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Abstract

:

The 2021 Mw 7.4 Maduo (Madoi) earthquake that struck the northern Tibetan Plateau resulted in widespread coseismic deformation features, such as surface ruptures and soil liquefaction. By utilizing the unmanned aerial vehicle (UAV) photogrammetry technology, we accurately recognize and map 39,286 liquefaction sites within a 1.5 km wide zone along the coseismic surface rupture. We then systematically analyze the coseismic liquefaction distribution characteristics and the possible influencing factors. The coseismic liquefaction density remains on a higher level within 250 m from the surface rupture and decreases in a power law with the increasing distance. The amplification of the seismic waves in the vicinity of the rupture zone enhances the liquefaction effects near it. More than 90% of coseismic liquefaction occurs in the peak ground acceleration (PGA) > 0.50 g, and the liquefaction density is significantly higher in the region with seismic intensity > VIII. Combined with the sedimentary distribution along-strike of the surface rupture, the mapped liquefaction sites indicate that the differences in the sedimentary environments could cause more intense liquefaction on the western side of the epicenter, where loose Quaternary deposits are widely spread. The stronger coseismic liquefaction sites correspond to the Eling Lake section, the Yellow River floodplain, and the Heihe River floodplain, where the soil is mostly saturated with loose fine-grained sand and the groundwater level is high. Our results show that the massive liquefaction caused by the strong ground shaking during the Maduo (Madoi) earthquake was distributed as the specific local sedimentary environment and the groundwater level changed.
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1. Introduction


At 02:04 (local time) on 22 May 2021, an Mw 7.4 earthquake struck the area of Maduo (Madoi) County (Qinghai Province, northwest China). According to the China Earthquake Network Center (CENC), the epicenter of the earthquake was located at 34.59°N, 98.34°E (https://www.cea-igp.ac.cn/kydt/278249.html, accessed on 22 May 2021) (Figure 1). The focal mechanism indicates that the earthquake was a dominantly left-lateral strike-slip on a near EW trending primary fault and a minor tensile component [1,2]. It was the strongest earthquake with the longest surface rupture in China after the 2008 Mw 7.9 Wenchuan earthquake, and another strong seismic event that has occurred on or near the boundary faults of the Bayan Har Block in the last 20 years (Figure 1a). The Maduo (Madoi) earthquake (the following is abbreviated as Maduo earthquake) induced large-scale soil liquefaction that affected an area of up to ~103 km2 [3,4]. The coseismic liquefaction caused the destruction of the grassland and the deterioration of important transportation infrastructures. Typical engineering damages in the earthquake-affected areas are often accompanied by liquefaction, particularly where bridges were severely damaged, such as the Yematan Bridge [4,5].



Seismic soil liquefaction is caused by a sudden rise of the pore water pressure in the soil under cyclic seismic loading. Consequently, the stress between the soil grains (inter-grain contact pressure and friction) decreases to zero, resulting in a near-liquid state of the soil [6,7] (Figure 2). This process mainly occurs in buried layers composed of water-saturated silt and fine sand [6,7,8,9]. After the onset of liquefaction, the pore water moves from the bottom to the top of the sediment profile under excess pore water pressure. The groundwater-saturated sand will break through the cover layer or spray out of the surface along the fissure, resulting in water spraying and sand bubbling and accumulating into mounds on the ground [6,7,10]. Widespread liquefaction-induced ground deformation and subsidence would cause intense damage to infrastructures and engineering structures in almost every strong earthquake, and well-known examples include the 1995 Kobe earthquake [11], the 1999 Chi-chi earthquake [12], the 2008 Wenchuan earthquake [8,13,14], the 2010–2011 Canterbury earthquake sequence [7,15,16,17], and the 2019 Ridgecrest earthquake sequence [18,19]. Coseismic soil liquefaction has therefore attracted increasing attention from seismologists and geologists in recent years.



In previous studies of coseismic liquefaction, post-earthquake investigations have been routinely conducted to document the features of coseismic liquefaction [8,9,10] and have provided insights into the processes related to them [8,17,18]. Yuan et al. [5] and Fu et al. [20] suggested that the intensity of the earthquake ground motion is an important influencing factor for determining whether the soil will liquefy or not [5,20]. In addition, the distance from the main fault/the epicenter is recognized as a major controlling factor for liquefaction [21]. Moreover, coseismic liquefaction often occurs in coastal, riverside, and lakeside areas, where high water tables and loose sediments are common features [16,18], indicating that the occurrence of coseismic liquefaction sites is not randomly distributed, but may be related to the sedimentary environment. Most of the studies on coseismic liquefaction were based on field investigations that usually imply large workloads and are easily affected by environmental conditions; therefore, exhaustive mapping of liquefaction sites is rare. In addition, the liquefaction characteristic information obtained in the previous studies is concentrated locally in areas where coseismic liquefaction occurs most intensively during a strong earthquake event. However, to determine the distribution characteristics and influencing factors of coseismic liquefaction more accurately, it is important to conduct a comprehensive investigation in the area that was affected by an earthquake. Therefore, a more effective, accurate, and intelligent method is required to conduct post-earthquake liquefaction investigations.



In this study, we focus on the Maduo Mw 7.4 earthquake that occurred in the high-elevation interior of the Tibet Plateau, with an average altitude of 4300 m, where the regional natural environment is harsh, and the source areas of the Yellow River are covered with marshes and dunes. Climate warming has significantly degraded the multi-year permafrost in the region. Since 1980, the regional seasonal permafrost thickness has gradually changed from 3.2 m to 2.8 m (Qinghai Meteorological Bureau), the seasonal thaw depth has increased, and the permafrost lower boundary elevation has risen. In addition, road access is limited in the study area. These rough conditions impede accurate field investigations of liquefaction. For such unfavorable conditions, the UAV photogrammetry technology is an excellent tool for supporting field surveys on coseismic liquefaction. The technology obtains image sets through motion cameras, and it only requires digital image sets with certain overlap to establish high-resolution Digital Orthophoto Maps (DOMs) and Digital Elevation Models (DEMs) rapidly in order to build the original 3D appearance of the target objects in the computer [22,23,24,25]. Several studies have proven the feasibility of the UAV photogrammetry in presenting the characteristics of post-earthquake liquefaction [26,27].



