3 pumice bulk density) [22]. Similarly, pumice derived from the 79 AD Mount Vesuvius eruption had a low dry bulk density, ranging from 0.6 to 0.7 g/cm3 [23].



The presence of internal voids in pumice also enhances porosity compared to non-volcanic soils. The porosity of the four pumice samples was 70–75%, whereas for non-volcanic soils, porosity values are typically <60% [22,23,24]. Our porosity values agreed with previous studies in Santa Maria, Guatemala and Medicine Lake, California (63–73% porosity) [25]. Moreover, the internal voids in pumice may result in a high matric potential (suction) [23]. Such a condition enables pumice to absorb and possibly hold a substantial amount of water. Indeed, the inner-particle water absorption limit for pumice was 95–143%, which is 9–15 times higher than that suggested by ASTM C127, with the absorption limit ranging between 8–10% for typical coarse-grained soils. Such a high-water absorption limit on pumice was also found in previous studies (e.g., [23]), ranging from 67 to 70%.



This high-water absorption limit on pumice might also be associated with its pore connectivity. Dead-end to active pore ratios (Rv) among four pumice samples ranged from 26.5% to 38.1%, indicating that voids inside pumice particles are composed of 72.4–79.1% active pores and 20.9–27.6% dead-end pores. Our finding of a predominance of active versus dead-end pores is similar to findings of pumice originating from the eruption of Montagne Pele’e volcano in France, i.e., >75% active pores inside pumice particles [40]. Previous studies at the mountaintop lake of Changbaishan, China, and Mount Mazama, USA similarly reported >80% of interconnected porosity in pumice [41,42].




4.2. Landslide Mobility among Various Water Content


The presence of water within soil particle contacts strongly influences soil strength [43], affecting the mobility of geophysical gravitational flows [44]. For sand-sized particles, a significant increase in cohesion occurred at water contents < 5% because of the formation of a liquid bridge at soil particle contacts [45]. Similarly, a laboratory experiment indicated that water surface tension was the highest at a water content of <20% for particles < 110 µm, attributed to inter-particle cohesion [43]. This liquid cohesion weakened when particle size exceeded 150 µm because the effect of gravitational forces was larger than water surface tension [46]. Moreover, most studies confirmed a significant reduction of shear strength at high water content (e.g., saturated conditions) because of high pore-water pressure (e.g., [10,12,43,45,47]).



Similar to previous studies (e.g., [7,15,44]), the variability of sediment mobility in our experiment might be associated with the availability of water at soil particle contacts. Indeed, completely dry conditions generated the highest L/H for conditions under S ≤ 0.6 because lightweight materials with no liquid cohesion between particles promoted individual mobility for granular materials (e.g., [48]). The continuous decrease in L/H for 0 < S ≤ 0.6 might be associated with the liquid bridge that was generated by inter-particle cohesion [45]. Nearly saturated conditions caused much sediment transport to the outlet because of high pore-water pressure [47].




4.3. The Effect of Soil Characteristics on Landslide Mobility


Soil porosity is an important geotechnical factor for landslide mobility [2,7], because it defines water storage on soils [49]. A numerical simulation suggested that a 2% increase in soil porosity may elevate the travel distance of the 2014 Oso landslide because the porous, water-saturated media potentially liquefied during transport. A laboratory experiment confirmed this finding and found that sediment with the highest porosity generated the greatest sediment transport downstream in saturated conditions [7].



Although the porosity of pumice samples was high, the inner-particle absorption of water in these samples was also high, affecting inter-particle water availability. Compared to a previous study in the same flume configuration [7], pumice in our study had higher porosity and generated greater sediment transport to the outlet (7–18%) than their sediments under saturated conditions (used in [7]). However, this pumice is less mobile compared to weathered sedimentary rock (mean sediment transport to outlet = 61.3%) despite having 28% larger porosity. Because inner-particle water absorption (WA) on pumice was equal to S = 0.56, only about 44% of saturated water was retained in inter-particle voids. Although pumice had high porosity, since their WA is also high, the inter-particle water availability might be less than that in weathered sedimentary rock. Such conditions imply that higher porosity does not always represent higher mobility.



Water absorption within pumice particles also controls the pattern of L/H (Figure 6a). Indeed, since the water absorption limit for pumice corresponded to S = 0.56, water less than S < 0.56 may be absorbed by the internal voids with little water on particle contacts. Such a condition enhances inter-particle cohesion and thereby reduces L/H. Hence, S = 0.6 became the threshold of L/H, and S > 0.6 generated much higher sediment transport because water exceeding water absorption limit may weaken particle contacts (Figure 6b).