Here, based on the orthophotos within a 1.5 km wide zone along coseismic surface rupture collected through the UAV photogrammetry technology, we perform the manual identification and fine mapping of liquefaction. Our detailed and systematic survey focusing on the liquefaction features triggered by the Maduo earthquake aims to: (1) present a methodological approach for precisely locating and quantitatively documenting the liquefaction manifestations; (2) decipher the relationship between the occurrence of liquefaction and the distance from and along the main fault, the peak ground acceleration (PGA) and seismic intensity, in order to reveal the relevance between the liquefaction, seismic ground motion, and kinematics of the earthquake rupture; and (3) compare the spatial distribution of liquefaction with the depositional environment distribution in the coseismic area, thus exploring the link between the liquefaction distribution and sedimentary environment.
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Figure 1. (a) Active tectonics and historical earthquakes (in the past 25 years) around the Bayan Har Block. Fault data are modified by Tapponnier et al. [28], Rui et al. [29] and Burchfiel et al. [30]. Mw ≥ 6.5 earthquakes that have occurred at the boundary of the Bayan Har Block since the turn of the century include: the 2001 Mw 7.8 Kokoxili earthquake [31], the 2008 Mw 7.9 Wenchuan earthquake [32], the 2010 Mw 6.9 Yushu earthquake [33], the 2013 Mw 6.6 Lushan earthquake [34], the 2008 Mw 7.0 and 2014 Mw 7.2 Yutian earthquake [35,36], and the 2017 Mw 6.5 Jiuzhaigou earthquake [37]. Abbreviations for active faults: ATF, Altyn Tagh fault; QLHYF, Qilian-haiyuan fault; KLF, Kunlun fault; LMSF, Longmenshan fault; XSHF, Xianshuihe fault; JLF, Jiali fault; KKF, Karakoram fault. Small red box is location of Figure 1b. (b) Geologic and tectonic setting of the 2021 Mw 7.4 Maduo earthquake. Geological data are from the public geological map (1:500,000). Active faults adapted from Tapponnier et al. [38], Pan et al. [2] and Ren et al. [39]. Seismic data are from China Earthquake Networks Center (https://www.cea-igp.ac.cn/kydt/278249.html, accessed on 22 May 2021). Small orange boxs are location of Figure 9. (c) Coseismic surface ruptures of the 2021 Mw 7.4 Maduo earthquake. Databases are obtained from post-earthquake identification and mapping based on the UAV photogrammetry technology (modified by Liu-Zeng et al. [1]). 
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Figure 2. Schematic diagram illustrating the conceptual model of soil liquefaction during an earthquake. This process mainly occurs in buried layers composed of water-saturated silt and fine sand [6,7,8,9]. Under excess pore water pressure caused by cyclic seismic loading, the groundwater-saturated sand will break through the cover layer or spray out the surface along the fissure, resulting in water spraying and sand bubbling and accumulating into mounds on the ground [6,7,10]. 
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2. Geological and Tectonic Setting


The Mw 7.4 Maduo earthquake occurred within the Bayan Har Block in the north-central Tibetan Plateau. A series of major active boundary faults, including the Kunlun, Xianshuihe, Altyn Tagh, and Longmen Shan faults, controls the current movement of the Bayan Har Block [28,29,30], as shown in Figure 1a. Several strong earthquakes have ruptured along these boundary faults in this century, such as the 2001 Mw 7.8 Kokoxili earthquake [31], the 2008 Mw 7.9 Wenchuan earthquake [32], and the 2008 Mw 7.0 and 2014 Mw 7.2 Yutian earthquakes [35,36]. These large, frequent, Mw ≥ 6.0 earthquakes in the past ~20 years demonstrate that the Bayan Har Block is one of the most seismically active crustal blocks in China.



The coseismic surface rupture develops along the Jiangcuo fault during this earthquake event and has a total length of ~158 km (Figure 1b,c). Based on the change in the fault orientation and step-overs, it can be divided into seven sections, named, from west to east: the Eling Lake (ELL), Yematan northern (YMTN), Yematan southern (YMTS), Huanghexiang (HHX), Dongcaoalong Lake (DOE), Changmahe (CMH), and Jiangcuo branch (JCB) sections (Figure 1b,c). Other major active faults in our study area include the East Kunlun fault zone in the north, the Xizangdagou-Changmahe fault, the Maduo-Gande fault and the Jiangcuo fault in the central part, and the South Gande fault and the Dari fault in the south [2,38,39] (Figure 1b).



As the source region of the Yellow River, the seismically affected area comprises abundant rivers and lakes. The low relief mountains and valleys of the region bear the imprint of glaciation, such as U-shaped valleys and moraines. Extensive alluvial fans are located at the valley margins, with several terraces outside the contemporary floodplain, and they consist mainly of silty sands and silts with occasional coarse sands and gravels. The geology of the study area is dominated by terrestrial Mesozoic to Cenozoic sedimentary rocks, whereas Quaternary sediments are widely developed in the Yellow River and its tributaries basin (Figure 1b). The moletracks of the coseismic surface ruptures are most prominent in the bedrock hillslopes and soil liquefaction is best demonstrated in the regions dominated by Quaternary sediments [40].




3. Data Acquisition Methods


3.1. Field Investigation of Liquefaction


We conducted our field investigations and detailed observation records immediately after the Maduo earthquake, which reduced the post-earthquake modification of the liquefaction features through natural erosion processes or wild animal and human activities. The field work lasted between 24 May and 5 June 2021, and the purple boxes in Figure 1b show the area we investigated. In the field, we recorded the characteristics of the liquefaction phenomena, including the liquefaction type, shape, dimension, grain size, and color. Then, the second field investigation was conducted between 26 September and 9 October 2021. The main task of this survey was to compare whether the locations of the liquefaction identified manually on the UAV images were consistent with the locations of the field liquefaction in order to verify our identification results.




3.2. UAV Image Acquisition and Liquefaction Identification


In addition to the field investigation, we obtained the Digital Orthophoto Maps (DOMs) of a 1.5 km wide-swath region for ~180 km length along the surface ruptures based on the UAV images acquired between 24 May and 5 June 2021. The accurate identification and fine mapping of liquefaction phenomena were completed on the DOMs.