Thus, we concur with previous studies that porosity is influential in landslide mobility (e.g., [2,7]). However, we highlight that inner-particle water absorption is also a key factor that controls mobility.




4.4. The Mobility of Landslides in Pumice


The water content of our four pumice samples was high, with saturation level (S) ranging between 0.5 and 0.6. Based on our experiments, values of L/H using S = 0.6 were 1.6–1.8, with a scaled-up volume of 13,500 m3. These values of L/H were low compared to those from field investigations in the same area that ranged from 4.2 to 5.2 for volumes of 10,000–15,000 m3 [30]. Similarly, GIS analysis of landslides triggered during the 1968 Tokachi-Oki earthquake had higher values of L/H for landslides in pumice, ranging between 2.7–7 for similar ranges of volume [20]. This condition implies that the actual landslides were more mobile than those in our experiment, which may indicate a higher water content in the field during the actual landslides. These differences in water content might be associated with water accumulation from previous rainfall events. Indeed, API30 on the date when landslides occurred was 230 mm (measured from AMeDAS Atsuma), which was 2.2–3.6 times larger than that during field investigations.



These differences in L/H might also be associated with scaling effects. A previous study suggested that small-scale experiments generated much larger effects of shear resistance from liquid cohesion and smaller effects of pore-water pressure compared to the actual phenomena, which is proportional to h3, where h represents landslide thickness [50]. As such, small scale experiments with much smaller h compared to the full-scale natural events potentially underestimate landslide mobility. Additionally, since overburden pressure depends strongly on h, the actual landslides may generate much larger overburden pressure than those in small-scale experiments, potentially crushing soil particles during transport. As soil particles are crushed, more soil mass occupies the same soil volume, elevating pore-water pressure, which consequently fluidizes the landslide mass, thus enhancing landslide mobility (L/H) [51]. Previous studies mentioned that this grain-crushing-induced fluidization not only occurs in completely saturated conditions [52], but also in partially saturated soils [53].



Although we did not observe any grain crushing in our experiments, which may be attributed to the much smaller h compared to actual landslides, our findings indicate that such unique pumice characteristics can facilitate landslide fluidization. Since a low value of specific gravity indicates a low soil strength [38], pumice can be easily crushed during transport. Indeed, the change in particle size distribution after triaxial testing indicates crushability of pumice under overburden pressure [39]. Field investigation confirmed that grain crushing occurred on landslides in pumice [21,31]. Because internal voids in pumice can absorb and possibly hold a substantial amount of water, such grain crushing may allow water to escape from internal voids thereby fluidizing the landslide mass during transport.



Therefore, our findings concur with previous studies that water content is a key factor controlling the mobility of landslides in pumice (e.g., [20]). Gravimetric water contents of pumice samples based on laboratory tests were high, ranging between 95 and 143%. However, we highlight that unique pumice characteristics such as high water absorption may facilitate water fluidization in pumice layers, enhancing landslide mobility. Variability of mobility might be associated with the variability of initial water content in pumice layers influenced by topography and water-holding capability.





5. Conclusions


We conducted a flume experiment to examine the mobility of earthquake-induced landslides in pumice soils. Pumice used in this experiment was derived from landslides induced by the 2018 Eastern Iburi Earthquake, Japan. This pumice was unique because of the low specific gravity compared to non-volcanic soils, which indicated a low soil strength [38]. Since this low value of specific gravity might be associated with numerous voids inside pumice particles, pumice can absorb and possibly hold a substantial amount of water; 9–15 times higher than for typical coarse-grained soils. Using various saturation levels, our flume experiment confirmed that this inner-particle water absorption influences pumice mobility (L/H ratio).