We used the CW-15 electric VTOL (vertical take-off and landing) hybrid wing (two fixed wings and four rotors) UAV system equipped with a 42-million-pixel SLR camera and GPS module. Initially, we identified and located the surface rupture by the InSAR data [41] and field observations, and the surface rupture was used as the aerial photography operation centerline. In addition, the InSAR range-offset maps provided an excellent guide for planning the airborne data acquisition. We designed a photogrammetric corridor that was 180 km in length and covered a 1.5 km wide-swath region of the centerline, and appropriately widened the aerial photography range in the epicenter section. Subsequently, we imported the designed photogrammetric corridor into the CWCommder flight control platform in the KMZ file format, which automatically sets up the aerial photography area and generates the aerial survey line. The forward and side overlap ratio of the aerial photos were 80%. To improve the accuracy of the absolute position of the aerial photos, the UAV Pos data was calibrated by the Real-Time Kinematic (RTK) ground base stations and Continuously Operating Reference Stations (CORS) data. Every time the aerial photogrammetry data of a sortie was obtained, the position calculation software was used to immediately solve the UAV Pos data, RTK base station position data, and CORS station data in order to obtain the precise position information of the aerial photographs, including the latitude and longitude coordinates, elevation, positioning accuracy, and UAV flighting parameters.



At present, the most frequently used solution for the UAV image sequence process is based on the structure from the motion (SfM) algorithm [24,42]. The typical SfM process workflows are published in Turner et al. [43], Ajayi et al. [44], and Giordan et al. [45]. The number of software that can obtain photo sequences and the available process data has gradually increased in the past few years. We used the semi-automated commercial software Agisoft PhotoScanTM in our study. The operation process can be divided into the following steps: (1) Pre-process the photos, eliminate the photos with poor imaging, and import the photos with high quality into the software; (2) obtain the homonymic features between photos, recover the relative position and angle of the cameras during photography, reconstruct the 3D scene structure, and generate the dense point cloud data; (3) use the coordinate position of the ground control points for absolute correction and convert the 3D coordinate of the point cloud to the real space coordinate system; (4) generate grids and textures, and obtain the data, such as point clouds and DOMs with the spatial geographic coordinates [46]. The resolution of the final images mostly vary between 3–6 cm/pixel.



Then, we applied the GIS software to vectorize the liquefaction phenomena and counted the number of the liquefaction sites. We first circled the liquefaction area on the DOMs (as shown in Figure 3), and then validated our identification results with the field liquefaction sites in the field. Through continuous and repeated checking, we summarized the performance characteristics of liquefaction on the images and unified the identification standard. In addition, we counted the liquefaction sites based on the following rules: A single sand boil is counted as one liquefaction site (as shown in Figure 3a,c); for the sand fissures, if the sandblasting area is continuous, it will be counted as one liquefaction site; if the sandblasting area is interrupted, it will be counted separately (as shown in Figure 3b).





4. Results


The liquefaction induced by the Maduo earthquake is mainly manifested by three types of phenomena: Sand boils, sand fissures, and lateral spreading (Figure 4). A single sand boil is predominantly circular or elliptical in shape and the ground fracture ejection liquefied materials are distributed in linear and beaded shapes. The size of the liquefaction area varies, and most of them are between 20 cm and 5 m in length, while their width ranges between 20 cm and 1.5 m. The size of the sandblast hole ranges between 4 cm × 2 cm and 90 cm × 50 cm. The thickness of the sand layer near the sandblast hole can reach 20 cm, and the edge part is generally thin (ca. 3–5 cm). The material composition of liquefaction is mainly fine sand, and the color is mostly yellow, brown, or gray.



Figure 3 shows the high-resolution orthophotos obtained from the UAV photogrammetry technology. The size and color of the liquefaction is well visualized by the images and even the liquefaction occurring in the lake can be identified. In addition, during the process of manual recognition, we repeatedly compared the original photos taken by the UAV and the DOMs, which further ensures the accuracy of our manual recognition results. Figure 5a shows the results of the manual interpretation of the liquefaction phenomena, and the yellow points are the manually identified liquefaction sites. Thus, we obtained an extensive coseismic liquefaction dataset with a total amount of 39,286 liquefaction phenomena sites.



4.1. Liquefaction Distribution Versus the Peak Ground Acceleration (PGA)


Soil liquefaction results from pore pressure build up due to cyclic loading caused by passing seismic waves, and the coseismic liquefaction process is highly sensitive to repetitive cycles of surface wave shear strain [6]. Seismic ground motion is thus one of the most important factors controlling the occurrence and distribution of liquefaction effects, and the distribution of soil liquefaction is sometimes compared with the peak ground acceleration (PGA) and seismic intensity [5,6,13]. Chen et al. [47] applied a novel method that consisted of array technology (back projection), ground-motion prediction equations, and site corrections to estimate the ground motion for each site of the 2021 Mw 7.4 Maduo earthquake. Based on the area covered by the UAV photographic corridor in this study, we selected five gradient peak ground accelerations (PGA) (0.30–0.40 g, 0.40–0.50 g, 0.50–0.60 g, 0.60–0.70 g, and >0.70 g) from the results of Chen et al. [47] (Figure 5). In the study area, nearly 99% of the coseismic liquefaction occurred in the PGA > 0.50 g. The highest liquefaction density was in the 0.50–0.60 g range, reaching 357 N/km2. The liquefaction densities in the 0.60–0.70 g and >0.70 g ranges were 132 N/km2 and 95 N/km2, respectively.



We performed a density analysis of the liquefaction distribution using the GIS software. The density distribution map in Figure 5b shows that the liquefaction distribution in the east and west of the epicenter is significantly different. The amount of liquefaction phenomena on the western side was 34,468, accounting for 86.87%, which was much higher than that in the east of the epicenter. The PGA covered in the west of the epicenter only included 0.50–0.60 g, 0.60–0.70 g, and >0.70 g, and the liquefaction densities in the three ranges were 851 N/km2, 216 N/km2, and 185 N/km2, respectively. The liquefaction in the east of the epicenter was more distributed in 0.50–0.60 g, 0.60–0.70 g, and >0.70 g ranges, with densities of 357 N/km2, 132 N/km2, and 95 N/km2, respectively, whereas liquefaction in the 0.30–0.40 g and 0.40–0.50 g ranges was comparably rare (Figure 5c).




4.2. Liquefaction Distribution along the Surface Rupture


In the UAV photographic gallery, we investigated the distribution characteristics of the liquefaction along the surface rupture. Centering on the location of the epicenter determined by the CENC (34.59°N, 98.34°E), the liquefaction density distribution was calculated every 5 km along the rupture, extending 74 km to the west and 84 km to the east. Figure 6 shows our statistical results.



In the west of the epicenter, the liquefaction density was the highest in the 30–35 km section (W30–35), reaching 992 N/km2, while the liquefaction densities in the W35–40 and W50–55 sections were extremely low, with only 1 N/km2 and 7 N/km2, respectively. The liquefaction densities were significantly higher than the other regions in the W0–5, W20–35, and W70–74 sections. Within the east of the epicenter, a certain scale of liquefaction distribution occurred in the 0–5 km (E0–5) and 35–50 km (E35–50) sections, with the highest liquefaction density of 177 N/km2 in E35–40. Only sporadic or no liquefaction was recognized in the other sections.



We also compared the liquefaction densities between the north and south sides of the surface rupture (Figure 6b). In the west of the epicenter, the liquefaction distribution on the southern side was concentrated in the W0–5 and W20–35 sections. The maximum liquefaction amounts occurred in W30–35 with a density of 1450 N/km2, while liquefaction was absent in W35–40. On the northern side, the liquefaction was mainly concentrated in the W0–5, W20–35, and W70–74 sections. The maximum liquefaction density occurred in W0–5 with 812 N/km2, and the minimum liquefaction density occurred in W35–40 with 2 N/km2. In the east of the epicenter, the liquefaction was concentrated in the E0–5 and E35–50 sections, both on the rupture’s southern and northern sides. The maximum liquefaction density was 184 N/km2 on the northern side in E0–5 and 220 N/km2 on the southern side in E35–40.




4.3. Liquefaction Density Decay away from the Surface Rupture


We quantified the distribution trend of the coseismic liquefaction with the distance from the surface rupture in the study area. We measured the shortest distance between each liquefaction phenomenon and the rupture and found that the liquefaction density defined an inverse power law with the distance from the rupture. We fit these liquefaction distributions with the relationship proposed by Powers and Jordan [48] and Rodriguez Padilla et al. [49], where the decay with the distance from the surface rupture is defined by the density at the rupture νo, a parameter representing the distance between the origin and a break in scaling d, the sharpness of the corner m, and γ, which is the slope of the decay at distance x >> d:


  ν  ( x )  =  ν 0     (     d m     |   x m   |  +  d m     )     γ m     



(1)







We used an ensemble sampler for the Markov chain Monte Carlo to fit Equation (1) to our datasets, assuming that the v(x) within each bin samples a Poisson distribution. We insert m = 2, as the quality of the fits do not vary significantly with the corner sharpness.



Figure 7a shows the density decay trend of all the liquefaction in the study area, where d was ~250 m. This implied that the liquefaction density remains at nearly a constant level within 250 m from the surface rupture, with a liquefaction density of ~339 N/km2. Then, further away from the rupture, the liquefaction density decreased with the increasing distance in the power law, and the liquefaction density at the greatest distance from the rupture was two orders of magnitude lower. We further analyzed the liquefaction distribution to the west and east of the epicenter (Figure 7b,c). In the region west of the epicenter, d was 245 m. In the near field (d < 245 m), the liquefaction density was ~947 N/km2, and at the greatest distance from the rupture, the liquefaction density was ~30 N/km2 (Figure 7b). On the east side, the liquefaction density fluctuated with the increasing distance from the rupture, but remained at ~37 N/km2, which was one order of magnitude less than that west of the epicenter. The liquefaction density quickly decayed for d > 839 m and the liquefaction distribution was almost absent at the greatest distance from the rupture (Figure 7c).




4.4. Liquefaction Distribution and Sedimentary Environments


The liquefaction process mainly occurs in buried layers composed of water-saturated silt and fine sand [6,7,8,9]. Previous studies have shown that the distribution of coseismic liquefaction is closely related to the local hydrological and sedimentary conditions [16,18]. We compared the liquefaction density with the type of sediments exposed on the surface within a 1.5 km wide swath of the surface rupture. In the region west of the epicenter, the rupture cut across the Holocene alluvium, diluvium, and lacustrine deposits. In contrast, more Mesozoic bedrocks are exposed in the east of the epicenter, with rare Quaternary deposits (Figure 6b). We compared the liquefaction distribution in different sedimentary environments and found that the vast majority of the liquefaction occurred in the lake/swamp deposits and fluvial deposits, accounting for 54.78% and 32.95%, respectively (Figure 8). Increased liquefaction was recognized near the floodplain and meanders of the Yellow River and the Heihe River, as well as the Eling Lake and Dongcaoalong Lake, such as the W0–5, W20–35, W70–75, E0–5 and E35–50 sections. In contrast, liquefaction rarely occurred in the dune regions and was almost absent on the bedrocks, which is understandable (Figure 6b).



We selected specific sections with the densest liquefaction distribution to conduct the density distribution map statistics, including the W0–5, W30–35, W70–75, and E35–40 sections, and conducted fine mappings of the sediment distribution of these sections (Figure 9). These sections are dominated by fluvial deposits and lake/swamp sediments and the liquefaction was concentrated in these two types of sediments. A smaller amount of liquefaction also occurred on the alluvial fans, which were situated close to river channels or lakes. However, the liquefaction distribution on the bedrocks and Quaternary deposits far from the rivers/lakes was lacking, exemplifying that a shallow groundwater level also has an influence on the onset of liquefaction.





5. Discussion


5.1. Relationship between Seismic Ground Motion and Liquefaction


More than 90% of the coseismic soil liquefaction caused by the Maduo earthquake occurred in the range of PGA > 0.50 g, and the liquefaction density was significantly higher in the region of seismic intensity >VIII (Figure 5b). The highest liquefaction density was detected in the W30–35 section, which is located at Yematan, the area with the highest intensity (X) of the earthquake (Figure 5 and Figure 6). The liquefaction sites are mostly located in regions of seismic intensity >VIII, such as the 2008 Mw 7.9 Wenchuan earthquake [8,13]. The seismic intensity and PGA are a reflection of the ground motion intensity [5,7,47], and the intensity of the seismic ground motion is considered to be an important driver on the soil liquefication during an earthquake [5,7]. In the area with large PGA and high seismic intensity, the ground motion with relatively high amplitude and intensity caused the pore water pressure in the saturated sediment soil to rise abruptly, the force between the soil grains disappeared and, thus, liquefaction was induced [50]. Furthermore, among the seismic shaking-related features, no or very few coseismic landslides occurred during the Maduo earthquake. This is an unusual situation that suggests that the minimum shaking duration requirements, shaking levels, and ground motion intensity for liquefaction may be much lower than that to trigger landslides during the Maduo earthquake.