Since grain crushing may occur on landslides in pumice [21,31], our findings indicated that unique pumice characteristics (i.e., high water absorption) potentially enhance their mobility. Therefore, although the initiation of earthquake-induced landslides is less influenced by soil-water conditions, they can be as mobile as those induced by rainfall, depending on the initial water content of pumice layers. Since pumice can absorb a substantial amount of water, this initial water content can be influenced by topography and water-holding capability in pumice layers, as well as water accumulation during antecedent rainfall. We believe that these findings provide insights for improving landslide risk assessment in catchments underlain by volcanic deposits.
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Figure 1. (a) Distribution of seismic intensity during the 2018 Eastern Iburi earthquake, Hokkaido, Japan (Modified from Japan Meteorological Agency [33]); (b) Landslide distribution provided by the Geospatial Authority of Japan; (c) Geological settings within the area affected by landslides derived from a 1:200,000 geological map published by the Geological Survey of Japan (adapted with permission from Ref. [31]. 2019, Shuai Zhang et al.). Geological units are described in (Table 1). Red dotted box in (b,c) indicates location where soil samples were collected. 
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Figure 2. (a) General location of soil sampling. Landslide and soil conditions at (b) sampling location 1, (c) sampling location 2, and (d) sampling location 3. Ta is the Tarumae deposit that consists of Ta-a (1739 A.D.), Ta-b (1667 A.D.), Ta-c (2.5 ka), and Ta-d (8.7–9.2 ka). “A” represents volcanic ash soil. The white-dashed circle indicates the location where soil samples were collected. 
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Figure 3. (a) Schematic illustration of the experimental setting; (b) Flume apparatus; (c) Flume segments (top); (d) Flume segments (side). 
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Figure 4. The L/H of pumice for various saturation levels. X-axis shows saturation levels (S), where S = 0 represents completely dry conditions, whereas S = 1 represents completely saturated conditions. Y-axis shows L/H, the ratio between total travel distance (L, cm) and total drop height (H, cm) of sediment. Both S and L/H are dimensionless parameters. 
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Figure 5. Sediment deposition in all flume segments. X-axis shows saturation levels, where S = 0 represents completely dry conditions and S = 1 represents completely saturated conditions. Y-axis shows the percentage of sediment deposition in all flume segments (%). Segments A, B, C, and D represent the initiation, upper deposition, lower deposition, and outlet segments, respectively. 
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Figure 6. (a) Effects of inner-particle water absorption (WA) on pumice mobility. X-axis shows saturation levels (S), where S = 0 represents completely dry conditions and S = 1 represents completely saturated conditions. Y-axis shows L/H, representing the ratio between total travel distance (L, cm) and total drop height (H, cm) of sediment. (b) Schematic illustration of possible soil-water interactions on pumice. Water absorption limit (WA, %) is converted to the saturation level (S) by dividing WA (%) by the saturated water content (wSr, %). 
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Table 1. Geological unit classification.






Table 1. Geological unit classification.





	Codes
	Lithology
	Age





	N2sn
	Sandstone, mudstone, conglomerate, and sandstone (with tuff)
	Middle to Late Miocene



	N3sn
	Diatomaceous siltstone with sandstone and conglomerate
	Late Miocene to Pliocene



	N1sr
	Mudstone, sandstone, and conglomerate (with tuff)
	Early Miocene to Middle Miocene



	Q2th
	Mud, sand, gravel, and peat
	Middle Pleistocene



	Q2sr
	Mud, sand, gravel, and peat
	Middle Pleistocene



	Q3tl
	Mud, sand, gravel, peat, and volcanic materials
	Late Pleistocene



	Q3vp
	Rhyolite pumice block, lapilli, and ash
	Late Pleistocene



	Q3sr
	Sand and volcanic ash sand
	Late Pleistocene



	PG2sr
	Sandstone, mudstone, and conglomerate (with coal and tuff)
	Middle Eocene



	PG3sr
	Tuffaceous siltstone with sandstone and conglomerate
	Late Eocene to Early Oligocene



	Hfn
	Fan deposits gravel, sand, and mud (with peat and volcanic ash)
	Late Pleistocene to Holocene



	Hsr
	Clay, silt, sand, gravel, and peat
	Late Pleistocene to Holocene



	K22ms
	Marine sandstone
	Late Cretaceous
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Table 2. Physical characteristics of pumice.






Table 2. Physical characteristics of pumice.





	
Physical Characteristics

	
Sample




	
S1

	
S2 *

	
S3

	
S4






	
Dry density (ρ, g/cm3)

	
0.33

	
0.3

	
0.41

	
0.35




	
Water content (w, %)

	
147

	
172

	
139

	
160




	
Specific gravity (Gs)

	
1.29

	
1.3

	
1.33

	
1.19




	
Mean particle size (D50, mm)

	
6.3

	
4.8

	
1.7

	
4.5




	
Coefficient of uniformity (Cc)

	
6.3

	
4.8

	
6.1

	
5.2




	
Coefficient of curvature (Cu)

	
7.0

	
6.1

	
1.2

	
0.4




	
Void ratio (e)

	
2.9

	
3.3

	
2.2

	
2.4




	
Porosity (n, %)

	
75

	
77

	
70

	
74




	
Saturated water content (wSr, %)

	
221

	
256

	
167

	
200




	
Water absorption limit (WA, %)

	
113

	
143

	
95

	
118




	
Dead-end to active pore ratio (Rv, %)

	
34.0

	
26.5

	
38.0

	
38.1




	
Soil classification

	
GP

	
GP

	
SW

	
SP








Notes: * Sample used for flume experiment, GP is poorly graded gavel, SP is poorly-graded sand, and SW is well-graded sand.
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