We also observed that liquefaction is denser in places such as surface rupture step-overs, bends or branching, such as in the W48–50, W23–25 and W5–7 sections of the study area (Figure 1c and Figure 6a). This indicated that a higher amplitude of seismic waves were emitted at fault geometrical complexities. The amplification of seismic waves can cause more complex fracture deformation and greater formation disturbance [8], which leads to increased liquefaction occurrence in these areas. However, we noted that locations of the highest density occurred at ~30 km west of the epicenter. In terms of the location along the rupture, it was not a place with geometrical complexities, such as step-overs or fault bends. However, detailed investigation showed that it was at the transition zone from the scattered surface ruptures in the east to the continuous traces of prominent moletracks and fault scarps to the west. We speculated that the peak density of the liquefaction here may indicate that the west propagating rupture started to surface and enhanced the surface fissuring, fault damage and ground motion.



Although the earthquake miraculously caused no fatalities, the strong shaking still caused serious damage to public facilities, and the Yematan Bridge was the most severely damaged area of the event. Several articles have reported and analyzed the causes of the bridge’s severe damage: it was very close to the broad surface rupture zone and the seismic intensity impact reached X in this region, with extremely violent ground shaking [4,5]. Our field investigation revealed that there was significant coseismic liquefaction near the bridge, and the statistical results also showed that section W30–35, corresponding to the Yematan Bridge, had the highest liquefaction density. In almost every strong earthquake, widespread coseismic liquefaction induced ground deformation and subsidence could cause intense damage to infrastructures and engineering structures [7,8]. Thus, it is possible that severe liquefaction exacerbated the damage in the area.



Moreover, we found that the site of the highest density of liquefaction was not inside the highest PGA area, but was rather a moderate-high area (0.50–0.60 g). Several factors, which are related to the seismic parameters, the site conditions, and the soil properties, control the liquefaction generation and distribution [51]. In the zone of PGA with values 0.50–0.60 g, it had a very high liquefaction density near 0 km (correspond to the epicenter) (Figure 5a,b). Liquefaction is more likely to be induced by higher and more complex radiated waves at the initiation phase of the earthquake rupture [50]. In addition, the depositional environment in the area is the Yellow River floodplain, with a high groundwater level and sediment particles of mostly fine sand and clay, which makes it more favorable for liquefaction generation. The massive liquefaction near 0 km increased the liquefaction density in the 0.50–0.60 g section.




5.2. Liquefaction Density Decay with Distance from the Surface Rupture


We detected that the liquefaction density was the highest in the vicinity of the surface rupture and maintained a high level within 250 m of the rupture. Then, the liquefaction density decreased in an inverse power law with the increasing distance (Figure 7). The same regulation was found in studies of coseismic landslides. Bloom et al. [52] found that the coseismic landslide density decreases with the increasing distance from the fault in the 2016 Mw 7.8 Kaikōura earthquake. This phenomenon was attributed to the fact that the ground motion is more intense near the fault, while the ground motion weakens with the increasing distance from the fault [52]. In this study, the decline of the liquefaction density with the distance from the rupture could be due to a similar mechanism. Furthermore, Rodriguez Padilla et al. [49] found that the strain intensity also declined with the inverse power law along with the fault normal distance and the aftershock density. They attributed the intense near-fault damage to the coseismic fracturing. Thus, the higher liquefaction density near the rupture zone could be due to stronger ground motions and more intense ground deformation of the locations closer to the rupture [53,54], or decreased material strength (shear) caused by the coseismic rupture damage effect [49].



No such threshold has been observed throughout the previous studies on coseismic liquefaction. We inferred that the numerical size of the threshold may be related to the width of the rupture damage zone. Within the fault damage zone, it usually contain fractures, fractured rocks, and fluids, and seismic wave velocity would decreases within it [55,56]. The periphery of the rupture zone is surrounded by wall rocks with relatively high seismic wave velocities [57,58], and the seismic waves trapped within it may be amplified. Therefore, the liquefaction density was at a high level within the rupture damage zone. In addition, when the rupture zone is covered by loose sediments, the amplification effect of seismic waves may be even stronger [58]. The amplification of the seismic wave vibrations in the vicinity of the rupture zone could explain the enhancement of the liquefaction effects near it.



It is interesting to observe that the liquefaction density saturates within a 250 m width of the surface rupture, which is reported for the first time. Thanks to the cm-resolution UAV images, we could map the liquefaction sites in unprecedent detail. However, the databases used in our study are concentrated within 1.5 km near the rupture and the total length of the study area is ~160 km. The study area do not contain liquefaction sites outside the swath corridor. For example, Xu et al. [59] pointed out that some liquefaction sites outside the surface rupture as far as 2–10 km away, particularly along the Yellow River in the east of the epicenter. However, the liquefaction density decay function deduced from our 1.5 km-wide near-rupture swath provides a frame to estimate the number of liquefactions in the far field, which should decrease fast perpendicular to the fault. Complete liquefaction investigations could help enrich the globe database of coseismic liquefaction, and a future study should include a larger area to constrain a more complete distribution of liquefaction induced by the earthquakes. Currently, automatic identification of coseismic surface rupture and liquefaction based on machine learning methods, which relies on satellite or aerial imagery and can cover a wider area, is gradually applied [60,61,62]. And the accuracy of recognition of coseismic liquefaction can reach 90% within the small test area [62]. However, this method requires very high image resolution, otherwise it is difficult to identify liquefaction sites. Moreover, the method is still vague on the criteria of liquefaction identification, and could falsely assign animal burrows as liquefaction pits. Therefore, in order to comprehensively and truly reflect the coseismic liquefaction characteristics, future investigations of liquefaction need to be carried out by a combination of multiple methods.




5.3. Influence of the Sedimentary Environment


In our study, the coseismic liquefaction was concentrated in the W0–5, W20–35, W70–75, E0–5, and E35–50 sections (Figure 5 and Figure 6), and we have identified that these sections correspond to the area on the south side of the Eling Lake, the Yellow River floodplain, and the Heihe River floodplain. Liquefaction induced by earthquakes worldwide is more likely to occur near rivers, lakes, lagoons, or coastal areas [10], also shown in other cases, including the Canterbury earthquake sequence (New Zealand) [7,15], the Ridgecrest earthquake (USA) [16], the Durrës Earthquake (Albania) [63], and the Wenchuan earthquake (China) [8,11,12]. These studies, as well as ours, support that the favorable environment for liquefaction include saturated and/or very shallow water tables and loose, fine-grained sandy sediments, and a less permeable top clay-rich sediment cover [63,64].



Within a 1.5 km width of the surface rupture, a significant difference in the liquefaction distribution between the east and west of the epicenter occurred (Figure 5 and Figure 6). The proportion of liquefaction on the west side was much higher (86.87%) than the east side. The liquefaction distribution was also highly asymmetric on both sides of the epicenter in the Arequipa 2001 earthquake. A previous study proposed that the surface rupture was unilateral in propagation in the Arequipa earthquake, and thus the energy release and the shaking duration increased gradually along the propagation direction, leading to the difference in the liquefaction distribution [65]. However, this explanation does not apply to the Maduo earthquake because both sides of the epicenter have high PGA, as well as seismic intensity, such as the E55–60 and E80–84 sections (Figure 5 and Figure 6). We found that the spatial distribution of the earthquake-triggered liquefaction is closely related to the specific sedimentary environment. Within our study area, the west side is dominated by Quaternary (Holocene) alluvial, flood, and lacustrine deposits, and rivers, lakes, and swamps are widely distributed. The local sedimentary environments with loose sand and a high groundwater level provide the ideal preconditions for the large-scale occurrence of liquefaction. In contrast, Mesozoic bedrocks dominate the geology on the east side of the epicenter, such as E12–32 and E77–84 sections (Figure 6). Therefore, liquefaction is hampered in this region.



According to the global seismic liquefaction sensitivity model proposed by Zhu et al. [66], the USGS (https://earthquake.usgs.gov/earthquakes, accessed on 22 May 2021) mapped the liquefaction sensitivity distribution of the Maduo earthquake (Figure 10a). The map showed that the liquefaction susceptibility was higher in the areas flowing through the Yellow River and the Heihe River, as well as near the Eling Lake and the Dongcaoalong Lake, which was consistent with the results of our study. However, the USGS map was a preliminary estimate provided immediately after the earthquake and many of the parameters were not accurately corrected later, such as the soil saturation, sediment distribution, and seismic parameters, such as PGA, PGV, and earthquake duration. We compared the liquefaction susceptibility and the liquefaction density in the 10–35 km section west of epicenter (W10–35) (Figure 10b,c), and found that the distributions of the two were in good agreement near the rupture zone. But compared with the density decay function parameter fit given in our study (Figure 10d), the high value kilometers from the fault is still over-predicted in the USGS map. The predicted high values are mostly along major river floodplains; the USGS map may underestimate the fast decay of ground motion or seismic intensity with distance. Our study provides detailed mapping of coseismic liquefaction at high altitudes, an under-represented environment in the current world liquefaction database, and the results will provide valuable data support for the establishment of more accurate liquefaction prediction models in the future.



Our results show that under the geological conditions of loose sedimentary materials and a high water table, such as the Yellow River source area, once a strong earthquake occurs, it is very likely to induce large-scale coseismic soil liquefaction. Therefore, the construction of public facilities in such areas, including houses, bridges, and roads, need to be planned more carefully. Alternatively, such a large scale of coseismic liquefaction is bound to aggravate a negative impact on the local ecology, just as the coseismic liquefaction destroyed the meadow vegetation and transported loose sandy sediments to the surface, which may provide sources for desertification in this region. Under the background of permafrost degradation due to global warming, the protection of the ecological environment in the Sanjiangyuan region (it consists of the source regions of three large rivers: the Yangtze, the Yellow River, and the Lancang-Mekong) becomes particularly important. We should pay more attention to earthquake risk and coseismic liquefaction damage in these regions, and both natural damage and human activities should be reduced.





6. Conclusions


In this study, we obtain the Digital Orthophoto Maps (DOMs) within a 1.5 km width along the coseismic surface rupture of the Maduo earthquake using UAV photogrammetry technology. The manual identification and fine mapping of soil liquefaction are completed by these DOMs to investigate the distribution characteristics and influencing factors of coseismic liquefaction.



The association among the distance from the surface rupture, the peak ground acceleration (PGA), seismic intensity and the occurrence of liquefaction reveal that the seismic ground motion was an important controller of coseismic liquefaction during the Maduo earthquake. The coseismic liquefaction density remained on a higher level within 250 m from the rupture, then it declined inversely with the increasing distance in the power law further away from the rupture, and the amplification of the seismic wave vibrations in the vicinity of the rupture zone enhanced the coseismic liquefaction effects near it. More than 90% of the coseismic soil liquefaction occurred in PGA > 0.50 g, and the liquefaction density was significantly higher in the intensity > VIII region.



The sedimentary environment had a great influence on the distribution of the coseismic liquefaction. Liquefaction occurred more frequently in the lake/swamp deposits and fluvial deposits, accounting for 54.78% and 32.95%, respectively, and rarely occurred in bedrocks. Within our 1.5 km-wide near-rupture swath, the proportion of liquefaction on the west side of the epicenter was much higher (86.87%) than on the east side. This difference is related to the depositional environments in the research corridor: where loose Quaternary sediments are widely distributed in the west, predominantly Mesozoic bedrocks are exposed in the east. Sedimentary environments with saturated loose fine-grained sandy soil and a high water table, such as the Eling Lake section and the floodplain area where the Yellow River and Heihe River are located, are more susceptible to the induction of coseismic liquefaction.



Using the cm-resolution UAV images, we were able to map the liquefaction sites in unprecedented detail. Limited by the UAV coverage, our data only covers a 1.5 km-wide swath, which is narrower than the liquefaction affected region in this earthquake, but it is systematic along the entire coseismic surface rupture zone. This study presents the detailed mapping of coseismic liquefaction at high altitudes and in alpine desert grassland regions and provides valuable data support for liquefaction prediction models and seismic hazard assessment.
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Figure 3. Some examples of soil liquefaction phenomena interpretation based on high-resolution DOMs. 
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Figure 4. Soil liquefaction phenomena in the field. 
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Figure 5. Coseismic soil liquefaction distribution map. (a) The yellow points are the coseismic soil liquefaction datasets interpreted based on UAV images, the peak ground acceleration (PGA) data are obtained from Chen et al. [47], and seismic intensity data are obtained from Ministry of Emergency Management of the People’s Republic of China (https://www.mem.gov.cn/xw/yjglbgzdt/202105/t20210528_386251.shtml, accessed on 28 May 2021). (b) Density distribution map of coseismic soil liquefaction. (c) Liquefaction density in different PGA regions of the Maduo Mw 7.4 earthquake. 






Figure 5. Coseismic soil liquefaction distribution map. (a) The yellow points are the coseismic soil liquefaction datasets interpreted based on UAV images, the peak ground acceleration (PGA) data are obtained from Chen et al. [47], and seismic intensity data are obtained from Ministry of Emergency Management of the People’s Republic of China (https://www.mem.gov.cn/xw/yjglbgzdt/202105/t20210528_386251.shtml, accessed on 28 May 2021). (b) Density distribution map of coseismic soil liquefaction. (c) Liquefaction density in different PGA regions of the Maduo Mw 7.4 earthquake.



[image: Remotesensing 15 01032 g005]







[image: Remotesensing 15 01032 g006 550] 





Figure 6. (a) Variation of soil liquefaction density along the surface rupture. The orientation information of surface ruptures is obtained from Liu-Zeng et al. [1]. (b) Difference of soil liquefaction density between the north and south sides of the surfae rupture. 
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Figure 7. Variation of liquefaction density with increasing distance from the surface rupture in several sections. (a) Total study area, (b) west of the epicenter, and (c) east of the epicenter. The blue line shows the actual trend of liquefaction density with increasing distance from the rupture, the orange line shows the best-fit curve of the trend of liquefaction density, and the gray bar is the 1σ error. d represents the distance from the surface rupture when the liquefaction density begins to decay, γ is the slope of the decay at distance x >> d. 
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Figure 8. Liquefaction distribution in different Quaternary sediments. 






Figure 8. Liquefaction distribution in different Quaternary sediments.



[image: Remotesensing 15 01032 g008]







[image: Remotesensing 15 01032 g009a 550][image: Remotesensing 15 01032 g009b 550] 





Figure 9. Distribution of liquefaction and depositional environments in W0–5 (a,b), W30–35 (c,d) and W70–75 (e,f) and E35–40 (g,h) sections. 
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Figure 10. (a) The liquefaction susceptibility map of the Maduo Mw 7.4 earthquake, modified by the USGS (https://earthquake.usgs.gov/earthquakes, accessed on 22 May 2021). The yellow points are the coseismic soil liquefaction datasets interpreted based on UAV images. Small red box is location of Figure 10b,c. (b) The liquefaction susceptibility distribution in the 10–35 km section west of epicenter (W10–35). (c) Density distribution map of coseismic soil liquefaction in W10–35 (from Figure 5b). (d) Variation of liquefaction density with increasing distance from the surface rupture in W10–35. 






Figure 10. (a) The liquefaction susceptibility map of the Maduo Mw 7.4 earthquake, modified by the USGS (https://earthquake.usgs.gov/earthquakes, accessed on 22 May 2021). The yellow points are the coseismic soil liquefaction datasets interpreted based on UAV images. Small red box is location of Figure 10b,c. (b) The liquefaction susceptibility distribution in the 10–35 km section west of epicenter (W10–35). (c) Density distribution map of coseismic soil liquefaction in W10–35 (from Figure 5b). (d) Variation of liquefaction density with increasing distance from the surface rupture in W10–35.



[image: Remotesensing 15 01032 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
®

Eat

b O 1 ME i oaw B2 ME
= i

7

i i
§ )

E

L Wi s " ok
e song the srfac ruptare /kan

ety

15205 s 0 s s 36

Disance along the urfac ruptor /b

T ks g i et k) P eps
JUR

G

East

{~suface rupure






media/file4.png
Normal pressure

Fine sands can retain their
strength because of contact
friction between soil grains,
even though they are saturat-
ed with water.

Before earthquake

Water-saturated granular layer

Bedrock

Earthquake shaking

After earthquake

Intense pressure

Force from an earthquake in-
creases the pressure of the pore
water. With enough pressure,
the stress between soil grains
(inter-grain contact pressure
and friction) decreases to zero,
resulting in a near-liquid state
of the soil.






media/file18.png
32.95%

= Lake/swamp deposit

11.68%

* Fluvial deposit

0.59%

54.78%

= Alluvial sediment

= Slope deposit






media/file3.jpg





media/file22.png
34°45'N

quufacodeilsty p
4073 N/km?

()

97°3

3

)

7TE

74

98°45'E

34°32'N

Liquefaction density
2274 N/km?

]

34931 N

34°31'N





media/file20.jpg





media/file19.jpg





media/file10.png
34°40'39"N, 98°10'47"E

34°35'03"”N, 98°25'26"E ' 34°44'41"N, 97°39'00"E

34°35'42""N, 98°25'33"E ¢ 34°35'42"N, 98°25'33"E






media/file14.png
(2) Surface rupture orientation
West N94° N110° N110° N113° N93° N107°
25 km 25 km 15 km “j 20 km , 10km, ~ 20km

le— W2
o~
<3
B
—

East

T

step-over
41—
step-over

Liquefaction density / (N/km?)

.
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

ELL YMTN YMTS HHX DOE JCB+CMH
Distance along the surface rupture / km

(b)

West <«— Epicenter —> East
75 70 65 60 55 50 45 40 3530 2520 1510 5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

800 r

600 1

400 1

200 i
North

South

200

400

600 [

800

Liquefaction density / (N/km?)

1000

1200

1400

7570 65 60 55 50 45 40 35 30 2520 1510 5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Distance along the surface rupture / km

0

Quaternary | | Lake/swamp deposit (silt, sand and clay) | | Fluvial deposit (silt and sand)

sediment || Alluvial sediment (sand and gravel) | Dune
Mesozoic

sediment || Bedrock

75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 S5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Surface rupture





media/file11.jpg
L

.






media/file15.jpg





nav.xhtml


  remotesensing-15-01032


  
    		
      remotesensing-15-01032
    


  




  





media/file6.jpg





media/file16.png
a
( ) 1400 -
— 1200 -
3
o
o 1000 -
[
2107 - 2
>, ] 4]
2 g
= Q
3 E
= el
°
-
= —
$ 107
g 1. ,
-~ | —— Highest Likelihood Model
| ¥ 1o Posterior Spread
10° 101 102 103 , , : , 254 ,
Rupture-perpendicular distance (m) 0 5 10 15 20 x10* 0 2 4 6 8 x10*
(b)
—~ 1073 1 800 -
E
o
wn
-3 600 -
> 5
2 @
] £
o —
L =4 o
°
k] 1074 4
© J
‘o
: E
=) 1
-~ |1 — Highest Likelihood Model
{ © 1o Posterior Spread
10° 10! 10? 10° | , : . .25 . . .
Rupture-perpendicular distance (m) 0 5 10 15 x10¢ 0 2 4 6 x10°
(©) 2000 2.00
——— Highest Likelihood Model
_ " 1lo Posterior Spread 1750 1.75
E 107 - 1500 1.50
» ]
@
= e 1250 1.25
> 0
- g
c o 1000 > 1.00
o =S
© -
S 105 - ® 750 0.75
© ]
8
o 500 0.50
R=3
-
250 - 0.25
T T T T 0 -
10° 10! 102 103 . i s
Rupture-perpendicular distance (m) 0 5 10 X104 10 X104






media/file2.png
90°E

80°E
= 1

yart™ 5

<2014 Mw 7.0
Yutian

35°N

30°N

asi

S/ —

85°E
| -&/'
._/

ATF

/'

—_—
\l

) ok
S 3 yarrHar

loclk

2021 Mw 7.4
Maduo

'Q

—

N

100°E
T

X Fig. 1(b)
\

105°E
T

2017 Mw 6.
szhazgou

()
1947M7.7 250, .
Dari 2008 Mw 7.9

Wenchuan

98°00’E
)
(b)
l Maduo
. N ] i
Eling Lake I TN
|
I
Z
ng lj\g.9(¢
o =
-
e
\ Huanghe e
o 2021.Mw 7.4
Epy \_gﬁihe River
o B \\
4
= 0‘?1" D }0"
STy ~ s
< O
= er -
g \‘\ "m * ® Youyun
S, . —~— o
Holocene alluvium - Pliocene conglomerate and mudstone * CENC epicenter % Strike-slip fault
Holocene eluvium - Oligocene mudstone and limestone ~~~ Surface rupture )’V Reverse fault
I | Holocene lacustrine deposit |:| Triassic sandstone, shale and limestone BN UAV operation area
Pleistocene alluvium - Permian sandstone, limestone and andesite I:] Field investigation area
Pleistocene glacial deposit |:| Intrusive rock Lake ® Township 0 N zokm
97°30’E 98°00’E 98°30°E 99°00’E
Z T T T T
< C
o% _( ) -\lmlll()
> ELL -
70 0 T
740%0 - *‘*&.g.-- .50 \ N
N ‘a.,B 0 20 Is
O o "“-\,'30_ 0 HHX
Yematan R 3¢
<N . 10 DOE
- T gy, 20
Z Huanghe - »W‘é);\\ JCB
3 ; 84
2| 2021.Mw 7.4 ol o 70 _ 80.e
Sl.-------- - \,.."svs _ul o5 %"
| N Epicenter * : Xuema
|
I w<¢>5 ¥ CENC 6() 70‘.\ -
|
Surface ruptures
: s e« Primary CMH
S E— .
\ 0 10 20km P i:?::;“ ! H Youyun






media/file23.jpg





media/file5.jpg
Liguetacton
0o o






media/file7.png
iquefaction
10
ion sites

L
fact

Lique
Sand fissures

97°38"24"E

9

"N

=
0
S
N
=
o
%
=3
)
e

'51

34°44
34°41






media/file24.png
§ Eling Luke L J h BV
g 4 ¥ LEAY S,
-+ | i ./ -
°° -
g
Fig. 10(b-¢ ; i
S g] ® )YellowRiver
S, 0w,
0"’6
-\\ ¢
L
g Heihe Rive
A [y s e, 2, :
%; Liquefaction susceptibility (USGS) > 1 Mucticiicusitéa =
0-0.5% BN 5.1-10% i (
0.6-1% MWW 10.1-20%
S0 11-2% EE 20.1-50% W@” 0 10 \ T
- 2.1-5% 5 12—~ Akm o ellow River

98°00’E 98°30’E
3 T

~
=l
~—

Liquefaction density (per sqrm)

d (meters)

500

400

300

Yematan

[ ]
Huanghe

2021.Mw 7.4

—— Highest Likelihood Model

1o Posterior Spread

10! 102 103

0
Rupture-perpendicular distance (m)

2.00

1.75

w
i
o
J—y
wv

g
o
X
-
o
>





media/file1.jpg





media/file12.png
98°00’E 98°30°’E 99°00°’E
I I I

z.
< \1 (a)
)

“ . ~o .

& Yellow River Changmahe River
Z
g [ (] :
“ 4 ‘

L] b ‘
'. Huanghe 30

£ { 2021.Mw 7.4
2L
4 Heihe River Dongcaoalonme )
P \ i/’_’,-«-

PGA (Chen et al., 2022) Seismic intensity scale « Liquefaction sites 8.
0.30-040g W 0.60070g — x < vm =~ Lake — River /‘ Q
0.40-0.50g W >0.7g N . Yellow River S~
0.50-0.60 g O x <O vn es

98°00’E 98°30’E 99°00’E
? ElingLake : y 44 " | Py Ak _ ”“
= }
g
=
A L
Yellow River =
Z
>
-+
—
A \.“
\
Huanghe .
2021.Mw 7.
& etheRtver : 514
2 3 :
%; Liquefaction density PGA (Chen et al., 2022) ¢y g
118 Nkm? O >0.7g 5 0.40-050 g W¢E v %
. O 0600708 0300408 ¢
0 > 0.50-0.60 g N,
(©)

[ Average in total study area
"~ Westside  Eastside

~ =]
= >
= >

(=)
=4
<

Liquefaction density / (N/km?)

o
>
<

9 ml

4-0.5 0.5-0.6 0.6-0.7 0.7-0.

Peak ground acceleration (PGA)

A A
0.3-0.4

e\

8





media/file9.jpg





media/file0.png





media/file8.png
h

Liqucion
in lakes






media/file17.jpg
e

s
9%

“ Lakelswamp deposit - Fluvial deposit = Alluvial sediment - Slope deposit





media/file21.png
98°20"'E 08°22"'E 98°23'E
\ (a)
\ \
\
Z
%
g
oo Z
%) \ =
\ A
\ v Sl c
\ worls %
S e o
i \ ',‘//’/
- o
\ o . \
&/ s \
[] Lake/swamp deposit Lake
[] Fluvial deposit ~ River
[[] Aluvial sediment o Gully
) [] Slope deposit [] Bedrock
98°22' E 98°23' E
Liquefaction density
16310 N/km?*
Z
2
- -
o ~
'_.‘"
o
o

2 S (o)
5 \ %
"\ /\ %
) %
{ % N
T 1\ : + 500 m
b, l.\ = ——
98°02" E 98°03" E 98°04' E
Y TH S TR R i T =AY

Liquefaction density |
16460 N/km? |

B 0

)
98°01' E 38°41'N
97°38' E

Ny Ca 1 )

a9 L R A g 07 o= b & TS

< d % .'f\ 44 A @

N\ . p . ‘.
e Aot Pl LR O o
. B

34°45'N

B g e % N v T
‘ b Ve ‘W?
\\\ Sl ;u"} e
W0 s S S GRS w -
7 Sty Y 3 iy Y <
) y = >
3






